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Resumo 
 

A esquizof renia é um dist úrbio ment al debi l i t ant e que afet a aproximadament e 1% da 

população mundial ,  caract erizado por sint omas produt ivos como delír ios e alucinações e 

sint omas negat ivos como apat ia e decréscimo das emoções.  Nest a t ese,  real izamos 

est udos do t ranscript oma e do prot eoma em t ecido cerebral  de pacient es com 

esquizof renia,  buscando ident if icar genes e prot eínas envolvidas com est a doença.  

Em nossas anál ises t ranscricionais,  ut i l izamos a t écnica de Ser ial  Analysis of  Gene 

Expression (SAGE),  uma abordagem ainda inédit a em esquizof renia.  Os dados permit iram 

a anál ise de mais de 20 mil  t ranscrit os,  e apont aram para o possível  envolviment o de 

genes associados a processos como miel inização,  função sinápt ica,  met abol ismo 

energét ico e homeost ase de cálcio,  incluindo genes ant eriorment e envolvidos com 

esquizof renia,  e t ambém uma boa parcela de genes at é ent ão não associados com a 

doença.  Uma pequena f ração dest es novos marcadores foi aval iada por Real -Time PCR 

permit indo a conf irmação de alguns achados de SAGE.   

Nossas anál ises de prot eoma foram feit as com as t écnicas de elet roforese de duas 

dimensões,  seguida por espect romet ria de massas e pela t écnica de shot gun prot eomics,  

t ambém inédit a em esquizof renia.  Est as anál ises foram real izadas com amost ras de 

diferent es regiões cerebrais,  incluindo córt ex pré-f ront al  e lobo t emporal  ant erior,  e 

apont aram para al t erações quant it at ivas em prot eínas relacionadas com a homeost ase 

de cálcio,  cit oesquelet o,  met abol ismo energét ico e de ol igodendrócit os.  

De modo geral,  observamos uma boa consist ência ent re os result ados obt idos quando 

est udamos diferent es classes de marcadores pot enciais (genes e prot eínas).  Por muit as 

vezes os genes al t erados não corresponderam a al t erações quant it at ivas nas mesmas 

prot eínas,  no ent ant o,  na maior part e dos casos,  observamos al t erações consist ent es nas 

mesmas vias.  Observamos a regulação diferencial  do met abol ismo de ol igodendrócit os,  

energét ico,  sinápt ico e revelamos a provável al t eração da homeost ase de cálcio em 

cérebros de pacient es com esquizof renia,  além de ident if icarmos genes e prot eínas 

diferencialment e expressas nunca relacionadas à doença.   

Nossos dados reforçam achados prévios,  apont am pot enciais biomarcadores e podem 

fornecer novas pist as na compreensão da esquizof renia.  
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Abstract: 
 

Schizophrenia is a ment al debil i t at ing disorder t hat  af fect s 1% of  t he world 

populat ion.  It  is charact erized by posit ives sympt oms such as del ir ium and hal lucinat ions 

and negat ive sympt oms such as apat hy and emot ion decrease.  Here,  we have st udied t he 

t ranscript ome and prot eome of  brain samples of  pat ient s wit h schizophrenia,  in an 

at t empt  t o ident if y genes and prot eins markers of  t he disease.  

Our t ranscript ome analyses of  pre-f ront al  cort ex were performed wit h Serial  Analysis 

of  Gene Expression (SAGE),  here used for t he f irst  t ime in t he st udy of  schizophrenia.  

The dat a obt ained al lowed t he analysis of  approximat ely 20,000 t ranscript s,  which 

suggest ed t he import ance of  myel inizat ion,  synapt ic funct ion,  energy met abol ism and 

calcium homeost asis,  in t he genesis of  schizophrenia.  A series of  genes previously 

impl icat ed in t he disease were ident if ied,  t oget her wit h new pot ent ial  markers which 

were revealed here for t he f irst  t ime.  A smal l  f ract ion of  t hese was val idat ed using real-

t ime PCR,  which conf irmed some of  t he SAGE f indings.  

Two-dimensional  gel elect rophoresis,  mass spect romet ry and shot gun prot eomics 

were t he approaches used here for large-scale prot ein analysis in schizophrenia.  These 

approaches were used in brain samples derived f rom dist inct  areas such as pre-f ront al  

cort ex and ant erior t emporal  lobe,  and indicat ed quanit at ive al t erat ions of  prot eins 

involved wit h calcium homeost asis,  energy and ol igodendrocyt e met abol ism and 

cyt oskelet on.  

In general,  a good correlat ion was observed when t he dif ferent  approaches 

(t ranscript ome and prot eome) were used.  In may cases,  t he al t erat ions of  some genes 

was not  ref lect ed by a correspondent  al t erat ion of  t he encoded prot ein.  However,  in 

most  cases,  reproducible al t erat ions were found in t he same pat hways.  Beside t he 

ident if icat ion of  new schizophrenia-relat ed genes and prot eins,  we also conf irmed t he 

t he dif ferent ial  regulat ion of  ol igodendrocyt e,  synapt ic and energet ic met abol ism,  in 

t his disease.  

Our dat a reinforce previous f indings,  and suggest  new pot ent ial  biomarkers t hat  may 

cont ribut e t o t he underst anding of  schizophrenia.  
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Introdução Geral 
 

1.1 Esquizofrenia 

No f inal do século XIX,  em 1899,  o psiquiat ra alemão Emil  Kraepel in ret rat ou 

na 6a edição de sua obra “ Trat ado de Psiquiat ria”  um dist úrbio ment al orgânico,  

o qual nominou “ Dement ia praecox”  (Demência Precoce),  que consist ia na 

det erioração progressiva e persist ent e da capacidade ment al de pessoas 

j ovens1,2.  Est e mesmo dist úrbio foi mais t arde redescrit o com maiores det alhes e 

reclassif icado por Eugene Bleuler como “ Esquizof renia” 3 (et imologicament e,  

fenda na ment e) devido à f ragment ação ent re o pensament o e as emoções.  

 

1.1.1 Caract er íst icas Cl ínicas e Epidemiológicas 

A esquizof renia (SCZ) é uma doença ment al crônica,  debil i t ant e e 

est rit ament e humana que se manifest a em aproximadament e 1% da população 

mundial ,  sendo homens e mulheres igualment e afet ados4.  As pessoas acomet idas 

t êm sua capacidade int elect ual ,  social  e produt iva compromet ida,  o que causa 

grande impact o psicológico e afet ivo em suas famíl ias,  além do alt o cust o com 

t rat ament o e hospit al ização.  

A SCZ é caract erizada como uma doença mult i fat orial  desencadeada pela 

ação conj unt a de fat ores exógenos (ou ambient ais) como infecções virais 

severas5,6,7,  complicações obst ét ricas8,9,  lut o mat erno durant e a gest ação revisado 

em 10,  uso de álcool  e drogas11,  e a vida cont urbada nos grandes cent ros 

                                                 
1 Kraepel in E:  Psychiat ry:  A Text book for St udent s and Physicians,  6t h edit ion (1899).  Cant on,  MA,  Science  Hist ory Publ icat ions,  
1990.  
2 Kraepel in E.  Dement ia Praecox,  Manic Depressive Insanit y and Paranoia (1921).  Translat ed by Barclay RM. In:  Robert son GM,  
edit or.  Birminham:  The Classics of  Medicine Library.  Reedição.  Edinburgh:  E & S Livingst one,  1989.  
3 Bleuler E.  The prognosis of  dement ia praecox:  t he group of  schizophrenias (Die prognose der dement ia praecox:  
schizophreniegruppe.  Algemeine Zeit schrif t  fur Psychiat rie 1908;65:436-64).  
4 Lang UE,  Puls I,  Mul ler DJ,  St rut z-Seebohm N,  Gal l inat  J.  Molecular mechanisms of  schizophrenia.  Cel l  Physiol Biochem.  
2007;20(6):687-702.  
5 Yolken R.  Viruses and schizophrenia:  a focus on herpes simplex virus.  Herpes.  2004 Jun;11 Suppl 2:83A-88A.  
6 Abrahao AL,  Focaccia R,  Gat t az WF.  Childhood meningit is increases t he risk for adult  schizophrenia.  World J Biol Psychiat ry.  
2005;6 Suppl 2:44-8.  
7 Torrey EF,  Leweke MF,  Schwarz MJ,  Muel ler N,  Bachmann S,  Schroeder J,  Dickerson F,  Yolken RH.  Cyt omegalovirus and 
schizophrenia.  CNS Drugs.  2006;20(11):879-85.  
8 Zammit  S,  Lewis S,  Gunnel l  D,  Smit h GD.  Schizophrenia and neural t ube defect s:  comparisons f rom an epidemiological 
perspect ive.  Schizophr Bul l .  2007 Jul ;33(4):853-8.  
9 de Haan M, Wyat t  JS,  Rot h S,  Vargha-Khadem F,  Gadian D,  Mishkin M.  Brain and cognit ive-behavioural  development  af t er 
asphyxia at  t erm birt h.  Dev Sci.  2006 Jul ;9(4):350-8. ) 
10 Sul l ivan PF.  2005.  The genet ics of  schizophrenia.  PLoS Med 2:e212.  
11 Drake RE.  Management  of  subst ance use disorder in schizophrenia pat ient s:  current  guidel ines.  CNS Spect r.  2007 Oct ;12(10 
Suppl 17):27-32.  
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urbanos12,13,14 somados a fat ores endógenos,  como pré-disposição genét ica revisado 

em 15,  a qual  é um dos grandes det erminant es do desencadeament o da SCZ16,17.   

A SCZ começa a manifest ar-se normalment e em j ovens adult os (ent re 16 e 30 

anos),  sendo os sint omas produt ivos principais os delír ios e as alucinações.  

Alucinações são percepções sem correspondent e est imulo ext erno.  Na SCZ as 

alucinações audit ivas são as mais f reqüent es.  Os delír ios são caract erizados 

cl inicament e pela crença em idéias ou fat os não-reais,  como por exemplo,  a 

crença do pacient e de que exist em conspirações cont ra ele ou que exist em 

pessoas perseguindo ou observando seu comport ament o.  Muit as vezes o delír io 

est a por t rás de um comport ament o social  bizarro apresent ado pelos pacient es.  

Além dest es sint omas produt ivos,  os chamados “ sint omas negat ivos”  t ambém são 

comuns e incluem a incapacidade de concent ração,  perda da sensação de 

sat isfação,  perda da disposição,  desorganização ou empobreciment o dos 

pensament os e da fala,  diminuição do afet o e isolament o social18.  Os sint omas 

produt ivos e negat ivos podem oscilar ao longo do t empo,  podendo o pacient e 

apresent ar predominant ement e um ou mais sint omas num det erminado período.  

A combinação dos diferent es sint omas classif ica a SCZ em subt ipos,  como most ra 

a Tabela 1.  

 

                                                 
12 Murray RM, Hut chinson G:  Psychosis in migrant s:  t he st r iking example of  Af rican-Caribbeans resident  in England,  in Search for 
t he Causes of  Schizophrenia,  Vol 4:  Balance of  t he Cent ury.  Edit ed by Gat t az WF,  Häfner H.  Darmst adt ,  Germany,  
St einkopf f / Springer,  1999,  pp 129–140.  
13 Cant or-Graae E,  Pedersen CB,  McNeil  TF,  Mort ensen PB:  Migrat ion as a risk fact or for schizophrenia:  a Danish populat ion-based 
cohort  st udy.  Br J Psychiat ry 2003;  182:117–122.  
14 McGrat h J,  Scot t  J.  Urban birt h and risk of  schizophrenia:  a worrying example of  epidemiology where t he dat a are st ronger t han 
t he hypot heses.  Epidemiol  Psichiat r Soc.  2006 Oct -Dec;15(4):243-6.  
15 Ir it ani S.  Neuropat hology of  schizophrenia:  a mini review.  Neuropat hology.  2007;  27(6):604-8.  
16 McGuf f in P,  Owen MJ,  Farmer AE.  Genet ic basis of  schizophrenia.  Lancet .  1995;346:678-682.  
17 Sul l ivan PF,  Kendler KS,  Neale MC.  Schizophrenia as a complex t rai t :  evidence f rom a met a-analysis of  t win st udies.  Arch Gen 
Psychiat ry.  2003 Dec;60(12):1187-92.  
18 American Psychiat r ic Associat ion (1994).  Diagnost ic and st at ist ical manual of  ment al disorders.  DSM-IV.  4t h ed.  Washingt on,  DC.  
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Tabela 1:  Subt ipos de esquizof renia e seus pr incipais sint omas.  

 

Subt ipo de Esquizofrenia Principais Sintomas 

Paranóide 

 
Marcada pelos sint omas produt ivos e pela 

presença de delír ios (perseguição e conspiração 
cont ra o pacient e),  alucinações audit ivas e 

ansiedade.  
 

Residual  (ou Simples) 

 
Marcada pelos sint omas negat ivos.  Não 

apresent a sint omas posit ivos 
(dif íci l  diagnóst ico).  

Afast ament o e inadequação social  e afet iva 
(parece não gost ar das pessoas que ama),  

pensament os i lógicos.  Dest ruição da 
personal idade em longo prazo.  

 

Desorganizada (ou Hebef rênica) 

 
Mesmos sint omas da residual,  porém com maior 
desordem nos pensament os.  Os pacient es não 

t êm obj et ivos a seguir e não conseguem se 
concent rar em at ividades como leit ura ou 

t rabalho.  
  

Cat at ônica 

 
Al t erações na psicomot ricidade:  excit ação,  

post uras socialment e inadequadas,  est upor e 
rigidez.  Medo e alucinações podem mot ivar a 

rigidez.  Pode haver a perda de alguns 
moviment os at é a t ot al  imobil ização.  
Negat ivismo (resist ência a ordens).  

  

Indi f erenciada 

 
A combinação dos sint omas de mais de um 

subt ipo ou sint omas que não podem ser 
classif icados nos out ros subt ipos.  

 
 

 

1.1.1.1 Diagnóst ico 

O diagnóst ico da SCZ,  est rit ament e cl ínico,  é baseado,  sucint ament e,  na 

presença concomit ant e signif icat iva de pelo menos dois dos sint omas 

supracit ados por no mínimo seis meses18.  O comport ament o criminal per  se não é 

concomit ant e da SCZ,  mas os pacient es podem comet er at os violent os em 
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respost a às alucinações ou delír ios ou ainda devido às f rust rações nas int erações 

sociais19.  A prevalência de suicídio ent re os pacient es est á ao redor de 10%20.  

 

1.1.1.2 Trat ament o 

O t rat ament o da SCZ é essencialment e medicament oso.  O cont role das 

manifest ações cl ínicas é cent rado nos neurot ransmissores que por sua vez at uam 

cont rolando as respost as neuronais.  

Sucint ament e,  neurônios piramidais cort icais (NPC) são regulados 

primordialment e por int erneurônios inibit órios pré-sinápt icos at ravés de 

recept ores de ácido gama-aminobut írico (GABA).  Ambos,  NPC e int erneurônios 

são cont rolados por dopamina (DA),  serot onina (5-HT) e glut amat o (GLU).  Os NPC 

processam e armazenam informações e o compromet iment o de sua regulação,  

principalment e uma respost a excessiva dest es,  evident ement e compromet e suas 

funções,  causando os sint omas observados na SCZ21.  

O primeiro medicament o usado no t rat ament o da SCZ foi a Clorpromazina,  

uma droga inicialment e usada como ant i-hist amínico,  mas que demonst rou t er 

at ividade ant ipsicót ica em pacient es com SCZ22.   Pesquisas post eriores 

demonst raram que o mecanismo de ação da clorpromazina se dava pelo bloqueio 

de recept ores dopaminérgicos e a part ir dest e dado,  out ros medicament os foram 

desenvolvidos a part ir de ant agonist as dopaminérgicos23.  Novos dados sugeriram 

ainda que o alvo dest es “ neurolépt icos de primeira geração”  ou “ neurolépt icos 

t ípicos”  24 era preferencialment e o recept or de dopamina t ipo D225.  Cerca de 20% 

dos pacient es t rat ados com est as drogas apresent am remissão t ot al  dos sint omas:  

o rest ant e apresent a respost a parcial  ao medicament o26.  O maior problema dest e 

                                                 
19 Swanson JW, Holzer CE 3rd,  Ganj u VK,  Jono RT.  Violence and psychiat r ic disorder in t he communit y:  evidence f rom t he 
Epidemiologic Cat chment  Area surveys.  Hosp Communit y Psychiat ry.  1990 Jul ;41(7):761-70.  Errat um in:  Hosp Communit y 
Psychiat ry 1991 Sep;42(9):954-5.  
20 Sir is SG.  Suicide and schizophrenia.  J Psychopharmacol.  2001 Jun;15(2):127-35.  
21 Venables PH. Input  dysfunct ion in schizophrenia.  Prog.  Exp.  Personal it y Res.  1964;  1:1-47.  
22 Goodman LS,  Gilman A,  eds.  The pharmacological basis of  t herapeut ics:  a t ext book of  pharmacology,  t oxicology,  and 
t herapeut ics for physicians and medical st udent s.  3rd.  ed.  New York:  Macmil lan,  1965:165-166.    
23 Carlsson A.  Ant ipsychot ics drugs,  neurot ransmit t ers,  and schizophrenia.  Am J Psychiat ry 1978;135:165-173.   
24 Herz MI,  Marder SR.  Schizophrenia:  comprehensive t reat ment  and management .  Philadelphia:  Lippincot t  Wil l ians and Wilkins,  
2002.   
25 Nordst rom A,  Farde L,  Halldin C.  Time course of  D2-dopamine recept or occupancy examined by PET af t er single oral  dose of  
haloperidol.  Psychopharmacology (Berl) 1992;  106:433-438.  
26 Hogart y GE, Goldberg SC, Schooler NR,  Ulrich RF.  Drug and sociot herapyin t he af t ercare of  schizophrenic pat ient s.  II.  Two year 
relapse rat es.  Arch Gen Psychiat ry 1974;  31:603-608.  



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 5 

t rat ament o é a sua baixa ef icácia em relação aos sint omas negat ivos da SCZ27.  O 

principal efeit o colat eral  do t rat ament o com neurolépt icos de primeira geração é 

o dist ubio mot or j á que os recept ores D2 de dopamina dos neurônios mot ores no 

núcleo da base são t ambém afet ados23.  Out ros efeit os colat erais est ão descrit os 

na Tabela 2.  

Os “ neurolépt icos de segunda geração”  ou “ neurolépt icos at ípicos”  foram 

desenvolvidos nos úl t imos t r int a anos,  com o obj et ivo de aument ar o efeit o 

t erapêut ico,  incluindo a melhor ef icácia quant o aos sint omas negat ivos e reduzir 

os efeit os colat erais dest as drogas24.  Est es medicament os l igam-se com menor 

af inidade aos recept ores de dopamina D2,  D1 e D4,  e at uam t ambém em out ras 

vias como a glut amat érgica e serot onérgica28.  A ef icácia do t rat ament o com 

neurolépt icos at ípicos em relação aos sint omas posit ivos e negat ivos é similar ou 

pouco superior se comparada aos neurolépt icos t ípicos,  porém,  os efeit os 

ext rapiramidais são reduzidos29,30,31 bem como o risco de discinesia t ardia,  ou 

sej a,  moviment os involunt ários que cont inuam mesmo após o t érmino da 

administ ração do medicament o32.  Os efeit os colat erais dos medicament os usados 

no t rat ament o da SCZ est ão descrit os na Tabela 2.  

 

 
 
 
 

                                                 
27 Odebrecht  M,  Rosa MA,  Rigonat t i SP,  Marcol in MA.  Transcranial magnet ic st imulat ion (TMS) in schizophrenia.  Rev.  psiquiat r.  
cl ín.  2004 31(5):251-256.  
28 Melt zer HY.  Cl inical  st udies on t he mechanisms of  act ion of  clozapine:  t he dopamin-serot onin hypot hesis of  schizophrenia.  
Psychopharmacology (Berl) 1989;99:Suppl:S18-S27.    
29 Smal l  JG,  Hirsch SR,  Arvanit is LA,  Mil ler BG, Link CG.  Quet iapine in pat ient s wit h schizophrenia:  a high- and low-dose double-
bl ind comparision wit h placebo.  Arc Gen Psychiat ry  1997;  54:549-557.  
30 Tran PV,  Hamilt on SH,  Kunt z AJ,  Pot vin JH,  Andersen SW, Beasley C Jr,  Tol lefson GD. Double-bl ind comparison of  olanzapine 
versus risperidone in t he t reat ment  of  schizophrenia and ot her psychot ic disorders.  J Cl in Psychopharmacol.  1997 Oct ;17(5):407-
418.  
31 Csernansky JG,  Mahmoud R,  Brenner R.  A comparision of  r isperidone and haloperidol for t he prevent ion of  relapse in pat ient s 
wit h schizophrenia.  N Engl J Med 2002;346:16-22.  
32 Marder SR,  Essock SM,  Mil ler AL,  Buchanan RW, Davis JM,  Kane JM,  Lieberman J,  Schooler NR. The Mount  Sinai conference on 
t he pharmacot herapy of  schizophrenia.  Schizophr Bul l .  2002;28(1):5-16.  
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Tabela 2:  Os medicament os para t rat ament o da esquizof renia e seus ef ei t os colat erais.  

 

 Medicamentos Efeitos Colaterais33,34,35,36 

Neurolépt icos Típicos ou de 

Primeira Geração 

 

Clorpromazina 

Perfenazina 

Trif luoperazina 

Tiot ixeno 

Haloperidol 

 

- Dist úrbio Mot or 

(Tremor,  discinesia t ardia,  

dist onia,  acat isia,  

coreoat et ose) 

- Anedonia (ausência de 

prazer) 

- Ganho moderado de peso 

- Sedação 

- Temperat ura desregulada 

- Hiperprolact inemia 

- Ginecomast ia 

- Hipot ensão 

- Fot osensibil idade cut ânea 

- Risco de arri t mia fat al  

Neurolépt icos At ípicos ou de 

Segunda Geração 

 

Clozapina 

Risperidona 

Olanzapina 

Quet iapina 

Ziprazidona 

Aripiprazola 

Amisulfoprida 

 

- Agranulocit ose (clozapina) 

- Ganho de peso 

- Diabet es mel l i t us 

- Hipercolest eromia 

- Opacidade Visual 

- Hipot ensão 

- Sedação 

- Miocardit e 

- Dist urbio mot or leve 
 

1.1.2 Genét ica e Esquizof renia 

Como j á descrit o ant eriorment e,  a SCZ é result ado de uma int eração de 

fat ores exógenos e endógenos.  As variáveis endógenas at uant es para o 

est abeleciment o da SCZ cert ament e não são fat ores isolados e sim uma 

int erconexão de uma série de fat ores como,  por exemplo,  mediadores 

                                                 
33 Sat anove A,  McInt osh JS.  Phot ot oxic react ions induced by high doses of  chlorpromazine and t hiorizadine.  JAMA 1967;200:209-
212.  
34 Cox B,  Lee TF.  Do cent ral dopamine recept ors have a physiological  role in t ermorugulat ion? Br J Pharmacol 1977;  61:83-86.  
35 Bressan RA,  Cost a DC, Jones HM,  El l  PJ,  Pilowsky LS.  Typical ant ipsychot ic;  drugs – D(2) recept or occupancy and depressive 
sympt oms in schizophrenia.  Schizophr Res 2002;56:31-36.  
36 Smit h S,  Wheeler MJ,  Murray R,  O’ Keane V.  The ef fect s of  ant ipsychot ics-induced hyperprolact inaemia on t he hypot halamic-
pit uit ary-gonadal axis.  J.  Clin Psychopharmacol 2002;  22:109-114.   
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neuroquímicos associados a disfunções no neurodesenvolviment o.  E cada um 

dest es fat ores,  que provavelment e envolvem uma pré-disposição genét ica para 

que se manifest em,  cert ament e cont ém subfat ores que se complement am.   

Pesquisas j á comprovaram est a fort e predisposição genét ica como uma das 

causas da SCZ.  A f reqüência mundial  e a similaridade evident e de sint omas e do 

curso da doença nas diversas populações t êm most rado que a SCZ não t em 

aspect o ambient al  ou ét nico que pareça al t erar a prevalência da doença em 

cert as regiões ou em populações específ icas.  No ent ant o,  a suscet ibi l idade à SCZ 

est á clarament e relacionada a fat ores genét icos;  est udos famil iares,  de gêmeos e 

indivíduos adot ados most raram que o risco mórbido de SCZ nos famil iares est á 

relacionado com o grau de genes compart i lhados.  Os est udos de gêmeos foram 

fundament ais no est abeleciment o de uma cont ribuição genét ica import ant e na 

et iologia da SCZ.  Eles det erminaram que a t axa de concordância para SCZ era da 

ordem de 41–65% ent re gêmeos monozigót icos,  e de 0–28% ent re gêmeos 

dizigót icos e out ros irmãos,  e a herdabil idade foi est imada em aproximadament e 

80–85% revisado em 37.  Além disso,  é conhecido que o risco de desenvolver a doença 

para os demais membros da famíl ia é diret ament e proporcional ao grau de 

parent esco com o indivíduo afet ado (Figura 1).  E ainda,  os est udos de adoção 

sugerem fort ement e que esses riscos ocorrem devido a fat ores genét icos e não 

est rit ament e ambient ais38.  

Anál ises de al t erações cromossômicas e est udos de associação39 fornecem 

claras evidências sobre a variável genét ica at uant e na SCZ que,  segundo dados 

genét ico-epidemiológicos,  é um modelo de herança pol igênica,  no qual diversos 

genes de pequeno efeit o cont ribuem para um aument o no r isco e 

suscept ibi l idade à doença40,41,42.  

                                                 
37 Cardno AG,  Got t esman II.  Twin st udies of  schizophrenia:  f rom bow-and-arrow concordances t o st ar wars Mx and funct ional 
genomics.  Am J Med Genet  2000 97:  12-7.  
38 Kendler KS,  Gruenberg AM.  An independent  analysis of  t he Danish Adopt ion St udy of  Schizophrenia.  VI.  The relat ionship 
bet ween psychiat r ic disorders as def ined by DSM-III in t he relat ives and adopt ees.  Arch Gen Psychiat ry 1984 41:  555-64.  
39 Baron M.  Genet ics of  schizophrenia and t he new mil lennium:  progress and pit fal ls.  Am J Hum Genet .  2001;  68(2):  299-312.  
40 McGue M,  Got t esman,  II.  1989.  A single dominant  gene st i l l  cannot  account  for t he t ransmission of  schizophrenia.  Arch Gen 
Psychiat ry 46:478-480 
41 Cannon TD,  van Erp TG,  Glahn DC.  2002.  Elucidat ing cont inuit ies and discont inuit ies bet ween schizot ypy and schizophrenia in 
t he nervous syst em.  Schizophr Res 54:151-156.  
42 Owen MJ.  2005.  Genomic approaches t o schizophrenia.  Clin Ther 27 Suppl A:S2-7.  
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Figura 1:  Risco de desenvolviment o de SCZ para parent es de indivíduos com SCZ,  conf orme 

Pur im 200643,  adapat ado de Got t esman44.  A legenda se ref ere ao grau de compar t i lhament o 

genét ico.  

 

1.1.3 Neuroquímica da Esquizof renia 

Alt erações neuroquímicas consist ent ement e observadas em t ecidos humanos,  

derivados de pacient es port adores da SCZ deram origem às t eorias (que podem 

ser vist as como complement ares) que expl icam as prováveis causas dest a 

complexa neuropat ologia.   

 

1.1.3.1 Teor ia Dopaminérgica 

A hipót ese dopaminérgica propõe que os sint omas psicót icos observados em 

pacient es com SCZ são devidos a uma hiperat ividade dopaminérgica,  result ado da 

quant idade aument ada de dopamina nas fendas sinápt icas ou ainda devido ao 

aument o da quant idade de recept ores de dopamina o que sensibil izaria a ação 

dest e neurot ransmissor revisado em 45 .  Est a hipót ese surgiu com muit a força devido 

às seguint es descobert as:  a) os primeiros ant ipsicót icos usados no t rat ament o da 

SCZ eram ant agonist as dos recept ores de dopamina do t ipo D246;  b) algumas 

drogas que mimet izam os efeit os psicót icos da SCZ (t ais como a anfet amina e a 

cocaína),  são agonist as dopaminérgicos indiret os,  j á que aument am a t ransmissão 

                                                 
43 Purim,  SP.  Neurogênese e esquizof renia:  est udo molecular de associação.  Tese do Inst it ut o de Química,  Dept o de Bioquímica - 
Universidade de São Paulo.  Disponível  em ht t p: / / www. t eses.usp.br/ t eses/ disponiveis/ 46/ 46131/ t de-12022007-150206/   
44 Got t esman I.  1991.  Schizophrenia genesis:  The origins of  madness.  New York:  W-H Freeman.  
45 Harrison PJ.  The neuropat hology of  schizophrenia.  Brain 1999,  122,  593-624.  
46 Perout ka SJ,  Snyder SH.Long-t erm ant idepressant  t reat ment  decreases spiroperidol-labeled serot onin recept or binding.Science.  
1980 Oct  3;210(4465):88-90.  
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dopaminérigica47;  c) devido à descobert a de que os recept ores dopaminérgicos,  

principalment e do t ipo D2,  est ão aument ados em cérebros de pacient es com SCZ,  

apesar de t ambém j á t er havido relat os de al t erações de recept ores dos t ipos D1 

e D348,49.  

Apesar da longevidade e da sol idez dos achados que suport am est a hipót ese,  

a mesma não consegue expl icar a SCZ em sua t ot al idade pois:  a) o bloqueio da 

neurot ransmissão dopaminérgica não al ivia t ot alment e os sint omas da SCZ,  e sua 

ação se l imit a aos seus sint omas posit ivos50;  b) embora os sint omas posit ivos 

sej am reduzidos pelo bloqueio da t ransmissão dopaminérgica,  os níveis de 

met aból i t os e de recept ores de dopamina medidos ant es e após o t rat ament o,  

permanecem dent ro da variação de valores normais,  dados que geram cert a 

dif iculdade de int erpret ação51,52;  c) o papel da dopamina no cérebro é mais 

complexo do que a ação de um simples “ int errupt or”  para sint omas psicót icos53;  

d) uma série de est udos de associação feit os com genes codif icadores dos 

recept ores de dopamina são pouco reprodut íveis além de cont radit órios54,55.   

 
1.1.3.2 Teor ia Serot onérgica 

A idéia da disfunção serot onérgica como uma das causas da SCZ surgiu nos 

anos 50 devido à descobert a de que o LSD (ácido D-l isérgico),  que provoca 

sint omas psicót icos,  é um agonist a da serot onina56.  Mais t arde o envolviment o 

                                                 
47 Melt zer HY,  St ahl SM.  The dopamine hypot hesis of  schizophrenia:  a review.  Schizophr Bul l .  1976;2(1):19-76.  
48 Okubo Y,  Suhara T,  Suzuki K,  Kobayashi K,  Inoue O,  Terasaki O,  Someya Y,  Sassa T,  Sudo Y,  Mat sushima E,  Iyo M,  Tat eno Y,  Toru 
M.  Decreased pref ront al  dopamine D1 recept ors in schizophrenia revealed by PET.  Nat ure.  1997 Feb 13;385(6617):634-636.  
49 Gurevich EV,  Bordelon Y,  Shapiro RM,  Arnold SE,  Gur RE,  Joyce JN.  Mesol imbic dopamine D3 recept ors and use of  ant ipsychot ics 
in pat ient s wit h schizophrenia.  A post mort em st udy.  Arch Gen Psychiat ry 1997;  54:225-232.  
50 Cal l icot t  JH,  Egan MF,  Mat t ay VS,  Bert ol ino A,  Bone AD,  Verchinksi B,  Weinberger DR.  Abnormal fMRI response of  t he 
dorsolat eral  pref ront al  cort ex in cognit ively int act  sibl ings of  pat ient s wit h schizophrenia.  Am J Psychiat ry 2003 160:  709-19.  
51 Farde L,  Hal l  H,  Ehrin E,  Sedvall  G.  Quant it at ive analysis of  D2 dopamine recept or binding in t he l iving human brain by PET.  
Science 1986 231:  258-61.  
52 Pickar D,  Labarca R,  Doran AR,  Wolkowit z OM,  Roy A,  Breier A,  Linnoila M,  Paul SM.  Longit udinal measurement  of  plasma 
homovanil l ic acid levels in schizophrenic pat ient s:  correlat ion wit h psychosis and response t o neurolept ic t reat ment .  Arch Gen 
Psychiat ry 1986 43:  669-76.  
53 Freedman R.  Schizophrenia.  N Engl J Med 2003 349:  1738-49.  
54 Kohn Y,  Ebst ein RP,  Heresco-Levy U,  Shapira B,  Nemanov L,  Grit senko I,  Avnon M,  Lerer B.  Dopamine D4 recept or gene 
polymorphisms:  relat ion t o et hnicit y,  no associat ion wit h schizophrenia and response t o clozapine in Israel i  subj ect s.  Eur 
Neuropsychopharmacol 1997 7:39-43.  
55 Mihara K,  Suzuki A,  Kondo T,  Nagashima U,  Ono S,  Ot ani K,  Kaneko S.  No relat ionship bet ween Taq1 a polymorphism of  
dopamine D(2) recept or gene and ext rapyramidal adverse ef fect s of  select ive dopamine D(2) ant agonist s,  bromperidol ,  and 
nemonapride in schizophrenia:  a prel iminary st udy.  Am J Med Genet  2000 96:422-424.  
56 Shaw E,  Wool ley DW. Some serot onin-l ike act ivit ies of  LSD.  Science 1956 124:121-123.  
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dos recept ores 5-HT2A foi expl icado pela ação dos mesmos como 

pot encial izadores dos efeit os serot onérgicos revisado em 57.   

Est udos que comprovam o papel da serot onina na SCZ revelaram a expressão 

diminuída dos recept ores 2A de serot onina no córt ex f ront al  de cérebros de 

pacient es com SCZ58 e a expressão cort ical  aument ada de recept ores 1A59.  

Al t erações nos níveis de recept ores 1A e 2A foram observadas em pacient es não 

medicados,  sugerindo o papel do sist ema serot onérgico no desenvolviment o da 

doença60.   

Kapur e Remingt on61 relat aram a int eração da serot onina com a dopamina e 

Harrison relat ou que os baixos níveis do principal met aból i t o da serot onina (o 

ácido 5-hidroxiindolacét ico - 5-HIAA) no l iquido encefalorradiquiano pode est ar 

relacionado com os sint omas negat ivos da SCZ 53.  

 

1.1.3.3 Teor ia Glut amat érgica 

Ant agonist as dos recept ores de glut amat o do subt ipo NMDA produzem 

psicoses parecidas com as apresent adas por pacient es com SCZ62.  Out ras 

evidências surgiram mais t arde em est udos de t ecido cerebral de pacient es com 

SCZ,  como a expressão diminuída de recept ores não-NMDA de glut amat o,  

aument o cort ical de algumas subunidades dos recept ores NMDA,  diminuição da 

l iberação de glut amat o cort ical  e concent rações alt eradas de glut amat o e seus 

met aból i t os revisado em 53.  Além disso,  é descrit a a conexão ent re os sist emas 

glut amat érgico e dopaminérgico63 bem como glut amat érgico com 

serot onérgico57.  

 

                                                 
57 Aghaj anian GK,  Marek GJ.  Serot onin model of  schizophrenia:  emerging role of  glut amat e mechanisms.  Brain Reser.  Rev.  2000 
31:  302-312.  
58 Harrison PJ.  Neurochemical al t erat ions in schizophrenia af fect ing t he put at ive t arget s of  at ypical  ant ipsychot ics:  focus on 
dopamine (D1,  D3,  D4) and 5-HT2A recept ors.  Br J Psychiat ry 1999;  174 Suppl 38:  41–51 
59 Burnet  PW,  East wood SL,  Harrison PJ.  [3H]WAY-100635 for 5-HT1A recept or aut oradiography in human brain:  a comparison wit h 
[3H]8-OH-DPAT and demonst rat ion of  increased binding in t he f ront al cort ex in schizophrenia.  Neurochem Int  1997;  30:  565–74 
60 Trichard C,  Pail lère-Mart inot  ML,  At t ar-Levy D,  Bl in J,  Fel ine A,  Mart inot  JL.  No serot onin 5-HT2A recept or densit y abnormalit y 
in t he cort ex of  schizophrenic pat ient s st udied wit h PET.  Schizophr Res 1998;  31:  13–7.  
61 Kapur S,  Remingt on G.  Serot onin-dopamine int eract ion and it s relevance t o schizophrenia.  Am J Psychiat ry 1996;  153:  466–76.  
62 Javit t  DC,  Zukin SR.  Recent  advances in t he phencycl idine model of  schizophrenia.  Am. J Psychiat ry 1991 148:  1301-1308.  
63 Carlson M,  Carlson A.  Schizophrenia:  a subcort ical neurot ransmit t er imbalance síndrome? Schizophr.  Bul l  1990;  16:425-432.  
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1.1.3.4 Teor ia Sinápt ica 

Desde o início dos est udos em busca da compreensão da SCZ sabe-se que há 

um est ado alt erado das funções sinápt icas,  bem como sua plast icidade64.  As 

hipót eses acima descrit as são algumas das maiores provas dest a disfunção.  O 

defeit o sinápt ico em cérebros de pacient es com SCZ pode levar ao déf icit  de 

memória,  mau funcionament o do circuit o hipocampal e má formação das 

sinapses65.  Além disso,  uma redução na neurot ransmissão66,  além de padrões 

anormais de at ivação e al t erações na t ransmissão sinápt ica j á foram 

demonst rados em cérebros de pacient es com SCZ67.  Pot enciais marcadores 

moleculares revelados em est udos de expressão gênica em cérebros de pacient es 

com SCZ que comprovam a disfunção sinápt ica est ão cit ados na Tabela 3.  Est as 

evidências sugerem que alt erações na t ransmissão sinápt ica e conect ividade 

neuronal est ej am ent re os principais fat ores que causam a SCZ68.   

 
1.1.4 A Esquizof renia Como Uma Doença de Neurodesenvolviment o 

Várias evidências t êm dado suport e a uma das hipót eses mais aceit as 

at ualment e,  a qual sugere que alt erações no neurodesenvolviment o cont ribuem 

para a suscet ibi l idade à SCZ69,70,71.  Primeirament e,  est udos cl ínicos most raram 

que pacient es com SCZ manifest am pequenas alt erações de comport ament o na 

infância mesmo ant es do início da doença.  Segundo,  avanços recent es nas 

t écnicas de imagem,  t ais como a ressonância magnét ica,  fornecem evidências 

concret as de que pequenas alt erações ocorrem durant e o desenvolviment o do 

sist ema nervoso cent ral  de pacient es com SCZ.  Tais anormal idades incluem 

aument os consist ent es no t amanho vent ricular no início da SCZ,  com alt erações 

not áveis em algumas áreas,  incluindo córt ex pré-f ront al  e hipocampo.  Gilmore et  

                                                 
64 Owen MJ,  O'Donovan MC,  Harrison PJ.  Schizophrenia:  a genet ic disorder of  t he synapse? BMJ,  January 22,  2005;  330(7484):  158 – 
159.  
65 Ben-Shachar D,  Laifenfeld D.  Mit ochondria,  synapt ic plast icit y,  and schizophrenia.  Int  Rev Neurobiol .  2004;59:273-96.  
66 Selemon LD,  Goldman-Rakic PS.  1999.  The reduced neuropil  hypot hesis:  a circuit  based model of  schizophrenia.  Biol Psychiat ry 
45:17-25.  
67 Kegeles LS,  Humaran TJ,  Mann JJ.  1998.  In vivo neurochemist ry of  t he brain in schizophrenia as revealed by magnet ic resonance 
spect roscopy.  Biol Psychiat ry 44:382-398.  
68 Frankle WG,  Lerma J,  Laruel le M.  2003.  The synapt ic hypot hesis of  schizophrenia.  Neuron 39:205-216.  
69 Weinberger DR,  Torrey EF,  Neophyt ides AN,  Wyat t  RJ.  Lat eral cerebral  vent ricular enlargement  in chronic schizophrenia.  Arch 
Gen Psychiat ry 1979 36:  735-739.  
70 Weinberger DR.  Impl icat ions of  normal brain development  for t he pat hogenesis of  schizophrenia.  Arch Gen Psychiat ry 1987 44:  
660-669.  
71 Sawa A,  Snyder SH Schizophrenia:  Diverse Approaches t o a Complex Disease.  Science;  2002 296;  692-695.  
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al .
72 det ect aram déf icit  no desenvolviment o cerebral em fet os e recém-nascidos 

de mulheres com SCZ.  Terceiro,  alguns est udos de neuropat ologia indicam que 

não ocorre perda t ot al  no número de neurônios,  mas sim redução no t amanho 

dessas células.  As al t erações na cit o-arquit et ura incluem variabil idade da 

orient ação celular e diminuição das est rut uras sinápt icas.   

Alguns aut ores consideram a SCZ como uma doença de neurodesenvolviment o 

e não como uma doença neurodegenerat iva (caract erizada pela prol iferação das 

células da gl ia e degeneração dos neurônios).  Pacient es com SCZ não apresent am 

prol iferação gl ial73,  ent ret ant o apresent am mort e neuronal pela sinal ização dos 

sist emas de neurot ransmissores,  que geram mudanças morfológicas cerebrais 

progressivas74.  Sendo assim,  alguns aut ores consideram a SCZ uma doença de 

neurodesenvolviment o com um import ant e component e de neurodegeneração.  

 
1.1.5 Al t erações Neuroanat ômicas em Pacient es com Esquizof renia 

Em cérebros de pacient es com SCZ foram observadas diminuições 

signif icat ivas no número de int erneurônios e uma diminuição da migração dos 

neurônios int erst iciais para o córt ex75,76,  bem como um decréscimo no número 

t ot al  de neurônios em algumas áreas do cérebro77.  

Em um achado consist ent e,  Kubicki et  al .
78 most raram at ravés de imagem por 

ressonância magnét ica (MRI),  o alargament o dos vent rículos e a diminuição do 

volume de muit as regiões cerebrais,  incluindo o hipocampo e o córt ex t emporal  

superior.  Apesar dessa aparent e diminuição do t ecido cerebral,  a MRI funcional  

(fMRI) revela hiperat ividade no hipocampo e no córt ex pré-f ront al  dorso-lat eral ,  

o que t alvez est ej a consist ent e com a perda da função neuronal inibit ória79,80.  

                                                 
72 Gilmore JH,  van Tol J,  Kl iewer MA,  Silva SG,  Cohen SB,  Hert zberg BS,  Chescheir NC. Mild vent riculomegaly det ect ed in ut ero 
wit h ul t rasound:  cl inical  associat ions and impl icat ions for schizophrenia.  Schizophr Res 1998 33:  133-40.  
73 Sawa A,  Kamiya A.  Elucidat ing t he pat hogenesis of  schizophrenia.  BMJ 2003 327:  632-33.  
74 Pérez-Neri I,  Ramírez-Bermúdez J,  Mont es S,  Ríos C.  Possible mechanisms of  neurodegenerat ion in schizophrenia.  Neurochem 
Res.  2006 Oct ;31(10):1279-94.  
75 Akbarian S,  Kim JJ,  Pot kin SG,  Het rick WP,  Bunney WE Jr,  Jones EG.  Maldist ribut ion of  int erst i t ial  neurons in pref ront al whit e 
mat t er of  t he brains of  schizophrenic pat ient s.  Arch Gen Psychiat ry 1996 53:  425-36.  
76 Benes FM,  Kwok EW, Vincent  SL,  Todt enkopf  MS.  A reduct ion of  nonpyramidal cel ls in sect or CA2 of  schizophrenics and manic 
depressives.  Biol  Psychiat ry 1998 44:  88-97.  
77 Jest e DV,  Lohr JB.  Hippocampal pat hologic f indings in schizophrenia:  a morphomet ric st udy.  Arch Gen Psychiat ry 1989 46:  1019-
24.  
78 Kubicki M,  Shent on ME,  Sal isbury DF,  Hirayasu Y,  Kasai K,  Kikinis R,  Jolesz FA,  McCarley RW. Voxel-based morphomet ric analysis 
of  gray mat t er in f irst  episode schizophrenia.  Neuroimage 2002 17:  1711-9.  
79 Tamminga CA,  Thaker GK,  Buchanan R,  Kirkpat rick B,  Alphs LD,  Chase TN,  Carpent er WT.Limbic syst em abnormal it ies ident if ied 
in schizophrenia using posit ron emission t omography wit h f luorodeoxyglucose and neocort ical alt erat ions wit h def icit  syndrome.  
Arch Gen Psychiat ry.  1992 Jul ;49(7):522-30.  
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Ut i l izando fMRI,  Cal l icot t  et  al . 81 encont raram evidências diret as de uma 

alt eração f isiológica primária na função do córt ex pré-f ront al  dorso-lat eral  em 

indivíduos com elevado risco desenvolver SCZ,  mesmo na ausência de qualquer 

manifest ação cognit iva anormal.   

 

1.1.6 Pr incipais Marcadores Moleculares na Esquizof renia  

Os est udos de expressão global de genes e prot eínas de t ecidos de pacient es 

SCZ é relat ivament e recent e e t eve grande ascensão do início dest a década at é 

os dias at uais com muit os est udos de t ranscript oma ut i l izando microarrays.  Os 

dados de prot eoma obt idos,  apesar da pequena quant idade de t rabalhos 

publ icados,  conf irmam part e signif icat iva dos dados obt idos pelo t ranscript oma,  

most rando que genes envolvidos com o met abol ismo de ol igodendrócit os,  com o 

met abol ismo energét ico e com o met abol ismo sinápt ico t em import ant e papel na 

SCZ.  

 

1.1.6.1 Marcadores de RNA 

Os marcadores de RNA mais consist ent es,  observados a part ir do est udo de 

t ecido cerebral de pacient es port adores da SCZ consist em em genes que 

codif icam para prot eínas relacionadas ao met abol ismo de ol igodendrócit os e ao 

met abol ismo sinápt ico (descrit o no it em 1.1.3.4 dest a t ese).  Observaram-se 

t ambém uma diferença de expressão em genes relacionados ao met abol ismo 

energét ico,  dados fort ement e conf irmados por anál ises prot eômicas ut i l izando 

t ecido de pacient es com SCZ com consist ent es achados.  

Ol igodendrócit os são células da neurogl ia,  responsáveis pela miel inização dos 

axônios neuronais do sist ema nervoso cent ral  (SNC).  Est udos de RNA em busca de 

pot enciais biomarcadores para a SCZ revelaram a al t eração de diversos genes 

relacionados com o met abol ismo de ol igodendrócit os,  sugerindo o import ant e 

papel dest e t ipo celular na pat ogenia da SCZ,  inclusive desviando a visão 

cent rada na disfunção dopaminérgica da SCZ.  Alguns dest es marcadores de RNA 

                                                                                                                                                     
80 Cecil  KM,  Lenkinski RE,  Gur RE,  Gur RC.  Prot on magnet ic resonance spect roscopy in t he f ront al  and t emporal lobes of  
neurolept ic naïve pat ient s wit h schizophrenia.  Neuropsychopharmacology 1999 20:  131-40.  
81 Cal l icot t  JH,  Egan MF,  Mat t ay VS,  Bert ol ino A,  Bone AD,  Verchinksi B,  Weinberger DR.  Abnormal fMRI response of  t he 
dorsolat eral  pref ront al  cort ex in cognit ively int act  sibl ings of  pat ient s wit h schizophrenia.  Am J Psychiat ry 2003 160:  709-19.  
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foram conf irmados por est udos de prot eoma de t ecidos de pacient es com SCZ 

como descrit o na Tabela 3.  

Uma revisão det alhada dos pot enciais marcadores moleculares de RNA é 

apresent ada no Capít ulo 2 dest a t ese.  

 

1.1.6.2 Marcadores Prot éicos 

Os marcadores prot éicos mais consist ent es,  observados a part ir  de est udos 

com amost ras cerebrais de pacient es com SCZ consist em em prot eínas 

relacionadas ao met abol ismo energét ico celular,  conf irmando dados prévios 

obt idos em est udos de t ranscript oma82,  apesar de alguns est udos de prot eoma 

conf irmarem robust ament e t ambém a expressão diferencial  de genes 

relacionados ao met abol ismo de ol igodendrócit os.  A al t eração do met abol ismo 

energét ico na SCZ j á foi ext ensament e descrit a83,84,85,86 bem como sua relação 

com a plast icidade neuronal e função sinápt ica87,  além das evidencias de est resse 

oxidat ivo em cérebros de pacient es com SCZ88,89.  Est es dados,  sendo alguns 

apresent ados na Tabela 3,  suport am a hipót ese de alguns pesquisadores que se 

referem à SCZ como uma “ doença mit ocondrial” .   

                                                 
82 Middlet on FA,  Mirnics K,  Pierri  JN,  Lewis DA,  Levit t  P.  Gene expression prof i l ing reveals al t erat ions of  specif ic met abolic 
pat hways in schizophrenia.  J Neurosci.  2002 Apr 1;22(7):2718-29.  
83 Ben-Shachar D.  Mit ochondrial  dysfunct ion in schizophrenia:  a possible l inkage t o dopamine.  J Neurochem. 2002 Dec;83(6):1241-
51.  
84 Bubber P,  Tang J,  Harout unian V,  Xu H,  Davis KL,  Blass JP,  Gibson GE.  Mit ochondrial  enzymes in schizophrenia.  J Mol Neurosci.  
2004;  24(2):315-321.  
85 Karry R,  Klein E,  Ben Shachar D.  Mit ochondrial  complex I subunit s expression is al t ered in schizophrenia:  a post mort em st udy.  
Biol  Psychiat ry.  2004;  55(7):676-684.  
86 Mart orel l  L,  Segues T,  Folch G,  Valero J,  Joven J,  Labad A,  Vilel la E.  New variant s in t he mit ochondrial genomes of  
schizophrenic pat ient s.  Eur J Hum Genet .  2006;14(5):520-528.    
87 Ben-Shachar D,  Laifenfeld D.  Mit ochondria,  synapt ic plast icit y,  and schizophrenia.  Int  Rev Neurobiol .  2004;59:273-96.  
88 Yao JK,  Reddy RD,  van Kammen DP.  Oxidat ive damage and schizophrenia:  an overview of  t he evidence and it s t herapeut ic 
impl icat ions.  CNS Drugs.  2001;15(4):287-310.  
89 Prabakaran S,  Swat t on JE,  Ryan MM, Huf faker SJ,  Huang JT,  Grif f in JL,  Wayland M,  Freeman T,  Dudbridge F,  Li l ley KS,  Karp NA, 
Hest er S,  Tkachev D,  Mimmack ML,  Yolken RH,  Webst er MJ,  Torrey EF,  Bahn S.  Mit ochondrial  dysfunct ion in schizophrenia:  
evidence for compromised brain met abol ism and oxidat ive st ress.  Mol Psychiat ry.  2004 Jul ;9(7):684-97,  643.   
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Tabela 3:  Pr incipais classes de genes e prot eínas e seus represent ant es previament e descr i t os 

em est udos de t ranscr ipt oma e prot eoma.  Biomaracadores indicados por  * f oram encont rados em 

t rabalhos de t ranscr ipt oma e prot eoma.  Os indicados por  - f oram encont rados em t rabalhos de 

t ranscr ipt oma e os indicados por  = f oram encont rados em t rabalhos de prot eoma.  

 

Via Bioquímica Potenciais Biomarcadores 
Autores 

(=t rabalhos de proteômica) 
(-t rabalhos de t ranscriptoma) 

Met abol ismo de 

Ol igodendrócit os 

* CNP – fosfodiest erase 3’ de nucleot ídio cicl ico  2’  3’  

* MOG - Prot eína Ol igodendrogl ial  de Miel ina 

* PLP - Prot eína Prot eol ipídica 

* GSN – Gelsol ina 

* MAG - Gl icoprot eína Associada à Miel ina 

* TF – Transferrina 

- ERBB3 - Oncogene v-erb-b2  

- MAL - Prot eína Associada à Mat uração de Linfócit o 

T;  Prot eína de Miel ina e Linfócit o.  

- CLDN11 - Claudina 11;  Prot eína Específ ica de 

Ol igodendrócit o.  

- PLLP - Plasmol ipina 

- QKI – Prot eína “ Quaking”  

- Hakak et  al . ,  200190 

- Tkachev et  al . ,  200391 

- Ast on et  al . ,  200492 

= Prabakaran et  al . ,  200493 

- Kat sel et  al . ,  200594 

- Dracheva et  al . ,  200695 

- McCul lumsmit h et  al . ,  200796 

- Arion et  al . ,  200797 

 

 

 

 

 

Met abol ismo Energét ico  

 

 

 
 
 

* ALDOC - Aldolase C 

* GOT2 - Transaminase Glut âmica-Oxalacét ica 2 

* MDH1 - Malat o Desidrogenase 1 

* ATP5A1 - F1 do Complexo Alfa da ATP Sint ase 

Mit ocondrial  

* OAT - Ornit ina Aminot ransferase 

* OXCT1 - 3-Oxoacido CoA Transferase 

- Azin1 - Inibidor de Ant ienzima 

- CRYM - Crist al ina 

- TIMM17A - Translocase 17 de Membrana 

Mit ocondrial  Int erna 

- USP14 - Prot ease 14 Ubiquit ino-Específ ica 

- UCHL1 - Est earase L1 

= CA2 - Anidrase Carbônica 2 

= PKM1 - Piruvat o Quinase 

= ACADS and ACADL - Acyl-CoA Oxidase Peroxisomal  

- Middlet on et  al . ,  200298 

= Prabakaran et  al . ,  200493 

= Clark et  al . ,  200699  

= Beasley et  al . ,  2006100 

                                                 
90 Hakak Y,  Walker JR,  Li C,  Wong WH,  Davis KL,  Buxbaum JD,  Harout unian V,  Fienberg AA.  Genome-wide expression analysis 
reveals dysregulat ion of  myel inat ion-relat ed genes in chronic schizophrenia.  Proc Nat l  Acad Sci U S A.  2001 Apr 10;98(8):4746-51.   
91 Tkachev D,  Mimmack ML,  Ryan MM, Wayland M, Freeman T,  Jones PB,  St arkey M,  Webst er MJ,  Yolken RH,  Bahn S.  
Ol igodendrocyt e dysfunct ion in schizophrenia and bipolar disorder.  Lancet .  2003 Sep 6;362(9386):798-805.    
92 Ast on C,  Jiang L,  Sokolov BP.  Microarray analysis of  post mort em t emporal  cort ex f rom pat ient s wit h schizophrenia.  J Neurosci 
Res.  2004 Sep 15;77(6):858-66.  
93 Prabakaran S,  Swat t on JE,  Ryan MM, Huf faker SJ,  Huang JT,  Grif f in JL,  Wayland M,  Freeman T,  Dudbridge F,  Li l ley KS,  Karp NA, 
Hest er S,  Tkachev D,  Mimmack ML,  Yolken RH,  Webst er MJ,  Torrey EF,  Bahn S.  Mit ochondrial  dysfunct ion in schizophrenia:  
evidence for compromised brain met abol ism and oxidat ive st ress.  Mol Psychiat ry.  2004 Jul ;9(7):684-97,  643.  
94 Kat sel  P,  Davis KL,  Harout unian V.  Variat ions in myel in and ol igodendrocyt e-relat ed gene expression across mult iple brain 
regions in schizophrenia:  a gene ont ology st udy.  Schizophr Res.  2005 Nov 15;79(2-3):157-73.  
95 Dracheva S,  Davis KL,  Chin B,  Woo DA,  Schmeidler J,  Harout unian V.  Myel in-associat ed mRNA and prot ein expression def icit s in 
t he ant erior cingulat e cort ex and hippocampus in elderly schizophrenia pat ient s.  Neurobiol  Dis.  2006 Mar;21(3):531-40.  
96 McCullumsmit h RE,  Gupt a D,  Beneyt o M,  Kreger E,  Harout unian V,  Davis KL,  Meador-Woodruf f  JH.  Expression of  t ranscript s for 
myel inat ion-relat ed genes in t he ant erior cingulat e cort ex in schizophrenia.  Schizophr Res.  2007 Feb;90(1-3):15-27.  Epub 2007 Jan 
12.    
97 Arion D,  Unger T,  Lewis DA,  Levit t  P,  Mirnics K.  Molecular evidence for increased expression of  genes relat ed t o immune and 
chaperone funct ion in t he pref ront al  cort ex in schizophrenia.  Biol  Psychiat ry.  2007 Oct  1;62(7):711-21.    
98 Middlet on FA,  Mirnics K,  Pierri  JN,  Lewis DA,  Levit t  P.  Gene expression prof i l ing reveals al t erat ions of  specif ic met abolic 
pat hways in schizophrenia.  J Neurosci.  2002 Apr 1;22(7):2718-29.  
99 Clark D,  Dedova I,  Cordwel l S,  Mat sumot o I.  A prot eome analysis of  t he ant erior cingulat e cort ex gray mat t er in schizophrenia.  
Mol Psychiat ry.  2006;  11:459-470.  
100 Beasley CL,  Penningt on K,  Behan A,  Wait  R,  Dunn MJ,  Cot t er D.  Prot eomic analysis of  t he ant erior cingulat e cort ex in t he maj or  
psychiat ric disorders:  Evidence for disease-associat ed changes.  Prot eomics.  2006;  6(11):3414-3425.  
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Met abol ismo Energét ico 

de Cadeias Curt a e Longa 

= ACAT2 - Acet i l -Coenzima A Acil t ransferase 2 

= AGPS - Cit rat o Liase 

= CPT1,  CPT2 - Carnit ina Palmit oi l t ransferases 1 e 2 

= ACO – Aconit ase 

= ENO- Enolase 

= PDH - Piruvat o Desidrogenase 

= GAPDH - gl iceraldeído 3 fosfat o desidrogenase 

Sinapse e 

plast iciadade neural 

* YWHAH - Pept ídeo ETA da prot eína de at ivação da 

Tirosina 3-Monooxigenase /  Tript ofano 5- 

Monooxigenase 

* CALM - Calmodul ina 

- MARCKS – Subst rat o C de Quinase Rico em Alanina 

Mirist oi lado 

- GAP-43 - Prot eína Associada ao Cresciment o 43 

- SCG-10 - Prot eína Associada ao Cresciment o 

Neuronal 

- SERPINI1 – Neuroserpina 

- NSF - Fat or sensível  a N-et i l  maleimido 

- SYN2 - Sinapsina II 

- RAB3C - Prot eína de l igação ao GTP 

- AMPA2 - Recept or Ionot rópico de Glut amat o 

- Hakak et  al . ,  200190 

- Vawt er et  al . ,  2001101 

- Mirnics et  al . ,  2000102 

- Ast on et  al . ,  200492 

= Sivagnanasundaram et  al . ,  2007103 

 

1.1.6.3 Marcadores Moleculares no Sangue 

Sendo a SCZ uma doença sem marcadores moleculares est abelecidos,  pensou-

se que se as al t erações de expressão gênica ou prot éica observadas no t ecido 

cerebral provindo de pacient es com SCZ pudessem ser t ambém det ect adas nos 

biof luidos humanos,  principalment e no sangue por ser um mét odo menos invasivo 

de anál ise,  o que permit ir ia o acompanhament o da doença at ravés de 

marcadores  moleculares para est a pat ogenia.  Na Tabela 4 apresent amos os 

pot enciais biomarcadores encont rados no t ecido cerebral e conf irmados em 

sangue de pacient es com SCZ.  Além dest es,  est ão relat ados t ambém alguns 

pot enciais biomarcadores encont rados exclusivament e no sangue.  

 

                                                 
101 Vawt er MP,  Barret t  T,  Cheadle C,  Sokolov BP,  Wood WH 3rd,  Donovan DM,  Webst er M,  Freed WJ,  Becker KG.  Appl icat ion of  
cDNA microarrays t o examine gene expression dif ferences in schizophrenia.  Brain Res Bul l .  2001 Jul  15;55(5):641-50.  
102 Mirnics K,  Middlet on FA,  Marquez A,  Lewis DA,  Levit t  P.  Molecular charact erizat ion of  schizophrenia viewed by microarray 
analysis of  gene expression in pref ront al  cort ex.  Neuron.  2000 Oct ;28(1):53-67.  
103 Sivagnanasundaram S,  Crosset t  B,  Dedova I,  Cordwel l  S,  Mat sumot o I.  Abnormal pat hways in t he genu of  t he corpus cal losum in 
schizophrenia pat hogenesis:  a prot eome st udy.  Prot eomics cl in.  appl.  2007:  1(10):  1291-1305.  



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 17 

Tabela 4:  Pot enciais biomarcadores encont rados no sangue de pacient es com esquizof renia 

previament e encont rados ou não em t ecido cerebral .  

 
Autores que encont raram 

potenciais 

biomarcadores no sangue 

Gene com regulação alterada no sangue 

Vawt er et  al .  

(2004)104 

 

- Neuropept ideo Y (NPY) 

(Encont rado com regulação al t erada no cérebro por Hakak et  al . ,  200190) 

- Malat o Desidrogenase (MDH1) 

(Encont rado com regulação al t erada no cérebro por Hakak et  al . ,  

200190;  Middlet on et  al . ,  200299) 

 

Tsuang et  al .  

(2005)105 

 

-  Forbolina (APOBEC3B) 

-  Adenilosucinat o Sint et ase (ADSS) 

- Prot eína (ATM) 

- Galact ina 10 (CLC) 

- Fat or de Transcrição Associado a Mort e Celular 1 (DIDO1) 

- Mot if  de Ligação à Quimiocina 1 (CXCL1) 

- Prot eína S100 de l igação ao cálcio A9 (S100A9) 

 
 

 

 

 

 

 

Glat t  et  al .  (2005)106 

 
 
 
 
 
 

 

- Gene de Translocação de Célula B,  Ant iprol iferat iva (BTG1) 

(com expressão aument ada no córt ex pré-f ront al  dorsolat eral  (DLPFC) 

e com expressão diminuída no sangue) 

- Gl icogênio Sint ase Quinase 3 alfa (GSK3A) 

(com expressão diminuída no DLPFC e com expressão aument ada no 

sangue) 

- Ribonucleoprot eina Het erogênia Nuclear A3 (HNRPA3) 

(com expressão aument ada no DLPFC e com expressão diminuída no 

sangue) 

- MHC de classe II,  DR Bet a 1 (HLA-DLB1) 

(Com expressão diminuída em DLPFC e no sangue) 

                                                 
104 Vawt er MP,  Ferran E,  Galke B,  Cooper K,  Bunney WE,  Byer ley W.  Microarray screening of  lymphocyt e gene expression 
dif ferences in a mult iplex schizophrenia pedigree.  Schizophr Res.  2004 Mar 1;67(1):41-52.  
105 Tsuang MT,  Nossova N,  Yager T,  Tsuang MM, Guo SC, Shyu KG,  Glat t  SJ,  Liew CC. Assessing t he val idit y of  blood-based gene 
expression prof i les for t he classif icat ion of  schizophrenia and bipolar disorder:  a prel iminary report .  Am J Med Genet  B 
Neuropsychiat r Genet .  2005 Feb 5;133(1):1-5.  
106 Glat t  SJ,  Everal l  IP,  Kremen WS,  Corbeil  J,  Sásik R,  Khanlou N,  Han M,  Liew CC,  Tsuang MT.  Comparat ive gene expression 
analysis of  blood and brain provides concurrent  val idat ion of  SELENBP1 up-regulat ion in schizophrenia.  Proc Nat l  Acad Sci U S A.  
2005 Oct  25;102(43):15533-8.  
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Glat t  et  al .  (2005)106 

- Prot eína de l igação ao Selênio 1 (SELENBP1) 

(Com expressão aument ada em DLPFC e no sangue) 

- Fat or de Spl icing Rico em Arginina/ Serina 1 (SFRS1) 

(com expressão aument ada no DLPFC e com expressão diminuída no 

sangue) 

 

Middlet on et  al .  

(2005)107 

- Alfa Cat enina (CTNNA1) 

- Neuregul ina 1 (NRG1) 

- Similar ao Fat or de Transcrição 4 (TCFL4) 

- Herst at ina (ERBB2) 

- Fat or Derivado de Neurônio Mot o-Sensorial  (SMDF) 

- Cit ocromo P450 Famíl ia 1,  Subfamil ia B,  Pol ipept ideo 1 (CYP1B1) 

- Prot eína Quaking (QKI) 

- Fosfat ase Duplo Específ ica 6 (DUSP6) 

 

Bowden et  al.  

(2006)108 

 

- Gene de Diferenciação Endot el ial  2 (Edg-2) 

- Fosfoprot eína Ezrina-radixina-moesina 50 (EBP50) 

- Prot eina Zinc-Finger associada a Myc (MAZ) 

- Recept or de Fat or de Necrose Tumoral 2 (TNFR2) 

 

Perl  et  al .  (2006)109 

 

- Recept or Nicot ínico de Acet i lcol ina Alfa 7 (CHRNA7) 

 

Mehler-Wex et  al .  

(2006)110 

 

- Subunidade 75-kDa do Complexo Mit ocondrial  I (NDUFS1) 

 

Numat a et  al.  

(2007)111 

 

- Domínio 5 de LIM e PDZ (PDLIM5) 

 

                                                 
107 Middlet on FA,  Pat o CN,  Gent i le KL,  McGann L,  Brown AM,  Trauzzi M,  Diab H,  Morley CP,  Medeiros H,  Macedo A,  Azevedo MH,  
Pat o MT. Gene expression analysis of  peripheral  blood leukocyt es f rom discordant  sib-pairs wit h schizophrenia and bipolar 
disorder reveals point s of  convergence bet ween genet ic and funct ional genomic approaches.  Am J Med Genet  B Neuropsychiat r 
Genet .  2005 Jul  5;136(1):12-25.  
108 Bowden NA, Weidenhofer J,  Scot t  RJ,  Schal l  U,  Todd J,  Michie PT,  Tooney PA.  Prel iminary invest igat ion of  gene expression 
prof i les in peripheral  blood lymphocyt es in schizophrenia.  Schizophr Res.  2006 Feb 28;82(2-3):175-83.  
109 Perl  O,  St rous RD,  Dranikov A,  Chen R,  Fuchs S.  Low levels of  alpha7-nicot inic acet ylchol ine recept or mRNA on peripheral blood 
lymphocyt es in schizophrenia and it s associat ion wit h i l lness severit y.  Neuropsychobiology.  2006;53(2):88-93.  
110 Mehler-Wex C,  Duvigneau JC,  Hart l  RT,  Ben-Shachar D,  Warnke A,  Gerlach M.  Increased mRNA levels of  t he mit ochondrial 
complex I 75-kDa subunit .  A pot ent ial  peripheral  marker of  early onset  schizophrenia? Eur Child Adolesc Psychiat ry.  2006 
Dec;15(8):504-7.  
111 Numat a S,  Ueno S,  Iga J,  Yamauchi K,  Hongwei S,  Hashimot o R,  Takeda M,  Kunugi H,  It akura M,  Ohmori T.  Gene expression in 
t he peripheral leukocyt es and associat ion analysis of  PDLIM5 gene in schizophrenia.  Neurosci Let t .  2007 Mar 19;415(1):28-33 
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1.1.7 Esquizof renia:  Visão Molecular  At ual   

A visão at ual é de que a SCZ é provavelment e derivada de um acúmulo de 

pequenas alt erações genômicas,  somada à desregulação t ranscricional e 

t raducional de vários genes e prot eínas,  e associada a import ant es fat ores 

ambient ais.  Individualment e,  cada um dest es fat ores (genômicos,  t ranscricionais,  

t raducionais e ambient ais) não são suf icient es nem necessários para provocar o 

surgiment o da doença.  No ent ant o,  a somat ória dest es fat ores parece t er um 

papel fundament al para o seu est abeleciment o.  Det erminar o painel de genes 

expressos (t ranscript oma) e de prot eínas expressas (prot eoma) de t ecidos de 

pacient es SCZ converge para a compreensão sist emát ica da doença,  bem como 

no est abeleciment o de pot enciais alvos t erapêut icos.  

Os recent es desenvolviment os em neuropat ologia,  t écnicas de imagem 

cerebral,  genét ica molecular,  além de uma nova geração de medicament os,  t êm 

possibil i t ado uma melhor compreensão da pat of isiologia da SCZ e melhorado 

signif icat ivament e o seu t rat ament o.  Cont udo,  est a ainda é uma doença 

enigmát ica,  não t ot alment e elucidada,  e que represent a uma sobrecarga 

subst ancial  aos pacient es,  suas famíl ias e para a sociedade.  

 

1.2 Análise Transcricional em Larga Escala 

Após o t érmino do sequenciament o do genoma humano,  f icou evident e que 

apenas sequências genômicas complet as não são suf icient es para elucidar a 

complexidade de diversos processos biológicos,  ou da maioria das doenças 

humanas112.  Um exemplo represent at ivo é a nossa incapacidade de compreender 

os processos que levam à diferenciação celular.  Como um neurônio e,  digamos,  

um hepat ócit o e uma célula muscular de um indivíduo,  que t êm o mesmo 

genoma,  e apresent am t amanhos,  funções e f isiologia t ão dist int as,  f rut o da 

expressão gênica e prot éica diferencial  nest as células? Quest ões dest e t ipo 

inauguraram a era Pós-Genômica,  na busca do conheciment o biológico magno 

que permit isse melhor compreender os ricos dados genômicos.   

                                                 
112 Pandey,  A. ,  Mann,  M.  Prot eomics t o st udy genes and genomes.  Nat ure 2000,  405,  837-846.  
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O t ermo “ t ranscript oma”  foi int roduzido por Velculescu et  al .  em 1997113 

como o conj unt o de genes expressos num det erminado organismo,  

complement ado mais t arde como o conj unt o de genes expressos em det erminado 

moment o,  numa det erminada condição impost a pelo meio114.  

Os dados obt idos em est udos de t ranscript oma podem revelar import ant es 

informações sobre a regulação da expressão gênica,  os fenót ipos gerados e a 

compreensão sist emát ica da célula em quest ão.  As t ecnologias at ualment e 

disponíveis permit em aval iar com precisão a qual idade e a quant idade dos 

diversos t ranscrit os,  t ornando os est udos de t ranscript oma muit o ricos,  

complet os e complexos.   

Transcript omas vêm sendo est udados por diversas abordagens,  sendo que as 

principais serão descrit as a seguir.  

 

1.2.1 Et iquet as de Seqüências Expressas (Expressed Sequenced Tags - EST) 

A idéia dest e mét odo pioneiro usado para det erminação do perf i l  da 

expressão gênica foi do grupo de J.  Craig Vent er115,  um dos pioneiros dos est udos 

do genoma humano.  Sucint ament e,  o RNA t ot al  ou mensageiro das amost ras de 

int eresse é ext raído,  t ransformado em cDNA dupla-f it a,  clonado em vet ores de 

sequenciament o e sequenciado.  Os insert os são sequenciados por uma leit ura 

única a part ir de uma ou de ambas ext remidades,  o que em geral leva ao 

sequenciament o parcial  da molécula clonada.  Dest e modo,  os genes expressos no 

t ecido de int eresse são revelados pela leit ura de um f ragment o de seu cDNA.  As 

seqüências obt idas são relat ivament e longas (de 500 a 800 nucleot ídeos) e 

permit em o seu mapeament o inequívoco no genoma.  Os result ados podem gerar 

informações sobre novos genes,  além da diversidade t ranscricional do t ecido de 

int eresse como mut ações,  spl icing al t ernat ivo e pol imorf ismos.  Quando o 

sequenciament o é feit o a part ir de bibl iot ecas de cDNA não normalizadas,  os 

dados são geralment e quant it at ivos,  e ref let em a expressão do gene em quest ão.  

                                                 
113 Velculescu VE,  Zhang L,  Zhou W,  Vogelst ein J,  Basrai MA, Basset t  DE Jr,  Hiet er P,  Vogelst ein B,  Kinzler KW.Charact erizat ion of  
t he yeast  t ranscript ome.Cel l .  1997 Jan 24;88(2):243-51.  
114 Tan SS,  Gunnersen J,  Job C.Global gene expression analysis of  developing neocort ex using SAGE. Int  J Dev Biol .  2002;46(4):653-
60.  
115 Adams MD,  Dubnick M,  Kerlavage AR,  Moreno R,  Kel ley JM, Ut t erback TR,  Nagle JW, Fields C,  Vent er JC.  Sequence 
ident if icat ion of  2,375 human brain genes.  Nat ure.  1992 Feb 13;355(6361):632-4.  
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Uma das l imit ações da t écnica é quant o ao cust o do sequenciament o,  vist o 

que para a cobert ura complet a do t ranscript oma,  há a necessidade da geração 

cent enas de milhares de seqüências.  Prot ocolos al t ernat ivos na ut i l ização da 

t écnica de EST surgiram e vêm auxil iando a descobert a gênica em diversas 

sit uações116,117.  

Em neuropsiquiat ria,  o uso de ESTs t em sido apl icado em est udos sobre a 

Doença de Parkinson118,119,  epilepsia120 e SCZ121.   

 
1.2.2 Microarranj os de cDNA (cDNA Microarrays) 

O desenvolviment o dos microarranj os de cDNA possibil i t ou o surgiment o de 

uma das ferrament as mais poderosas para invest igação de expressão gênica em 

larga escala,  por permit ir uma anál ise rápida,  simult ânea e sensível de milhares 

de genes em um grande numero de amost ras.  Est udos volt ados para o 

diagnóst ico,  prognóst ico,  progressão de doenças e respost a a medicament os são 

alguns do que ut i l izaram est a t ecnologia na pesquisa médica.  

Basicament e desenvolvida para aval iação de expressão gênica,  est a t écnica 

hoj e t ambém possibi l i t a a anál ises de mut ações122,123,  in si t u microarrays124,125,  

                                                 
116 Soares MB,  Bonaldo MF,  Jelene P,  Su L,  Lawt on L,  Efst rat iadis A.  Const ruct ion and charact erizat ion of  a normal ized cDNA 
l ibrary.  Proc Nat l  Acad Sci U S A.  1994 Sep 27;91(20):9228-9232.  
117 Dias-Net o E,  Correa RG, Verj ovski-Almeida S,  Briones MR, Nagai MA,  da Silva W Jr,  Zago MA,  Bordin S,  Cost a FF,  Goldman GH,  
Carvalho AF,  Mat sukuma A,  Baia GS,  Simpson DH,  Brunst ein A,  de Ol iveira PS,  Bucher P,  Jongeneel CV,  O'Hare MJ,  Soares F,  
Brent ani RR,  Reis LF,  de Souza SJ,  Simpson AJ.  Shot gun sequencing of  t he human t ranscript ome wit h ORF expressed sequence 
t ags.  Proc Nat l  Acad Sci U S A.  2000 Mar 28;97(7):3491-6.  
118 Lu L,  Nef f  F,  Alvarez-Fischer D,  Henze C,  Xie Y,  Oert el  WH,  Schlegel J,  Hart mann A.  Gene expression prof i l ing of  Lewy body-
bearing neurons in Parkinson's disease.  Exp Neurol .  2005 Sep;195(1):27-39.  
119 Kim JM, Lee KH,  Jeon YJ,  Oh JH,  Jeong SY,  Song IS,  Kim JM,  Lee DS, Kim NS. Ident if icat ion of  genes relat ed t o Parkinson's 
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120 Avedissian M,  Longo BM,  Jaquet a CB,  Schnabel B,  Paiva PB,  Mello LE,  Briones MR. Hippocampal gene expression analysis using 
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Hippocampus.  2007;17(2):130-6.  
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122 Klevering BJ,  Yzer S,  Rohrschneider K,  Zonneveld M,  Al l ikmet s R,  van den Born LI,  Maugeri A,  Hoyng CB,  Cremers FP.  
Microarray-based mut at ion analysis of  t he ABCA4 (ABCR) gene in aut osomal recessive cone-rod dyst rophy and ret init is 
pigment osa.Eur J Hum Genet .  2004 Dec;12(12):1024-32.  
123 Van Bogaert  P,  Azizieh R,  Désir J,  Aeby A,  De Meirleir L,  Laes JF,  Christ iaens F,  Abramowicz MJ.  Mut at ion of  a pot assium 
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Tissue microarrays for high-t hroughput  molecular prof i l ing of  t umor specimens.Nat  Med.  1998 Jul ;4(7):844-7.  
125 Simon R,  Mirlacher M,  Saut er G.  Tissue microarrays.Biot echniques.  2004 Jan;36(1):98-105.  
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sequenciament o de genes126,127 e anál ise de event os de event os de spl icing 

al t ernat ivo128,129.   

A idéia dos microarranj os de cDNA surgiu a part ir do conheciment o dos 

conceit os da dupla-hél ice do DNA (por Wat son e Crick em 1953) e da descobert a 

de que a dupla-f i t a de DNA poderia ser separada por t rat ament o alcal ino ou por 

calor permit indo a post erior hibridização do DNA,  dependent e da 

complement aridade ent re a dupla f i t a.  A plat aforma mais usada de microarranj os 

de cDNA consist e na impressão de milhares de pont os,  geralment e numa placa de 

vidro,  que consist em em diferent es moléculas de DNA (como ol igonucleot ídeos,  

clones de cDNA ou produt os de PCR - as sondas) t odas previament e conhecidas.  

Das amost ras de int eresse a serem comparadas (cont role versus doent e,  por 

exemplo),  o RNA é ext raído,  usado para a sínt ese de cDNA simples-f it a e est es 

são marcados com diferent es f luoróforos (Cy-3 e Cy-5 geralment e).  O cDNA 

marcado é hibridizado às sondas da placa de vidro.  A int ensidade dos sinais de 

hibridização é det erminada em processo aut omat izado,  com auxíl io de 

comput adores,  de acordo com a int ensidade da f luorescência obt ida em cada 

pont o.  

Microarranj os de cDNA comerciais podem revelar uma cópia de RNA num 

universo de 250.000 moléculas,  conferindo a est a t écnica a possibil idade de 

quant if icar alguns do mRNAs de mais baixa abundância130.  Em neuropsiquiat ria,  o 

uso do microarranj os de cDNA gerou muit os dados em diferent es grupos ao redor 

do mundo,  muit os dos quais em SCZ,  os quais serão mais ext ensament e discut idos 

nos capít ulos seguint es.   

 

                                                 
126 Kozal MJ,  Shah N,  Shen N,  Yang R,  Fucini R,  Merigan TC,  Richman DD,  Morris D,  Hubbel l  E,  Chee M,  Gingeras TR.Ext ensive 
polymorphisms observed in HIV-1 clade B prot ease gene using high-densit y ol igonucleot ide arrays.Nat  Med.  1996 Jul;2(7):753-9.  
127 Günt hard HF,  Wong JK,  Ignacio CC,  Havl ir DV,  Richman DD.Comparat ive performance of  high-densit y ol igonucleot ide 
sequencing and dideoxynucleot ide sequencing of  HIV t ype 1 pol f rom cl inical  samples.AIDS Res Hum Ret roviruses.  1998 Jul  
1;14(10):869-76 
128 Blencowe BJ.  Al t ernat ive spl icing:  new insight s f rom global analyses.Cel l .  2006 Jul  14;126(1):37-47. ) 
129 Hughes TR,  Hiley SL,  Salt zman AL,  Babak T,  Blencowe BJ.Microarray analysis of  RNA processing and modif icat ion.Met hods 
Enzymol.  2006;410:300-16 
130 Mirnics K,  Middlet on FA,  Lewis DA,  Levit t  P.  Analysis of  complex brain disorders wit h gene expression microarrays:  
schizophrenia as a disease of  t he synapse.  Trends Neurosci.  2001;8:479-486.  Review.  
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1.2.3 Anál ise Ser iada da Expressão Gênica (Ser ial  Analysis of  Gene Expression - 

SAGE) 

Em 1995,  Velculescu et  al .  desenvolveram uma poderosa ferrament a de 

quant if icação da expressão gênica,  denominada Ser ial  Analysis of  Gene 

Expression ou SAGE)131,  que permit e a def inição det alhada do perf i l  de expressão 

gênica em larga escala,  onde cada t ranscrit o é t ransformado numa pequena 

et iquet a (“ t ag” ).  Diferent es et iquet as são obt idas a part ir dos diversos 

t ranscrit os.  Est as são concat enadas e clonadas em vet ores de sequenciament o.  

Cada reação de sequenciament o permit e a leit ura de dezenas de t ags e a 

cont agem f inal dest as permit e inferir o número de cópias de cada t ranscrit o na 

amost ra original.  Dest e modo,  se um número suf icient e de t ags é gerado,  a 

f reqüência de cada t ag no conj unt o t ot al ,  gera um número absolut o que 

represent a o nível de expressão do respect ivo t ranscrit o,  evit ando erros int er-

experiment ais inerent es à normalização.  A forma padronizada caract eríst ica dos 

experiment os de SAGE,  que revela de forma absolut a quant o cada t ranscrit o é 

observado em uma população t ot al  de t ranscrit os,  possibil i t a o acúmulo dest es 

dados e a comparação ent re diferent es bibl iot ecas,  ou diferent es est udos132,133.  

A t écnica de SAGE se apóia em 3 princípios básicos:  primeiro,  uma seqüência 

nucleot ídica 10 pares de bases,  a chamada t ag,  é gerada por uma enzima de 

rest rição com um sít io f reqüent e.  Supondo t oda a variação possível em 10 nt ,  

t emos que 1.048.576  t ags diferent es (ou 410) são possíveis,  o que em t eoria,  

seria suf icient e para discriminar a maioria dos t ranscrit os derivados do genoma 

humano134.  O segundo princípio é que as t ags podem ser concat enadas e 

sequenciadas em conj unt o,  sendo post eriorment e separadas por anál ises de 

bioinformát ica.  E t erceiro,  o sequenciament o de t odas as t ags previament e 

concat enadas possibi l i t a que est as sej am cont adas num universo t ot al  de t ags,  

possibil i t ando assim uma quant if icação absolut a de cada t ag (ou cada t ranscrit o) 

no conj unt o t ot al  dos genes.  

                                                 
131 Velculescu V.  E. ,  Zhang L. ,  Vogelst ein B. ,  Kinzler K.  W.  Serial  Analysis of  Gene Expression;  Science,  1995,  270;  484-487 
132 Madden SL,  Wang CJ,  Landes G.  Serial analysis of  gene expression:  f rom gene discovery t o t arget  ident if icat ion.  Drug Discov 
Today 2000,  5:  415-25.  
133 Velculescu VE,  Vogelst ein B,  Kinzler KW. Analysing unchart ed t ranscript omes wit h SAGE.  Trends Genet  2000,  16:  423-5.  
134 Pat ino WD,  Mian OY,  Hwang PM. Serial analysis of  gene expression:  t echnical considerat ions and appl icat ions t o cardiovascular 
biology.  Circ Res.  2002 Oct  4;91(7):565-9.  
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A produção de uma bibl iot eca de SAGE envolve passos enzimát icos 

seqüenciais.  O RNA da célula ou t ecido de int eresse deve ser isolado e 

imobil izado em esferas magnét icas associadas a ol igo(dT),  possibil i t ando a 

capt ura selet iva do RNA pol i-A+ diret ament e da amost ra.  O cDNA é ent ão 

sint et izado a part ir dest e ol igo(dT) e cl ivado com uma enzima de rest rição com 

um sít io de cort e f reqüent e (4 bases – a mais usada é a NlaIII que reconhece 

CATG).  Após a digest ão,  são l igados adapt adores aos cDNAs,  os quais cont ém um 

sít io para a enzima BsmFI além de um sít io complement ar para um 

ol igonucleot ídeo de int eresse.  A enzima BsmFI reconhece o sít io de digest ão 

(GGGAC) e cl iva o cDNA 10 nt  após est e sít io,  l iberando uma pequena t ag.  Essas 

t ags são pareadas formando ‘ di t ags’ ,  ampli f icadas por PCR,  digeridas com NlaIII,  

l igadas para formar concat âmeros e clonadas em um vet or para o 

seqüenciament o (Figura 2).   

Num experiment o de SAGE t ípico,  o sequenciament o de 2000 insert os pode 

produzir cerca de 50.000 t ags,  o que t em sido considerado como um número de 

det ecção sensível para a maior part e dos genes diferencialment e regulados135.  

Além disso,  em geral  duas bibl iot ecas de SAGE são comparadas (cont role versus 

caso) o que permit e o cálculo da diferença de expressão gênica para cada 

t ranscrit o com boa signif icância est at íst ica,  reduzindo a necessidade de 

repl icat as.  Muit os t rabalhos ut i l izando SAGE j á foram publ icados visando a 

ident if icação de marcadores t umorais136,137,138,139,  a ident if icação de novos 

genes140 e no est udo de out ras doenças141,142,143 ou para a anál ise de out ros 

                                                 
135 Ruij t er JM,  Van Kampen AH, Baas F.  St at ist ical  evaluat ion of  SAGE l ibraries:  consequences for experiment al design.  Physiol 
Genomics.  2002 Oct  29;11(2):37-44.  
136 Pauws E,  Veenboer GJ,  Smit  JW, de Vij lder JJ,  Morreau H,  Ris-St alpers C.  Genes dif ferent ial ly expressed in t hyroid carcinoma 
ident if ied by comparison of  SAGE expression prof i les.  FASEB J.  2004 Mar;18(3):560-1.  
137 Pet ers DG,  Kudla DM,  Deloia JA,  Chu TJ,  Fairful l  L,  Edwards RP,  Ferrel l  RE.  Comparat ive gene expression analysis of  ovarian 
carcinoma and normal ovarian epit hel ium by serial  analysis of  gene expression.  Cancer Epidemiol Biomarkers Prev.  2005 
Jul ;14(7):1717-23.  
138 Yang YQ,  Zhang LJ,  Dong H,  Jiang CL,  Zhu ZG,  Wu JX,  Wu YL,  Han JS,  Xiao HS,  Gao HJ,  Zhang QH.  Upregulat ed expression of  
S100A6 in human gast ric cancer.  J Dig Dis.  2007 Nov;8(4):186-93.  
139 Abba MC,  Sun H,  Hawkins KA,  Drake JA,  Hu Y,  Nunez MI,  Gaddis S,  Shi T,  Horvat h S,  Sahin A,  Aldaz CM. Breast  cancer molecular 
signat ures as det ermined by SAGE:  correlat ion wit h lymph node st at us.  Mol Cancer Res.  2007 Sep;5(9):881-90.  
140 Chen J,  Sun M,  Lee S,  Zhou G,  Rowley JD,  Wang SM.  Ident ifying novel t ranscript s and novel genes in t he human genome by 
using novel SAGE t ags.  Proc Nat l  Acad Sci U S A 2002,  99:  12257-62.  
141 Pat ino WD,  Mian OY,  Kang JG,  Mat oba S,  Bart let t  LD,  Holbrook B,  Trout  HH 3rd,  Kozlof f  L,  Hwang PM.  Circulat ing t ranscript ome 
reveals markers of  at herosclerosis.  Proc Nat l Acad Sci U S A.  2005 Mar 1;102(9):3423-8.  
142 Yang YQ,  Zhang LJ,  Dong H,  Jiang CL,  Zhu ZG,  Wu JX,  Wu YL,  Han JS,  Xiao HS,  Gao HJ,  Zhang QH.   Upregulat ed expression of  
S100A6 in human gast ric cancer.  J Dig Dis.  2007 Nov;8(4):186-93.  
143 Shadeo A,  Chari R,  Lonergan KM, Pusic A,  Mil ler D,  Ehlen T,  Van Niekerk D,  Mat isic J,  Richards-Kort um R,  Fol len M,  Guil laud M,  
Lam WL,  Macaulay C.  Up regulat ion in gene expression of  chromat in remodel l ing fact ors in cervical int raepit hel ial  neoplasia.  BMC 
Genomics.  2008 Feb 4;9(1):64.  
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organismos144,145,146.  Porém,  alguns poucos t rabalhos foram publ icados em relação 

a doenças neuropsiquiát ricas147,148,149 sendo que at é hoj e não foi publ icado 

nenhum art igo demonst rando o uso de SAGE no est udo da SCZ.    

A nat ureza compreensiva e quant it at iva dos dados de SAGE é int eressant e e 

apl icável na ident if icação de marcadores de doenças,  incluindo SCZ.  As principais 

vant agens e desvant agens de ESTs,  microarranj os de cDNA e SAGE são dest acadas 

na Tabela 5.   

                                                 
144 Skuce PJ,  Yaga R,  Lainson FA,  Knox DP.An evaluat ion of  serial  analysis of  gene expression (SAGE) in t he parasit ic nemat ode,  
Haemonchus cont ort us.  Parasit ology.  2005 May;130(Pt  5):553-9.  
145 Oj opi EP,  Ol iveira PS,  Nunes DN, Paquola A,  DeMarco R,  Gregório SP,  Aires KA,  Menck CF,  Leit e LC,  Verj ovski-Almeida S,  Dias-
Net o E.A quant it at ive view of  t he t ranscript ome of  Schist osoma mansoni adult -worms using SAGE.  BMC Genomics.  2007 Jun 
21;8:186.  
146 Mihm M,  Baker PJ,  Fleming LM, Mont eiro AM,  O'Shaughnessy PJ.  Dif ferent iat ion of  t he bovine dominant  fol l icle f rom t he cohort  
upregulat es mRNA expression for new t issue development  genes.  Reproduct ion.  2008 Feb;135(2):253-65.  
147 Sun Y,  Zhang L,  Johnst on NL,  Torrey EF,  Yolken RH.  Serial  analysis of  gene expression in t he f ront al  cort ex of  pat ient s wit h 
bipolar disorder.  Br J Psychiat ry Suppl.  2001 Jun;41:s137-41.  
148 Feldker DE,  Dat son NA,  Veenema AH,  Meulmeest er E,  de Kloet  ER,  Vreugdenhil  E.  Serial  analysis of  gene expression predict s 
st ruct ural dif ferences in hippocampus of  long at t ack lat ency and short  at t ack lat ency mice.  Eur J Neurosci.  2003 Jan;17(2):379-
87.  
149 Ozbas-Gerçeker F,  Redeker S,  Boer K,  Ozgüç M,  Saygi S,  Dalkara T,  Soylemezoglu F,  Akalan N,  Baayen JC,  Gort er JA,  Aronica E.  
Serial  analysis of  gene expression in t he hippocampus of  pat ient s wit h mesial  t emporal lobe epilepsy.  Neuroscience.  
2006;138(2):457-74.  
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Figura 2:  Esquema resumido dos procediment os real izados durant e a const rução de uma 

bibl iot eca de SAGE. 
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Tabela 5:  Vant agens e desvant agens mais relevant es das pr incipais t écnicas de est udo de 

expressão gênica em larga escala.  

  

Técnica Vantagens Principais Desvantagens Principais 

Análise de ESTs 

  
- Maior cont eúdo informat ivo 

(permit e análises qual it at ivas e 
quant it at ivas).  

- Maior precisão na ident if icação 
de genes.  

- Excelent e para gerar dados de 
al t eração qual it at iva de expressão 
gênica (como spl icing alt ernat ivo).  

- Permit e a anál ise de 
pol imorf ismos e mut ações.  

- Excelent e ferrament a para 
descobert a de novos genes.  

 

- Preparação da bibl iot eca de 
cDNA pode ser complexa.  

- Grandes quant idades de RNA 
são requeridas nos prot ocolos 

padrão.  
- Alt o cust o para sequenciament o 

de um número signif icat ivo de 
ESTs.  

- Grande t rabalho de 
bioinformát ica é requerido.  

- Mét odo l ow-t hroughput  com as 
t écnicas padrão de 
sequenciament o.  

 

Microarranjos de 
cDNA 

 
- Cust o relat ivament e baixo após a 
disponibil ização dos equipament os.  
- Permit e anál ise em larga-escala 

de milhares de t ranscrit os 
simult aneament e.   

-  Mét odo alt ament e aut omat izado.  
- É o mét odo mais bem 

caract erizado para est udos de 
expressão gênica.  

 

 
- Possui problemas de 

quant if icação.  
- Permit e soment e a anál ise dos 

t ranscrit os present es nos 
microarranj os.  

- Não permit e a anál ise de genes 
desconhecidos.  

- cDNA pode hibridizar uma sonda 
similar (problema aj ust ável) 

- Requer equipament os especiais 
para anál ise dos microarranj os.  

- Dados de expressão são sempre 
relat ivos e inerent es à sonda e à 

plat aforma usada.  
- Requer ext ensas anál ises de 

bioinformát ica.  
 

SAGE 

 
- Permit e a anál ise de genes 

ainda não descrit os.  
- Est ima diret ament e o nível de 

abundância absolut a da 
expressão de cada gene.  

- Não requer uma l ist a de genes 
candidat os.  

- Excelent e capacidade de 
quant if icação.    

- Não requer répl icas ou 
padronização.   

- Não requer equipament os 
especiais.  

- Result ados de quaisquer 
experiment os de SAGE são 
diret ament e comparáveis.  

 
 

- Tags podem ser ambíguas.  
- Alguns t ranscrit os podem não 

t er o sít io para a enzima âncora,  
impedindo sua avaliação.  

- Baixa det ecção de t ranscrit os 
raros.  

- Dif ici l  e cust oso t rabalho de 
sequenciament o de DNA (quando 

se apl icam mét odos 
t radicionais).  

- Requer recursos de 
bioinformát ica.  
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1.3 Análise da Expressão de Genes Específicos 

Em geral,  após uma aval iação em larga escala que apont a possíveis 

marcadores,  os genes de int eresse são quant if icados de modo individual.  Em 1977 

foi desenvolvida uma t écnica para det ecção e quant if icação de RNA que foi 

denominada como Nort hern blot
150 (um t rocadilho em relação à t écnica de 

blot t ing de DNA genômico,  descrit a pelo pesquisador Ed Sout hern,  e denominada 

comument e de Sout hern blot ).  O princípio da t écnica se baseia na hibridização 

de sondas específ icas,  marcadas por subst âncias det ect áveis (radioat ivament e,  

quimicament e ou imunologicament e,  por exemplo),  às moléculas de mRNA.  

Dest e modo,  no Nort hern blot ,  as moléculas de RNA são f racionadas por 

t amanho,  geralment e em gel de agarose desnat urant e,  e t ransferidas para um 

suport e sól ido (em geral,  membranas de nylon ou nit rocelulose) onde são 

det ect adas após a hibridização das sondas.  Nort hern blot  é ainda uma t écnica 

muit o ut i l izada,  apesar do menor poder de quant if icação e de exigir grandes 

quant idades de amost ra.  

Além do Nort hern blot  a quant if icação da expressão gênica pode ser feit a por 

PCR semiquant it at iva.  Para ist o,  as moléculas RNA são t ransformadas em cDNA 

dupla-f it a at ravés da ut i l ização da t ranscript ase reversa e post eriorment e 

amplif icadas pela t écnica de Reação em Cadeia da Pol imerase (RT-PCR).  A 

int ensidade das bandas é verif icada em géis de agarose,  por densit omet r ia.  Em 

geral,  ut i l iza-se diferent es quant idades de ciclos na PCR,  e o número de ciclos 

necessários para a visual ização dos produt os,  é inversament e proporcional ao 

número de cópias do mRNA.  Porém há necessidade de grande ot imização da 

t écnica para que os dados possam ser mais conf iáveis151,  e a reação nunca 

oferece result ados absolut os,  apenas relat ivos.  

 

 

                                                 
150 Alwine JC,  Kemp DJ,  St ark GR. Met hod for det ect ion of  specif ic RNAs in agarose gels by t ransfer t o diazobenzyloxymet hyl-
paper and hybridizat ion wit h DNA probes.  Proc Nat l  Acad Sci U S A.  1977 Dec;74(12):5350-4.  
151 Ding C,  Cant or CR.  Quant it at ive analysis of  nucleic acids--t he last  few years of  progress.  J Biochem Mol Biol .  2004 Jan 
31;37(1):1-10.  
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1.3.1 Reação em Cadeia da Pol imerase em Tempo Real  (Real  Time PCR) 

At ualment e,  a t écnica mais sensível e conf iável para a quant if icação da 

expressão de um gene é a t écnica de Real -Time PCR ou ainda PCR quant it at iva 

(qPCR) que pode ser feit a de duas maneiras:  ut i l izando-se o f luoróforo SYBR 

Green ou a t ecnologia TaqMan.   

Com a ut i l ização de qualquer um dos mét odos,  inicialment e o mRNA do gene 

de int eresse é t ransformado em cDNA e est e cDNA será submet ido a uma reação 

de amplif icação usando PCR,  na presença de um f luoróforo do t ipo SYBR Green 

ou uma sonda f luorescent e no caso do TaqMan.   

SYBR Green são pequenas moléculas capazes de se l igar especif icament e ao 

DNA dupla-f it a sem inibir a amplif icação.  Quando SYBR Green é adicionado à 

amost ra,  ele imediat ament e l iga-se a t odos os DNA dupla-f it a present es no meio 

emit indo f luorescência.  Durant e a PCR,  novas moléculas de DNA dupla-f i t a são 

geradas e moléculas de SYBR Green se l igam a est as.  Com a amplif icação 

exponencial  do DNA,  a f luorescência emit ida pelo SYBR Green t ambém aument a 

exponencialment e.   

Com a t ecnologia de TaqMan,  uma sonda específ ica para o gene de int eresse 

se l iga às moléculas alvo.  Durant e a ampl if icação,  est a sonda é degradada pela 

at ividade exonucleásica da DNA pol imerase usada na PCR,  l iberando uma 

f luorescência capt ada pelo aparelho.  Para ist o,  o t ermociclador usado na PCR em 

t empo real est á acoplado a um sist ema comput adorizado capaz de capt ar e 

medir a f luorescência emit ida durant e a reação,  em t empo real.  Dest e modo,  à 

medida que os ciclos da PCR avançam a f luorescência aument a 

exponencialment e,  gerando uma curva sigmoidal caract eríst ica,  que corresponde 

à amplif icação do gene-alvo.  Est a curva pode ser comparada a out ras curvas de 

f luorescência geradas pela amplif icação do mesmo gene em out ra amost ra 

permit indo uma comparação precisa de sua expressão152.  Para t ornar o processo 

ainda mais preciso,  são usados cont roles endógenos,  que permit em a acurada 

normalização da f luorescência pela quant idade inicial  de cDNA ut i l izado.  

                                                 
152 Nolan T,  Hands RE,  Bust in SA.  Quant if icat ion of  mRNA using real-t ime RT-PCR.Nat .  Prot oc.  2006,  1:  1559-1582.  
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As vant agens da qPCR são a rapidez na geração dos result ados (cerca de 60 ou 

120 minut os),  a el iminação da necessidade de manipulação dos produt os de 

amplif icação (o que reduz em muit o os problemas de cont aminação de PCR),  o 

uso da sensível det ecção dos ampl icons por f luorescência que exige menor 

quant idade de amost ra inicial  e principalment e a especif icidade (de modo 

especial  quando são empregados sondas e iniciadores específ icos),  a 

sensibil idade (uma única cópia de um gene pode ser det ect ada de modo 

consist ent e) e a nat ureza quant it at iva,  que permit e grande precisão,  além do uso 

de cont roles endógenos múlt iplos,  que padronizam as quant idades iniciais de 

mat erial153.  É dif íci l  encont rar hoj e na Biologia Molecular t écnica t ão precisa e 

cont rolada como a qPCR.  No ent ant o,  ent re as desvant agens est ão a necessidade 

do uso de uma plat aforma específ ica e o cust o relat ivament e al t o das reações,  

especialment e quando são usadas sondas gene-específ icas,  marcadas com 

f luoróforos154.  

 

 

1.4 Análises Proteômicas 

Em 1995,  Wilkins et  al .
155,156,157,158,  int roduziram o t ermo “ prot eoma”  como “ o 

complement o prot éico t ot al  do genoma” .  Ao passo que o genoma é 

relat ivament e est ável ,  a nat ureza do prot eoma é dinâmica al t erando-se f rent e a 

diferent es condições e est ímulos.  Logo,  o est udo global dest as al t erações 

represent a uma forma de invest igar e int egrar processos em sist emas vivos para 

melhor ent ender o funcionament o de uma célula ou t ecido ao nível molecular.  

Rapidament e,  a essência do prot eoma foi sendo desvendada levando at é uma 

def inição mais complet a:  prot eoma é o conj unt o de prot eínas expressas por uma 

                                                 
153 Wit t wer CT,  Herrmann MG, Gundry CN,  Elenit oba-Johnson KS.  Real-t ime mult iplex PCR assays.  Met hods.  2001 Dec;25(4):430-
42.  
154 Mackay IM.  Real-t ime PCR in t he microbiology laborat ory.  Cl in Microbiol  Infect .  2004 Mar;10(3):190-212.  
155 Wasinger VC, Cordwel l  SJ,  Cerpa-Pol j ak A,  Yan JX,  Gooley AA,  Wilkins MR,  Duncan MW, Harris R,  Wil l iams KL,  Humphery-Smit h 
I.Progress wit h gene-product  mapping of  t he Mol l icut es:  Mycoplasma genit al ium.Elect rophoresis.  1995 Jul;16(7):1090-4.  
156 Wilkins MR,  Sanchez JC,  Gooley AA,  Appel RD, Humphery-Smit h I,  Hochst rasser DF,  Wil l iams KL.  Progress wit h prot eome 
proj ect s:  why al l  prot eins expressed by a genome should be ident if ied and how t o do it .  Biot echnol Genet  Eng Rev.  1996;13:19-50.  
157 Wilkins MR,  Pasqual i C,  Appel RD,  Ou K,  Golaz O,  Sanchez JC,  Yan JX,  Gooley AA,  Hughes G,  Humphery-Smit h I,  Wil l iams KL,  
Hochst rasser DF.  From prot eins t o prot eomes:  large scale prot ein ident if icat ion by t wo-dimensional elect rophoresis and amino 
acid analysis.  Biot echnology (N Y).  1996 Jan;14(1):61-5.  
158 Wil l iams KL,  Hochst rasser DF Int roduct ion t o t he prot eome.  Em:  Prot eome Research:  New Front iers in Funct ional Genomics 
(Wilkins MR,  Wil l iams KL,  Apple RD,  Hochst rasser DF.  eds. ),  Springer,  1997,  pp.  1-12.  
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célula,  t ecido ou organismo em det erminado moment o,  sob det erminada 

condição.  

O reconheciment o da import ância est rat égica do prot eoma para uma maior 

compreensão bioquímica dos organismos e dos processos biológicos,  al iado ao 

desenvolviment o de abordagens de est udo do conj unt o de prot eínas de uma 

amost ra permit iu o surgiment o da “ prot eômica” ,  que visa est udar t ambém a 

est rut ura159,160,  função161,162 e o cont role dos sist emas biológicos pela anál ise das 

várias propriedades das prot eínas.  A prot eômica abrange a sequencia 

(ident idade),  abundância,  at ividade e est rut ura das prot eínas expressas por uma 

célula,  bem como modif icações,  int erações e t ranslocações sof ridas por cada 

prot eína.   

Durant e a segunda met ade dos anos 90,  a ident if icação e quant if icação 

sist emát ica de t odas as prot eínas det ect áveis em um organismo ou t ecido era o 

obj et ivo inicial  cent ral  numa anál ise prot eômica.  At ualment e,  as anál ises 

comparat ivas são mais empregadas,  vist o o int eresse de revelar prot eínas 

diferencialment e expressas,  diant e de seu pot encial  como marcador t erapêut ico 

e que sirva para diagnóst ico.   

Apesar do avanço rápido e cont ínuo das t ecnologias para o est udo cada vez 

mais ágil  e preciso do prot eoma,  uma das t écnicas ainda mais empregadas para 

est es est udos é a combinação da elet roforese de duas dimensões em gel de 

pol iacri lamida (2-DE) para separação,  det ecção e quant if icação das prot eínas,  

j unt ament e com a post erior ident if icação dest as por espect romet ria de massas 

(MS).  A combinação da 2-DE com a MS foi por anos a base dos est udos de 

prot eoma163 e cont inua sendo uma das ferrament as mais ut i l izadas.  Apesar da 

t écnica de 2-DE t er sido inicialment e int roduzida na década de 70164,165,  a 

                                                 
159 Norin M,  Sundst röm M.  St ruct ural prot eomics:  development s in st ruct ure-t o-funct ion predict ions.  Trends Biot echnol.  2002 
Feb;20(2):79-84.  
160 Sal i  A,  Glaeser R,  Earnest  T,  Baumeist er W. From words t o l i t erat ure in st ruct ural  prot eomics.Nat ure.  2003 Mar 
13;422(6928):216-25.  
161 Uet z P,  Giot  L,  Cagney G,  Mansf ield TA,  Judson RS,  Knight  JR,  Lockshon D,  Narayan V,  Srinivasan M,  Pochart  P,  Qureshi-Emil i  A,  
Li Y,  Godwin B,  Conover D,  Kalbf leisch T,  Vij ayadamodar G,  Yang M,  Johnst on M,  Fields S,  Rot hberg JM.  A comprehensive analysis 
of  prot ein-prot ein int eract ions in Saccharomyces cerevisiae.  Nat ure.  2000 Feb 10;403(6770):623-7. .  
162 It o T,  Chiba T,  Ozawa R,  Yoshida M,  Hat t ori M,  Sakaki Y.  A comprehensive t wo-hybrid analysis t o explore t he yeast  prot ein 
int eract ome.  Proc Nat l Acad Sci U S A.  2001 Apr 10;98(8):4569-74.  
163 Klose J,  Nock C,  Herrmann M,  St ühler K,  Marcus K,  Blüggel M,  Krause E,  Schalkwyk LC,  Rast an S,  Brown SD,  Büssow K,  
Himmelbauer H,  Lehrach H.  Genet ic analysis of  t he mouse brain prot eome.  Nat  Genet .  2002 Apr;30(4):385-93.  
164 Klose,  J.  Prot ein mapping by combined isoelect ric focusing and elect rophoresis of  mouse t issues.  A novel approach t o t est ing 
for induced point  mut at ions in mammals.  Humangenet ik 1975,  26,  231-243.  
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maioria dos mét odos que possibi l i t ou ident i f icar prot eínas separadas em 2-DE de 

forma rápida,  conclusiva e com sensibil idade foi desenvolvida apenas nos úl t imos 

15 anos166.  Os principais fat ores que possibil i t aram o surgiment o dest es mét odos 

foram avanços na t écnica de espect romet ria de massas,  a disponibil idade de 

sequencias genômicas complet as e o desenvolviment o de programas 

comput acionais para correlação dos dados obt idos por espect romet ria de massa 

com os bancos de dados de sequencias.  

 
1.4.1 Elet rof orese de Duas Dimensões em Gel  de Pol iacr i lamida 

A elet roforese de duas dimensões em gel de pol iacri lamida (2-DE) é um dos 

mais poderosos mét odos disponíveis para separar mist uras complexas de 

prot eínas167,168 e apesar do surgiment o de t écnicas recent es como “ shot gun 

prot eomics”  e t ambém das conhecidas l imit ações que apresent a,  t ais como a 

exclusão de prot eínas muit o pequenas (< 6000 Da),  muit o grandes (> 120000 Da),  

muit o ácidas (pI < 3.5),  muit o básicas (pI > 9) e muit o hidrofóbicas169 e a não 

det ecção de prot eínas com baixos níveis de expressão170,  est a t écnica ainda é 

uma das ferrament as mais ut i l izadas nos est udos de prot eoma para det ecção e 

ident if icação de prot eínas com pot encial  de biomarcadores.  

A 2-DE é const it uída essencialment e de dois passos:  O primeiro,  a chamada 

primeira dimensão,  é a focal ização isoelét rica ou isoelet rofocal ização (IEF),  na 

qual as prot eínas são separadas em um gradient e de pH at é alcançarem à posição 

est acionária onde a carga t ot al  é zero (ou sej a,  seu pont o isoelét rico - pI).  O 

segundo passo,  chamada segunda dimensão,  as prot eínas previament e separadas 

pela IEF são novament e separadas por elet roforese do t ipo SDS-PAGE.  Essa 

separação é baseada no peso molecular (MW) das prot eínas.  O result ado é um 

perf i l  onde cada prot eína represent a um pont o,  comument e chamado de “ spot ” ,  

sendo que quant o maior o volume do spot  maior a concent ração da prot eína.  

                                                                                                                                                     
165  O’ Farrel ,  P.  H.  High resolut ion t wo-dimensional elect rophoresis of  prot eins.  J.  Biol .  Chem.  1975,  250,  4007-4021.  
166 Aebersold,  R. ,  Goodlet t ,  D.  Mass spect romet ry in Prot eomics.  Chem.  Rev.  2001,  101,  269-295.  
167 West ermeier R.  (1997) Elect rophoresis in Pract ice.  VCH,  Weinheim,  Alemanha.  
168 Wilkins MR;  Wil l iams KL;  Appel RD e Hochst rasser (1997) eds:  Prot eome Research:  New Front iers in Funct ional 
Genomics.Springer-Verlag Berl in Heidelberg,  Alemanha.  Pag 1-11.  
169 Gygi SP,  Cort hals GL,  Zhang Y,  Rochon Y,  Aebersold R.  Evaluat ion of  t wo-dimensional gel elect rophoresis based prot eome 
analysis t ecnology.  Proc.  Nat l .  Acad.  Sci.  2000 15:97(17):  9390-9395 
170 Fut cher B,  Lat t er GI,  Monardo P,  McLaughl in CS,  Garrels JI.  A Sampling of  t he Yeast  Prot eome.  MCB 1999;  Vol 19 (11):  7357-
7376.  
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Segundo um sist ema cart esiano,  da esquerda para a direit a há um aument o do pI 

e de baixo para cima um aument o da MW. A alt a resolução da 2-DE resul t a do 

fat o da primeira e segunda dimensões serem baseadas em parâmet ros 

independent es (pI e massa molecular das prot eínas) (Figura 3).  

As imagens dos perf is 2-DE obt idas experiment alment e são digit al izadas para 

subseqüent es anál ises quant it at ivas e qual i t at ivas,  real ização de cal ibrações de 

pI e MW, quant if icações dos spot s e comparações aut omát icas de diferent es géis 

ut i l izando-se programas comput acionais especial izados para det ecção de 

prot eínas diferencialment e expressas.  

A 2-DE é um poderoso mét odo de separação por ser uma plat aforma que isola 

e de cert a forma purif ica a maioria das prot eínas expressas em uma amost ra,  

simult ânea e bi-dimensionalment e.  Ainda,  provém informações sobre o pI,  MW e 

abundância relat iva de cada prot eína,  est ando est as ainda viáveis para anál ises 

pós-separação,  como por exemplo espect romet ria de massas.  At ravés da 2-DE é 

possível ainda visual izar algumas modif icações pós-t raducionais at ravés da 

mobil idade elet roforét ica al t erada de alguns conj unt os de prot eínas.  
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Figura 3:  Gel  2-DE.  Plano car t esiano onde os pares ordenados represent am os spot s,  que são,  

t eor icament e,  prot eínas pur i f icadas da célula ou t ecido em quest ão.  As set as indicam um 

aument o gradat ivo do pI e do MW.  

 

1.4.1.1 Det ecção e Quant i f icação das Prot eínas Separadas por  2-DE 

As prot eínas separadas por 2-DE podem ser det ect adas por diversos mét odos 

colorimét ricos,  f luorescent es ou radiográf icos pré ou pós-elet roforese171,172.  O 

mét odo de det ecção escolhido é um import ant e det erminant e da sensibil idade e 

da qual idade da quant if icação.   

Os mét odos mais comuns ut i l izados são colorimét ricos reversíveis pós-

elet roforese,  dent re eles a coloração com coomassie bri l lant  blue (CBB) ou 

nit rat o de prat a (Ag).  Ambos t êm inúmeros prot ocolos descrit os e são simples,  de 

baixo cust o e compat íveis com a espect romet ria de massas para anál ises 

subseqüent es.   

                                                 
171 Pat t on WF.  Det ect ion t echnologies in prot eome analysis.  J Chromat ogr B Analyt  Technol Biomed Life Sci.  2002 May 5;771(1-
2):3-31.  
172 Mil ler I,  Crawford J,  Gianazza E.  Prot ein st ains for prot eomic applicat ions:  which,  when,  why? Prot eomics.  2006 
Oct ;6(20):5385-408.  
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A coloração por Ag173,174 é o mét odo colorimét rico pós-elet roforese mais 

sensível exist ent e (1-10 ng/ spot ),  porém de dif íci l  quant if icação vist o que a 

int ensidade da coloração é sat urável,  depende do t empo de revelação,  e não 

oferece grande l inearidade ent re a int ensidade do spot  e a quant idade de uma 

det erminada prot eína,  t ornando dif íci l  uma comparação mais precisa,  

especialment e ent re diferent es géis175,176.  O príncipio é sat urar o gel com íons de 

prat a que vão int eragir com as prot eínas por uma l igação met ál ica e reduzir a 

prat a l igada às prot eínas a sua forma met ál ica.  Previament e à redução da prat a,  

o gel é lavado para ret irar o excesso dos íons e desfazer as l igações prat a-mat riz.  

A coloração com CBB177 é o mét odo colorimét rico pós-elet roforese mais 

conf iável para quant if icação dos spot s j á que apresent a l inearidade quant it at iva 

na faixa de concent ração de prot eína de 10-100 ng/ spot
178.  O corant e coomassie 

(R ou G) l iga-se às prot eínas por int eração elet rost át ica ou hidrofóbica em meio 

ácido.  Ent ret ant o,  a sensibil idade é 5 a 50 vezes mais baixa que coloração por Ag 

se usado um prot ocolo de CBB coloidal179 (ut i l izando como corant e o Coomassie-

G250) ou um prot ocolo de CBB simples (ut i l izando como corant e o Coomassie-

R250) respect ivament e.  

Os mét odos radioat ivos e f luorimét ricos são bast ant e sensíveis e 

quant it at ivament e muit o precisos.  Os f luorimét ricos ganharam maior conf iança 

dos pesquisadores principalment e depois do lançament o comercial  das t écnicas 

de det ecção pré-elet roforese denominadas SYPRO180 e gel de elet roforese 

diferencial  (dif ference gel elect rophoresis - DIGE)181,182  cuj a sensibil idade chega 

                                                 
173 Swit zer RC 3rd,  Merri l  CR, Shif r in S.A highly sensit ive si lver st ain for det ect ing prot eins and pept ides in polyacrylamide 
gels.Anal Biochem.  1979 Sep 15;98(1):231-7.  
174 Merri l  CR,  Swit zer RC, Van Keuren ML.Trace polypept ides in cel lular ext ract s and human body f luids det ect ed by t wo-
dimensional elect rophoresis and a highly sensit ive si lver st ain.Proc Nat l  Acad Sci U S A.  1979 Sep;76(9):4335-9.  
175 Rabil loud,  T.  Mechanisms of  prot ein si lver st aining in polyacrylamide gels:  a 10-year synt hesis.  Elect rophoresis 1990,  11,  785-
794.  
176 Rabil loud,  T.  Silver st aining of  2-D elect rophoresis gels.  Met hods Mol.  Biol .  1999,  112,  297-305.  
177 Fazekas de St .  Grot h S,  Webst er RG,  and Dat yner A.  Two new st aining procedures for quant it at ive est imat ion of  prot eins on 
elect rophoret ic st r ips.  Biochim.  Biophys.  Act a  1963,  71:  377–391.   
178 Poland J,  Rabil loud T,  Sinha P.  in:  Walker,  J.M.  (Ed. ),  The Prot eomics Handbook,  Humana Press,  Tot owa 2005.  
179 Candiano G,  Bruschi M,  Musant e L,  Sant ucci  L,  Ghiggeri GM,  Carnemol la B,  Orecchia P,  Zardi L,  Righet t i  PG.  Blue si lver:  a very 
sensit ive col loidal Coomassie G-250 st aining for prot eome analysis.  Elect rophoresis.  2004 May;25(9):1327-33.  
180 St einberg,  T.  H. ,  Jones,  L.  J. ,  Haugland,  R.  P. ,  Singer,  V.  L.  SYPRO orange and SYPRO red prot ein gel st ains:  one-st ep 
f luorescent  st aining of  denat uring gels for det ect ion of  nanogram levels of  prot ein.  Anal.  Biochem.  1996,  239,  223-237.  
181 Unlü M,  Morgan ME,  Minden JS.  Dif ference gel elect rophoresis:  a single gel met hod for det ect ing changes in prot ein ext ract s.  
Elect rophoresis.  1997 Oct ;18(11):2071-7.  
182 Tonge R,  Shaw J,  Middlet on B,  Rowlinson R,  Rayner S,  Young J,  Pognan F,  Hawkins E,  Currie I,  Davison M.Val idat ion and 
development  of  f luorescence t wo-dimensional dif ferent ial  gel  elect rophoresis prot eomics t echnology.Prot eomics.  2001 
Mar;1(3):377-96.  
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a 0,2 ng/ spot
183.  Porém,  a necessidade de equipament os especiais para a 

det ecção dos spot s e o uso de f luoróforos sensíveis e de al t o cust o são 

desvant agens do mét odo.  Além disso,  normalment e há a necessidade de se 

real izar um experiment o colorimét rico para a ident if icação das prot eínas 

det ect adas por est es mét odos,  j á que as prot eínas previament e marcadas com os 

f luoróforos não são passíveis de ident if icação por MS.  

Qualquer que sej a a forma de det ecção,  a imagem do gel  é digit al izada para 

que sej a feit a a anál ise quant it at iva das prot eínas det ect adas at ravés de 

programas comput acionais específ icos para anál ises de perf is 2-DE.  Os programas 

mais ut i l izados são Image Mast er El it e e Image Mast er Plat inum (GE Biosciences),  

Melanie (desenvolvido pela Geneva Bioinformat ics,  hoj e produt o da GE 

Biosciences) e PDQuest  (BioRad),  que cont ém algorit mos capazes de det ect ar os 

spot s,  quant if icar os spot s at ravés de seu volume relat ivo,  el iminar possíveis 

art efat os que,  apesar de apresent ar cor,  não sej am propriament e prot eínas e 

cal ibrar o pI e MW dos géis de acordo com a faixa de pI e porosidade do gel  

ut i l izada.  Det erminar o pI e MW é import ant e vist o que est es parâmet ros são 

essenciais para a conf irmação da ident idade da prot eína post eriorment e 

ident if icada por MS.   

Nest es sof t wares ainda é possível comparar diferent es amost ras de um mesmo 

t ipo celular em diferent es condições,  at ravés da sobreposição dos perf is 2-DE:  os 

spot s correspondent es nos diferent es géis são det ect ados e seus volumes 

comparados a f im de se est abelecer uma relação da expressão de cada uma das 

prot eínas det ect adas.  Est e processo de comparação dos volumes dos spot s é 

conhecido como anál ise densit omét rica.   

É import ant e dest acar que o sucesso da anál ise de imagem depende 

fundament alment e da qual idade e reprodut ibi l idade dos perf is 2-DE a serem 

comparados,  principalment e nos géis onde mét odos colorimét ricos são apl icados.  

Est a variável é descart ada quando mét odos f luorimét ricos são ut i l izados,  vist o 

que diferent es amost ras são simult aneament e separadas num mesmo gel.  

                                                 
183 Sit ek B,  Scheibe B,  Jung K,  Schramm A,  St uehler K Dif ference Gel Elect rophoresis (DIGE):  t he Next  Generat ion of  Two-
Dimensional Gel Elect rophoresis for Cl inical  Research.   In:  Marcus K,  St uehler K,  van Hal l A,  Hamacher M et  al .  (Eds. ),  Prot eomics 
in Drug Research,  Wiley-VCH, Weinheim 2006,  pp.  33–55.  
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1.4.2 Ident i f icação de Prot eínas por  Espect romet r ia de Massas do t ipo MALDI-

TOF E MALDI-TOF/ TOF 

Mesmo sendo a 2-DE uma poderosa ferrament a analít ica,  est a t écnica 

soment e permit e det ect ar prot eínas,  at ribuindo a elas pI e MW, mas não é capaz 

de ident if icá-las.  Ao visual izar um perf i l  2-DE,  não t emos como saber a pr ior i  

quais as prot eínas represent adas em cada um dos spot s.  Porém,  quando a MS é 

int egrada como mét odo pós-2-DE,  uma ferrament a poderosa se conf igura j á que 

as prot eínas correspondent es aos spot s selecionados podem ser ident if icadas.  

Cont udo,  para est a ferrament a funcionar de maneira complet a,  é necessário 

conhecer o genoma complet o do organismo em quest ão.   

A fusão da 2-DE,  MS com os dados de um genoma,  permit e a ident if icação das 

prot eínas de um spot  pelo mét odo “ impressão digit al  das massas de pept ídeos”  

(pept ide-mass f inger  pr int ing - PMF)  184,185,186,187,188.  Cada prot eína t em uma 

seqüência específ ica de aminoácidos.  Quando uma prot ease de ação conhecida 

at ua sobre det erminada prot eína,  pept ídeos são gerados,  cada um com uma 

seqüência e uma massa específ ica.  Est a mesma prot ease quando at ua em out ra 

prot eína,  gera t ambém pept ídeos,  mas com massas e seqüências dist int as da 

primeira.  Diant e das possíveis combinações de aminoácidos,  pept ídeos dist int os 

são gerados após a ação da prot ease usada,  gerando uma “ impressão digit al”  

para cada prot eína.   

O fat o de cada prot eína t er sua “ impressão digit al”  é a base da t écnica de 

PMF:  Na prát ica,  os spot s (que em geral  represent am uma única prot eína) dos 

perf is 2-DE são recort ados do gel,  t r ipsinizados e os pept ídeos result ant es da 

digest ão t em suas massas medidas por MS.  O result ado f inal é uma l ist a de 

massas de pept ídeos que deve ser,  t eoricament e,  única para cada prot eína.  

Paralelament e,  t odas as seqüências das prot eínas conhecidas para o organismo 

                                                 
184 Mann,  M. ,  Hoj rup,  P. ,  Roepst orf f ,  P.  Use of  mass spect romet ric molecular weight  informat ion t o ident ify prot eins in sequence 
dat abases.  Biol .  Mass Spect rom.  1993,  22,  338-345.  
185  Henzel WJ,  Bil leci TM,  St ult s JT,  Wong SC,  Grimley C,  Wat anabe C.  Ident if ying prot eins f rom t wo-dimensional gels by 
molecular mass searching of  pept ide f ragment s in prot ein sequence dat abases.  Proc Nat l Acad Sci U S A.  1993 Jun 1;90(11):5011-
5.  
186 James,  P. ,  Quadroni,  M. ,  Carafol i ,  E. ,  Gonnet  G.  Prot ein ident if icat ion by mass prof i le f ingerprint ing.  Biochem.  Biophys.  Res.  
Commun.  1993,  195,  58-64.  
187 Yat es JR 3rd,  Speicher S,  Grif f in PR,  Hunkapil ler T.  Pept ide mass maps:  a highly informat ive approach t o prot ein ident if icat ion.  
Anal Biochem. 1993 Nov 1;214(2):397-408.  
188 Thiede B,  Höhenwart er W, Krah A,  Mat t ow J,  Schmid M,  Schmidt  F,  Jungblut  PR.  Pept ide mass f ingerprint ing.  Met hods.  2005 
Mar;35(3):237-47.  
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em quest ão (provindas de um banco de dados genômico) são cl ivadas in si l ico 

gerando uma “ impressão digit al  virt ual” .  Os dados obt idos experiment alment e 

são cruzados com os dados in si l ico possibil i t ando a ident if icação do gene 

produt or daquela prot eína at ravés de programas específ icos,  e a consequent e 

ident if icação dos spot s de int eresse (Figura 4).  

Exist em at ualment e diversos t ipos de espect rômet ros de massas.  

Normalment e,  para apl icação da t écnica de PMF,  usam-se aparelhos do t ipo 

MALDI-TOF (mat r ix-assist ed laser  desorpt ion/ ionizat ion-t ime of  f l ight  - desorção 

e ionização por laser assist ida por mat riz - t empo de vôo).   
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Figura 4:  Mapeament o de pept ídios da enzima enolase.  O spot  separado por  2-DE f oi  diger ido 

com t r ipsina e os pept ídios resul t ant es anal isados em espect rômet ro de massa MALDI-TOF.  

Procura em bancos de dados indicou a prot eína como sendo enolase 2.  (A) Espect ro de massa dos 

pept ídios t r ípt icos.  Os números indicam os pept ídios correspondent es na Figura 4C.  (B) 

Ampl iação da região ent re 1158 e 1164Da most rando o conj unt o de isót opos do pept ídio com 

massa de 1159.66Da.  (C) Seqüência de amino ácidos da enolase 2.  Not e que a t r ipsina cl iva na 

par t e C-t erminal  da l isina (K) e arginina (R).  
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Um espect rômet ro de massas (EM) pode ser considerado uma “ balança 

molecular” ,  um equipament o cuj a f inal idade é medir a massa de át omos e 

moléculas com ext rema precisão.   

Um EM é basicament e dividido em t rês part es:  um ionizador,  um anal isador e 

um det ect or,  sendo que a molécula a ser anal isada percorre obrigat oriament e 

est e caminho nest a ordem.  O ionizador é a part e do EM responsável por ionizar 

as moléculas pois soment e nest a condição elas serão anal isadas.  No anal isador 

sua massa é medida e o det ect or capt a a informação do anal isador.  

Num EM MALDI-TOF,  MALDI é o mét odo de ionização ut i l izado.  Sucint ament e,  

as moléculas a serem anal isadas são mist uradas a uma mat riz,  um compost o que 

t em grande capacidade de absorver energia.  O EM t em um canhão de laser (font e 

de energia) que at inge o complexo mat riz-molécula.  A absorção da energia por 

est e complexo t ransforma-o em um gás ionizado.  Logo,  a molécula em quest ão 

est á pront a para ser anal isada.  TOF é o mét odo de anál ise dest e EM.  A sigla 

signif ica “ t empo de vôo”  j á que as moléculas agora ionizadas vão l i t eralment e 

“ voar”  por um t ubo analít ico que t em compriment o conhecido,  um port ão de 

ent rada e um port ão de saída.  Est abelece-se ent ão uma relação da massa com o 

t empo que a molécula leva para at ravessar o t ubo.  Uma molécula de 500 Da 

passa mais rapidament e pelo t ubo se comparada a uma molécula de 1000 Da,  que 

voa mais devagar pelo t ubo.  A relação do t amanho do t ubo com o t empo exat o 

que a molécula leva para at ravessá-lo det ermina sua massa com grande precisão.  

O det ect or é a part e do EM que vai colher os dados anal isados e passar isso para 

o programa comput acional  do aparelho.  Inúmeras moléculas podem ser 

anal isadas no mesmo experiment o,  ou sej a,  pept ídeos provenient es da digest ão 

t rípt ica de um spot  são t odos anal isados simult aneament e (Figura 5).  Qualquer 

que sej a o EM ut i l izado,  t odos geram espect ros de massa que são represent ados 

como um gráf ico de duas dimensões cont endo valores de m/ z no eixo x e 

int ensidades relat ivas no eixo y (Figura 4A).  Nos espect ros gerados em 

inst rument os de al t a resolução,  cada pept ídeo aparece como um conj unt o de 

isót opos (Figura 4B),  conseqüência do fat o de que 1.1 % dos carbonos 

nat uralment e exist ent e são o isot opicament e pesado 13C.  Como os pept ídeos 
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cont êm grandes quant idades de át omos de carbono,  uma f ração signif icat iva dos 

pept ídeos irão cont er um 13C (e um valor de massa aument ado em 1 unidade de 

massa comparado ao íon cont endo apenas 12C),  ou dois 13C (e um valor de massa 

aument ado em 2 unidades de massa comparado ao íon cont endo apenas 12C),  e 

assim por diant e.  

MALDI é um mét odo desenvolvido pelos alemães Franz Hil lenkamp and 

Michael Karas189,190 a part ir dos conceit os de ionização branda de moléculas por 

laser int roduzidos em 1985 (soment e publ icados em 1988)191 Sr.  Koichi Tanaka,  

laureado com o Prêmio Nobel de Química em 2002.   

Dependendo do organismo em quest ão,  a complexidade do genoma pode 

gerar prot eínas que cont enham “ impressões digit ais”  semelhant es,  dif icul t ando 

sua ident if icação precisa.  Isso event ualment e acont ece nas anál ises do prot eoma 

de mamíferos para algumas prot eínas.  Nest es casos,  mais dados da prot eína são 

necessários para sua a ident if icação.  Inicialment e,  para a resolução dest es 

problemas,  os EM MALDI-TOF passaram a execut ar anál ises do t ipo “ post -source 

decay”  (PSD)192,193 que permit e selecionar no espect ro de massas pept ídeos para 

que est es sej am f ragment ados numa câmara de col isão com gás.  Os f ragment os,  

dos mais diferent es t amanhos,  desde o pept ídeo at é um simples aminoácido t êm 

as massas medidas e ent ão a seqüência de aminoácidos do pept ídeo é resolvida,  

gerando um dado muit o mais robust o à ident if icação da prot eína.  Equipament os 

mais sof ist icados foram desenvolvidos e os EM híbridos (são os EM conhecidos 

como MS/ MS),  que cont ém mais de um anal isador em série,  t ornaram máquinas 

poderosas na resolução de dados das moléculas anal isadas.  Um equipament o 

muit o ut i l izado em est udos de prot eoma e que se encaixa bem de acordo com as 

necessidades de est udos como o que desenvolvemos é o MALDI-TOF/ TOF,  onde 

dois anal isadores TOF est ão present es no mesmo EM sendo o primeiro para a 

                                                 
189 Karas,  M. ;  Bachmann,  D. ;  Hil lenkamp,  F.  "Inf luence of  t he Wavelengt h in High-Irradiance Ult raviolet  Laser Desorpt ion Mass 
Spect romet ry of  Organic Molecules".  Anal.  Chem.  1985,  57:  2935-9.  
190 Karas M,  Hil lenkamp F.  Laser desorpt ion ionizat ion of  prot eins wit h molecular masses exceeding 10,000 dalt ons".  Anal.  Chem.  
1988,  60 (20):  2299-301.  
191  Tanaka K,  Waki H,  Ido Y,  Akit a S,  Yoshida Y,  Yoshida T.  Prot ein and Polymer Analyses up t o m/ z 100 000 by Laser Ionizat ion 
Time-of  f l ight  Mass Spect romet ry Rapid Comm Mass Spect rom 1988,  2 (20):  151-3.    
192 Kaufmann R,  Spengler B,  Lüt zenkirchen F.  Mass spect romet ric sequencing of  l inear pept ides by product -ion analysis in a 
ref lect ron t ime-of -f l ight  mass spect romet er using mat rix-assist ed laser desorpt ion ionizat ion.  Rapid Commun Mass Spect rom.  1993 
Oct ;7(10):902-10.  
193 Gevaert  K,  Vandekerckhove J.  Prot ein ident if icat ion met hods in prot eomics.  Elect rophoresis.  2000 Apr;21(6):1145-54.  
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obt enção do PMF e o segundo para medir a massa dos f ragment os dos pept ídeos 

selecionados,  gerando a seqüência de aminoácidos dest es194,195.  

Uma descrição mais det alhada dos t ipos de EM mais usados,  suas capacidades 

e l imit ações e anál ises MS/ MS,  bem como os algorit mos usados para procura em 

bancos de dados visando a ident if icação das prot eínas pode ser encont rada nas 

revisões196,197,198.  

 
Figura 5:  Espect romet r ia de massas do t ipo MALDI-TOF.  A prot eína separada por  2-DE é 

diger ida in gel (geralment e com t r ipsina),  as massas dos pept ídios resul t ant es são det erminadas 

em espect rômet ro MALDI-TOF.  Nos EM híbr idos MALDI-TOF/ TOF,  os picos de massa ref erent es 

aos pept ídeos a serem anal isados são selecionados para anál ise da seqüência de aminoácidos 

daqueles pept ídeos.  

 

                                                 
194 Medzihradszky KF,  Campbel l  JM, Baldwin MA,  Fal ick AM,  Juhasz P,  Vest al  ML,  Burl ingame AL.  The charact erist ics of  pept ide 
col l ision-induced dissociat ion using a high-performance MALDI-TOF/ TOF t andem mass spect romet er.  Anal Chem.  2000 Feb 
1;72(3):552-8.  
195 Bienvenut  WV,  Déon C,  Pasquarel lo C,  Campbell  JM, Sanchez JC,  Vest al  ML,  Hochst rasser DF.  Mat rix-assist ed laser 
desorpt ion/ ionizat ion-t andem mass spect romet ry wit h high resolut ion and sensit ivit y for ident if icat ion and charact erizat ion of  
prot eins.  Prot eomics.  2002 Jul ;2(7):868-76.  
196 Pat t erson,  S.  D. ,  Aebersold,  R.  Mass spect romet ric approaches for t he ident if icat ion of  gel-separat ed prot eins.  Elect rophoresis 
1995,  16,  1791-1814.  
197 Aebersold R,  Mann M.Mass spect romet ry-based prot eomics.  Nat ure.  2003 Mar 13;422(6928):198-207.  
198 Domon B,  Aebersold R.  Mass spect romet ry and prot ein analysis.  Science.  2006 Apr 14;312(5771):212-7.  
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1.4.3 “ Shot gun Prot eomics”  

 Primeirament e descrit a em 1999199,  a idéia básica de shot gun seria a 

digest ão de um prot eoma usando enzimas específ icas,  seguida da separação dos 

pept ídeos result ant es por sist emas de cromat rograf ia mult idimensional seguida 

de anál ise por MS/ MS (de qualquer nat ureza),  a f im de el iminar ao máximo as 

l imit ações elet roforét icas,  desde a solubil idade das prot eínas na 2-DE200 at é a 

represent ação f iel  de t odas elas (muit o ou pouco expressas)169.  Algorit mos 

comput acionais específ icos permit ir iam ent ão a int erpret ação dos espect ros de 

massas e ident if icação das prot eínas,  vist o a complexidade dos dados 

gerados201,202.  At ualment e,  é uma t écnica cada vez mais empregada nos est udos 

de prot eoma e t ende em longo prazo a subst it uir  a 2-DE,  apesar de alguns 

defenderem que o uso int egrado de ambas seria a melhor opção203,204.  

 Qual it at ivament e uma rot ina shot gun como a acima descrit a seria ideal  

para est udos de prot eoma.  Porém,  quant it at ivament e,  no caso de um prot eoma 

comparat ivo por exemplo,  est a abordagem não seria t ão complet a j á que os 

espect ros de massa dos pept ídeos em si não são bons quant if icadores da 

expressão prot éica.  Para uma quant if icação adequada num prot eoma 

comparat ivo por shot gun,  há a necessidade de inserção na rot ina shot gun de 

mét odos quant it at ivos precisos.   

 Sempre houve ent re os pesquisadores de prot eoma uma preocupação com 

a exat idão na quant if icação diferencial  da expressão prot éica205.  A quant if icação 

da expressão diferencial  em perf is 2-DE é feit a de acordo com o volume dos 

spot s.  Porém,  um novo conceit o de quant if icação da expressão prot éica 

revolucionou a quant if icação prot eômica com a int rodução do ICAT (Isot ope 

                                                 
199 Link AJ,  Eng J,  Schiel t z DM, Carmack E,  Mize GJ,  Morris DR,  Garvik BM,  Yat es JR 3rd.  Direct  analysis of  prot ein complexes using 
mass spect romet ry.  Nat  Biot echnol.  1999 Jul ;17(7):676-82.  
200 Adessi C,  Miege C,  Albrieux C,  Rabil loud T.  Two-dimensional elect rophoresis of  membrane prot eins:  a current  chal lenge for 
immobil ized pH gradient s.  Elect rophoresis.  1997 Jan;18(1):127-35.  
201 Wu CC, MacCoss MJ.  Shot gun prot eomics:  t ools for t he analysis of  complex biological syst ems.  Curr Opin Mol Ther.  2002 
Jun;4(3):242-50.  
202 MacCoss MJ.  Comput at ional analysis of  shot gun prot eomics dat a.  Curr Opin Chem Biol .  2005 Feb;9(1):88-94.  
203 Li S,  Wang J,  Zhang X,  Ren Y,  Wang N,  Zhao K,  Chen X,  Zhao C,  Li X,  Shao J,  Yin J,  West  MB,  Xu N,  Liu S.  Prot eomic 
charact erizat ion of  t wo snake venoms:  Naj a naj a at ra and Agkist rodon halys.  Biochem J.  2004 Nov 15;384(Pt  1):119-27.  
204 Kubot a K,  Kosaka T,  Ichikawa K.  Combinat ion of  t wo-dimensional elect rophoresis and shot gun pept ide sequencing in 
comparat ive prot eomics.  J Chromat ogr B Analyt  Technol Biomed Life Sci.  2005 Feb 5;815(1-2):3-9.  
205 Gygi SP,  Rist  B,  Aebersold R.  Measuring gene expression by quant it at ive prot eome analysis.  Curr Opin Biot echnol.  2000 
Aug;11(4):396-401.  
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Coded Af init y Tags)206.  O reagent e ICAT,  conhecido como isót opo est ável,  

consist e de t rês component es funcionais:  O primeiro component e se l iga em 

cist eínas reduzidas,  o segundo component e pode cont er át omos de deut ério 

(ICAT pesado) ou não (ICAT leve - 8 Da mais “ leve”  que o ICAT pesado) e o 

t erceiro component e serve para o isolament o selet ivo dos pept ídios marcados 

com ICAT.  A idéia é l igar a uma det erminada amost ra o “ ICAT leve”  e à amost ra 

a ser comparada o “ ICAT pesado” ,  mist urar as amost ras,  digerir as prot eínas e 

medir a massa dos pept ídeos result ant es.  O result ado é um espet ro de massas 

onde duplas de picos com 8 Da de diferença represent am o mesmo pept ídeo das 

duas diferent es amost ras,  sendo que a razão das int ensidades absolut as dos picos 

de massas det erminam a expressão prot éica.   

Como t oda t écnica,  ICAT t em suas l imit ações (não permit e a anál ise de 

prot eínas sem cist eína,  e ainda,  como a anál ise é feit a em pept ídios gerados pela 

digest ão de prot eínas,  import ant es informações geralment e anal isáveis em 

prot eínas int act as (como presença de isoformas e modif icações pós-t raducionais) 

são perdidas) e isso fez com que novos isót opos est áveis com mesmo conceit o 

surgissem,  dent re eles Global Int ernal St andard Technology (GIST)207 and Isobaric 

Tags for Relat ive and Absolut e Quant if icat ion (iTRAQ)208.   

A int rodução dest es reagent es à rot inas shot gun resolve de maneira muit o 

elegant e e precisa o problema da quant if icação supracit ado.  O uso dest es 

isót opos pode ainda ser combinado com a 2-DE.  

O conceit o de shot gun prot eomics não def ine um sist ema único de t rabalho:  é 

possível combinar diferent es t écnicas,  dent re elas cromat ograf ias de diversos 

t ipos e o uso de isót opo est áveis,  para se est abelecer um sist ema de t rabalho 

robust o e conf iável.  Um t ipo de rot ina shot gun pode ser vist o na Figura 6.   

 

                                                 
206 Gygi SP,  Rist  B,  Gerber SA,  Turecek F,  Gelb MH,  Aebersold R.  Quant it at ive analysis of  complex prot ein mixt ures using isot ope-
coded af f init y t ags.  Nat  Biot echnol.  1999 Oct ;17(10):994-9.  
207 Goodlet t  DR,  Kel ler A,  Wat t s JD,  Newit t  R,  Yi EC,  Purvine S,  Eng JK,  von Hal ler P,  Aebersold R,  Kolker E.  Dif ferent ial st able 
isot ope labeling of  pept ides for quant it at ion and de novo sequence derivat ion.  Rapid Commun Mass Spect rom.  2001;15(14):1214-
21.  
208 Ross PL,  Huang YN,  Marchese JN,  Wil l iamson B,  Parker K,  Hat t an S,  Khainovski N,  Pil lai S,  Dey S,  Daniels S,  Purkayast ha S,  
Juhasz P,  Mart in S,  Bart let -Jones M, He F,  Jacobson A,  Pappin DJ.  Mult iplexed prot ein quant it at ion in Saccharomyces cerevisiae 
using amine-react ive isobaric t agging reagent s.  Mol Cel l  Prot eomics.  2004 Dec;3(12):1154-69.  
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Figura 6:  Esquema de f uncionament o de uma t écnica de shot gun com a int rodução do mét odo 

ICPL para quant i f icação das prot eínas,  sendo SCZ e Cont role as amost ras exemplo.  
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1.4.4 ICPL (Isot ope-Coded Prot ein Label ing) 

ICPL é um novo isót opo apresent ado em 2005209 cuj o conceit o é o mesmo do 

ICAT,  porém com algumas vant agens.  Os isót opos ICPL são et iquet as de ácido 

succínico nicot ínico (Figura 7),  onde o isót opo “ leve”  é compost o de carbonos 

normais (carbonos 12) e a et iquet a “ pesada”  é const it uída do isót opo 13 de 

carbono.  Est as et iquet as l igam-se às prot eínas em resíduos -NH2 reat ivos 

(resíduos de l isina ou N-t erminais de prot eínas).  Basicament e,  as prot eínas de 

int eresse são rot uladas separadament e,  uma com um isót opo leve e out ra com 

um isót opo pesado.  As amost ras são ent ão mist uradas e apl icadas a uma mat riz 

de separação (2-DE ou Shot gun).  Num perf i l  2-DE por exemplo,  um spot  será 

formado por prot eínas provindas de ambas as amost ras,  algumas rot uladas com o 

isót opo leve,  out ras com o isót opo pesado.  Diferença que soment e será 

percept ível  quando est as prot eínas passarem para uma plat aforma MS,  j á que os 

picos de massa apareceram duplos,  com 8 Da de diferença.  A quant if icação das 

prot eínas se dá pela relação diret a do valor da int ensidade dos picos provindos 

do isót opo leve e do pesado,  represent ando f ielment e a quant idade de prot eínas 

rot ulada com cada isót opo.   

 ICPL t em as vant agens de:  permit ir o f racionament o da amost ra ao nível  

prot éico com ambas amost ras inseridas em soment e um experiment o,  o que evit a 

diferenças experiment ais,  aument ando a ef icácia do comparat ivo de prot eoma;  a 

digest ão das prot eínas é feit a simult âneament e com as duas amost ras em um 

único t ubo,  el iminando diferenças experiment ais;  ICPL permit e o f racionament o 

em nível de pept ídeos,  o que pode aument ar a sensibil idade dos espect ros de 

massas,  podendo assim ident if icar um maior número de prot eínas da amost ra;  

devido a caract eríst icas químicas,  a et iquet a promove melhor ionização dos 

pept ídeos,  aument ando a sensibil idade dos espect ros;  a quant if icação é 

ef icazment e feit a pela int ensidade dos picos de massas obt idas por 

espect romet ria de massas t ipo MALDI e a ident if icação das prot eínas pode ser 

feit a por MALDI MS-MS.  

                                                 
209 Schmidt  A,  Kel lermann J,  Lot t speich F.  A novel st rat egy for quant it at ive prot eomics using isot ope-coded prot ein labels.  
Prot eomics.  2005 Jan;5(1):4-15.  Errat um in:  Prot eomics.  2005 Feb;5(3):826.  
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Figura 7:  A et iquet a ICPL. Os “ X”  represent am os carbonos que são 12 ou 13 de acordo com o 

isót opo.  

 

1.5 Estudo de transcriptoma e proteoma em esquizofrenia 

Est udos de t ranscript oma revelam import ant es informações t ant o sobre a 

regulação da expressão gênica como sobre a compreensão sist emát ica celular 

at ravés de t ecnologias muit o precisas.  Porem,  t ão import ant e quant o às 

informações do t ranscript oma são as informações do prot eoma vist o que,  mesmo 

que uma prot eína não possa ser sint et izada sem seu mRNA correspondent e,  é 

possível que uma prot eína est ej a na célula quando seu mRNA não est á mais 

present e e,  ainda,  é possível haver uma expressão aument ada ou diminuída de 

mRNA em det erminada sit uação que não result e em alt eração na mesma escala 

da prot eína codif icada.  Ou ainda,  det erminado mRNA pode est ar em mesmo nível 

de expressão enquant o que a expressão prot éica pode est ar aument ada ou 

diminuída.  Todas est as sit uações são devidas aos mecanismos regulat órios pós-

t ranscricionais e pós-t raducionais que regulação a expressão gênica e prot éica 

que fazem com que a quant idade de prot eína não sej a necessariament e 

proporcional à quant idade de seu mRNA correspondent e210.  Est a af irmação é 

conf irmada por est udos que compararam dados de t ranscript oma e prot eoma e 

encont raram pequena sobreposição de genes e prot eínas diferencialment e 

expressas.  Ao anal isar os efeit os do t rat ament o com rapamicina sobre uma 

l inhagem de células-T,  Grol leau et  al .  revelaram 136 genes e 111 prot eínas 

diferencialment e expressas.  No ent ant o,  a sobreposição t ranscript oma-prot eoma 

                                                 
210 Unwin RD,  Whet t on AD.  Syst emat ic prot eome and t ranscript ome analysis of  st em cel l  populat ions.  Cel l  Cycle.  2006 
Aug;5(15):1587-91.  
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foi de apenas 15 genes211.  De modo similar,  Bro et  al . ,  est udando leveduras 

t rat adas com l ít io,  ident if icaram 48 prot eínas diferencialment e expressas das 

quais 17 genes corresponderam em alt eração no t ranscript oma212.  Est es dados 

conf irmam que t ranscript oma e prot eoma compart i lham informações 

est rit ament e complement ares,  clamando ent ão a import ância do est udo de 

ambas,  principalment e se j unt as.  

Sendo a SCZ ainda uma doença não t ot alment e elucidada em diversos 

aspect os,  apesar de t odos os esforços provindos de diversas áreas do 

conheciment o,  a det erminação do t ranscript oma e do prot eoma diferencialment e 

reguladas em indivíduos com SCZ ut i l izando-se das t écnicas acima descrit as,  

pode fornecer uma abordagem convergent e para a ident if icação de genes e 

prot eínas de suscet ibi l idade específ icos,  além de pot enciais alvos t erapêut icos.  

                                                 
211 Grol leau A,  Bowman J,  Pradet -Balade B,  Puravs E,  Hanash S,  Garcia-Sanz JA,  Beret t a L.  Global and specif ic t ranslat ional 
cont rol  by rapamycin in T cel ls uncovered by microarrays and prot eomics.  J Biol Chem 2002;  277:22175-84.  
212 Bro C,  Regenberg B,  Lagniel G,  Labarre J,  Mont ero-Lomeli M,  Nielsen J.  Transcript ional,  prot eomic,  and met abolic responses t o 
l i t hium in galact ose-grown yeast  cel ls.  J Biol  Chem 2003;  278:32141-9.  
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Objetivos 
 

 

* Comparar o perf i l  t ranscricional de córt ex pré-f ront al  de pacient es com SCZ 

com o perf i l  t ranscricional de cont roles l ivres de dist úrbios neuropsiquiát ricos 

ut i l izando SAGE.   

* Conf irmar os genes diferencialment e expressos ut i l izando qPCR.  

* Comparar o prot eoma do córt ex pré-f ront al  de pacient es com SCZ com o 

prot eoma de cont roles l ivres de dist úrbios neuropsiquiát ricos ut i l izando a 

combinação 2-DE/ MS e shot gun prot eomics.   

* Comparar o prot eoma do lobo t emporal ant erior de pacient es com SCZ com 

o prot eoma de cont roles l ivres de dist úrbios neuropsiquiát ricos ut i l izando 

shot gun prot eomics.   

* Cruzar os dados de t ranscript oma e prot eoma buscando genes e prot eínas 

que possam est ar envolvidos com a SCZ apont ando para mecanismos envolvidos 

na pat ogênese da doença além de possíveis alvos moleculares em pot encial  para 

o desenvolviment o de drogas mais ef icazes e específ icas.  
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Justificativa 
 

Est udos t êm demonst rado que não exist e um gene ou prot eína em especial  

que pode ser o principal causador da SCZ e sim que exist em alt erações em alguns 

genes,  em nível de pol imorf ismos de DNA ou com expressão gênica anormal ou 

ainda que haj a um conj unt o de prot eínas sendo diferencialment e expressas que 

acabam por modular out ros genes e prot eínas,  formando assim um conj unt o de 

event os int egrados que,  somados a component es ambient ais,  geram a doença.  

Uma abordagem simult ânea envolvendo expressão gênica e anál ise prot eômica 

nunca foi feit a em SCZ.  

SAGE permit e det erminar o perf i l  de expressão dos t ranscrit os de um t ecido 

de forma precisa e det alhada,  porém,  sabe-se que a expressão gênica em RNA 

não é l inear à produção de prot eínas.  Just if ica-se ent ão a grande import ância da 

anál ise do prot eoma ut i l izando plat aformas de úl t ima geração.  

Conclui-se ent ão que,  anal isar de forma global a expressão gênica e de 

prot eínas de cérebros de pacient es com SCZ em comparação a cérebros de 

pacient es l ivres de SCZ,  permit ir ia a descobert a de al t erações em conj unt os de 

genes e de prot eínas diferencialment e expressos na doença e em condições 

normais.  O int ercruzament o dest es dados fornecerá bases moleculares para o 

ent endiment o da doença.   
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Organização Desta Tese 
 

Os result ados e discussões obt idos por est a t ese est ão apresent ados em 

capít ulos em acordo com os manuscrit os publ icados e redigidos.   

No primeiro capit ulo,  descrevemos os dados de expressão gênica global  do 

córt ex pré-f ront al  de cérebros de pacient es com esquizof renia,  obt idos por SAGE 

bem como a conf irmação da expressão de alguns genes em amost ras individuais,  

obt idos por qPCR.  

O segundo t raz o capít ulo “ RNA Biomarkers in Schizophrenia”  do l ivro 

“ Biomarkers for Psychiat ric Disorders”  a ser publ icado na Alemanha pela edit ora 

‘ Springer’ ,  com edição do Prof .  Dr.  Christ oph W.  Turck.   

O t erceiro capít ulo descreve at ravés de um art igo publ icado os mét odos de 

padronização por nós est abelecidos para a ideal det erminação do prot eoma de 

amost ras de cérebros humanos.  

No quart o capít ulo,  at ravés de um manuscrit o a ser submet ido,  revelamos os 

dados de prot eoma do córt ex pré-f ront al de cérebros de pacient es com 

esquizof renia,  obt idos por Elet roforese de Duas Dimensões em Gel de 

Pol iacri lamida e Espect romet ria de Massas.   

No quint o capít ulo,  at ravés de um manuscrit o submet ido,  revelamos os dados 

de prot eoma do lobo t emporal ant erior de cérebros de pacient es com 

esquizof renia,  obt idos pela met odologia de Shot gun Prot eomics.  

O sext o capít ulo most ra sob a forma de um manuscrit o submet ido o prot eoma 

de córt ex pré-f ront al  de indivíduos l ivres de doenças neuropsiquiát ricas.  

E f inalment e,  no sét imo capít ulo,  apresent amos os dados prévios do prot eoma 

de córt ex pré-f ront al  de cérebros de pacient es com esquizof renia pela 

met odologia de Shot gun Prot eomics.   
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Capítulo 1: 

Análise da Expressão Gênica de Cérebros de Pacientes com 

Esquizofrenia e Cont roles Ut ilizando SAGE e Real-Time PCR. 
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1) Introdução: 

1.1) Esquizof renia e est udos genét icos 

Como apresent ado na int rodução dest a t ese,  a esquizof renia (SCZ) é 

provavelment e causada por uma série de variações pol imórf icas em genes de 

“ pequeno efeit o”  que,  em conj unt o com import ant es e variados fat ores 

ambient ais,  result a em alt erações de neurogênese e má formação do sist ema 

nervoso cent ral  (SNC) precursores de al t erações cognit ivas e funcionais.  

Muit as das abordagens genét icas na busca dos genes envolvidos na SCZ são 

basicament e dependent es da ident if icação de pol imorf ismos genét icos.  Ist o 

ocorre,  principalment e,  pela grande dif iculdade em se obt er mat erial  biológico 

adequado para aval iar a expressão gênica.  

 

1.2) Amost ras de t ecido cerebral  de pacient es SCZ 

Graças a uma colaboração ent re o Laborat ório de Neurociências (LIM-27) 

do Inst it ut o de Psiquiat ria da Faculdade de Medicina da Universidade de São 

Paulo,  dir igido pelo Prof .  Dr.  Wagner F.  Gat t az e o Zent ral inst it ut  für Seel ische 

Gesendheit  (Inst it ut o Cent ral  de Saúde Ment al) em Mannheim,  Alemanha at ravés 

da Dra.  Andrea Schmit t ,  dispusemos de amost ras cerebrais derivadas do córt ex 

cerebral pré-f ront al  de indivíduos com SCZ,  além amost ras-cont role pareadas,  

oriundas de indivíduos l ivres de hist órico neuropsiquiát rico.  

As amost ras ut i l izadas nest e t rabalho foram derivadas de 14 pacient es 

crônicos port adores de SCZ e 10 indivíduos usados como cont roles.  Tais amost ras 

foram colet adas após assinat ura,  pelos famil iares,  de um t ermo de 

consent iment o esclarecido previament e aprovado pelos comit ês de ét ica em 

pesquisa envolvidos com a colet a do mat erial  na Alemanha.  As amost ras nos 

foram enviadas em gelo seco,  para est udo no Brasil ,  após a macro-dissecção de 

regiões neuroanat ômicas det erminadas.   

 

2) Objetivos e justificativa 

Nest e proj et o,  invest igamos pela primeira vez o t ranscript oma de cérebros 

de pacient es port adores de SCZ ut i l izando SAGE (Ser ial  Analysis of  Gene 
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Expression)1.  Est a abordagem foi pioneira,  pois ainda não exist em t rabalhos na 

l i t erat ura demonst rando o uso de SAGE na anál ise da expressão gênica em 

esquizof renia.  A escolha de SAGE foi feit a devido a cert as vant agens inerent es ao 

mét odo,  t al  como a precisa quant if icação absolut a dos t ranscrit os,  anál ise de 

genes não conhecidos,  e o não requeriment o de equipament os especiais.  Maiores 

det alhes da t écnica de SAGE podem ser encont rados no ít em 1.2.3 da int rodução 

dest a t ese.  

A apl icação de uma t écnica inédit a para est e t ipo de amost ras t em grande 

valor,  pois a event ual ident if icação convergent e de genes relacionados à SCZ,  

derivados at ravés de diferent es abordagens t écnicas,  permit e a const rução de 

l ist as de marcadores mais consist ent es,  pot encialment e út eis como alvos 

t erapêut icos,  além de cont ribuir na elucidação da pat ogênese da SCZ.  

 

3) Resultados e discussão: 

3.1) Amost ras 

3.1.1) Ext ração de RNA de amost ras de t ecido cerebral  de pacient es 

esquizof rênicos e cont roles.  

Devido à preciosidade das amost ras e do alt o cust o envolvido com a 

preparação e sequenciament o das bibl iot ecas SAGE,  a def inição das amost ras a 

serem ut i l izadas foi baseada principalment e nas anál ises feit as para det erminar a 

int egridade do mat erial  biológico.  Dest e modo,  apenas amost ras de RNA com 

suf icient e nível de int egridade foram ut i l izadas,  segundo anál ises no Agi lent  2100 

Bioanalyzer  (Agilent  Technologies - Sant a Clara - EUA).  Um segundo parâmet ro 

empregado para def inir as amost ras a serem ut i l izadas na confecção das 

bibl iot ecas SAGE foi a possibil idade de pareament o ent re os sexos e as idades.  

Dest e modo,  buscamos que os dois grupos experiment ais (SCZ e CTRL) fossem 

compost os pela mesma proporção ent re homens e mulheres de mesma faixa 

et ária.  Dest e modo,  para a const rução de duas bibl iot ecas SAGE,  ut i l izamos 8 

amost ras (das 14 iniciais) provindas de pacient es e 8 amost ras (das 10 iniciais) 

provindas dos cont roles.  

                                                 
1 Velculescu V.  E. ,  Zhang L. ,  Vogelst ein B. ,  Kinzler K.  W.  Serial  Analysis of  Gene Expression;  Science,  1995,  270;  484-487.  
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Das amost ras ut i l izadas de córt ex pré-f ront al  dos cérebros provindos de 

pacient es com SCZ,  a média de idade dos pacient es femininos era de 77,75 

(variando ent re 64 e 94 anos) e dos pacient es mascul inos era de 67,5 (variando 

ent re 43 e 81 anos).  A colet a dest as amost ras foi feit a em um int ervalo post -

mort em médio de 18,25 horas.  Para as amost ras cont role,  a média de idade dos 

pacient es femininos era de 79,66 (variando ent re 66 e 91 anos) enquant o que a 

média et ária para o sexo mascul ino foi de 66,66 (variando ent re 53 e 79 anos),  

com um int ervalo post -mort em médio de 22,16 horas.   
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Tabela 1: Dados cl ínicos dos pacient es e cont roles ut i l izados nas bibl iot ecas SAGE (em negrit o) e nas anál ises por qPCR (t odos os descrit os).  Abreviações:  at ypt yp:  t empo de duração de 

t rat ament o com ant ipsicot ico at ípico (neurolept icos);  CPE:  medicação calculada em equivalent es de clorpromazina (mg);  Anos de CPE:  a somat ória de medicament os durant e os úl t imos 10 
anos em kg;  Hosp:  Tempo de hospit al ização;  ECT:  Terapia elet roconvulsiva.  

 

Amost ra Caso 
Idade 
(Anos) 

Gênero 
Post  

mortem 
(horas) 

Tipo de SCZ 
Tempo da 

doença 
(Anos) 

Tempo de 
medicação 

(Anos) 
atyptyp CPE Anos de CPE Causa da Morte DSM IV 

Idade de 
diagnóstico 

Ultima Medicação 
Uso de 
Cigarro 

Uso de 
Alcool 

Hosp 
(Anos) 

ECT 

13/ 00 SCZ 64 F 11 

Residual,  
Episódios 

Paranóicos 
Crônicos 

48 45 3 1536 7,7 Insuf iciência Pulmonar 295.6 16 
Clozapina 500 mg,   
Haloperidol 40 mg,   

Ciat i l  40 mg 
0 Não 21 Sim 

36/ 02 SCZ 73 M 20 

Residual,  
Episódios 

Paranóicos 
Crônicos 

43 40 1 507,4 1,7 Infart o do Miocárdio 295.6 30 
Perfenazina 32 mg,  
Promet azina 150 mg 

30/  dia Não 33 Não 

39/ 02 SCZ 43 M 18 

Residual,  
Episódios 

Paranóicos 
Crônicos 

22 20 2 464 2,6 Infart o do Miocárdio 295.6 20 
Zuclopet ixol 40 mg,  

Valproat o 1200 mg,  Tiaprida 
300 mg 

0 Não 13 Não 

39/ 03 SCZ 77 F 32 

Residual,  
Episódios 

Paranóicos 
Crônicos 

49 48 2 2555 8,3 Embolia Pulmonar 295.6 28 
Clozapina 400 mg,  
Benperidol 25 mg,  

Clorprot ixen 150 mg 
0 Não 48 Sim 

43/ 03 SCZ 76 F 17 

Residual,  
Episódios 

Paranóicos 
Crônicos 

49 47 1 300 4,9 
Insuf iciência Cardio-

Pulmonar 
295.6 27 Perazina 300 mg 0 Não 30 Sim 

46/ 00 SCZ 63 F 31 

Residual,  
Episódios 

Paranóicos 
Crônicos 

40 30 3 75 1,8 Infart o do Miocárdio 295.6 24 Olanzapina 15 mg 30/  dia Não 30 Sim 

50/ 01 SCZ 81 M 4 

Residual,  
Episódios 

Paranóicos 
Crônicos 

62 50 1 92,8 1,4 
Insuf iciência Cardio-

Pulmonar 
295.6 19 

Haloperidol 4 mg,  
Prot ipendil  80 mg 

20/  dia Não 48 Não 

75/ 02 SCZ 92 F 37 

Residual,  
Episódios 

Paranóicos 
Crônicos 

51 48 1 100 3,4 
Carcinoma 

Pancreát ico.  
295.6 41 

Prot ipendil  160 mg,  
Perazina 100 mg 

0 Não 51 Não 

83/ 01 SCZ 71 M 28 

Residual,  
Episódios 

Paranóicos 
Crônicos 

40 35 1 782,4 10 Infart o do Miocárdio 295.6 30 
Haloperidol 32 mg,  
Pipamperona 40 mg 

40/  dia Não 12 Não 

02/ 02 Cont role 41 M 7       Infart o do Miocárdio    0 Não   

43/ 01 Cont role 91 F 16       
Insuf iciência Cardio-

Pulmonar 
   0 Não   

50/ 02 Cont role 69 F 96       Embolia Pulmonar    0 Não   

51/ 02 Cont role 57 M 24       Infart o do Miocárdio    0 Não   

57/ 02 Cont role 53 M 18       Infart o do Miocárdio    0 Não   

59/ 02 Cont role 63 M 13       Infart o do Miocárdio    0 Não   

61/ 01 Cont role 66 M 16       Infart o do Miocárdio    0 Não   

72/ 02 Cont role 79 M 24       Infart o do Miocárdio    0 Não   

27/ 02 Cont role 55 M 19       Infart o do Miocárdio    20/  dia Não   

81/ 01 Cont role 76 F 17       Infart o do Miocárdio    10/  dia Não   
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3.1.2) Anál ise de ‘ pools’  

Para cada amost ra cerebral est udada (t ant o dos pacient es quant o dos 

cont roles),  isolamos,  em média 60 µg de RNA.  Para a preparação de cada uma 

das bibl iot ecas SAGE ut i l izamos um t ot al  de 152 µg de RNA (19µg de cada 

amost ra).  Opt amos por anal isar nossas amost ras em pools por duas razões:  

primeiro,  SAGE é uma abordagem ext remament e poderosa,  porém de grande 

complexidade t écnica e de al t o cust o,  o que t ornaria inviável uma anál ise 

individual  de cada amost ra por t al  t écnica.  Também, uma anál ise em pool  para 

cada um dos grupos experiment ais,  pensando num possível diagnóst ico molecular 

e por SCZ ser uma doença mult ifat orial ,  nos permit e apont ar al t erações de 

expressão gênica inerent es à doença,  diluindo a variabil idade int er individual  

sobre os result ados f inais,  apont ando de forma mais consist ent e uma alt eração 

de expressão em genes,  famíl ias gênicas e vias met aból icas específ icas.  Além 

dist o,  a quant idade de mat erial  recebida foi um import ant e fat or l imit ant e.  Est as 

amost ras est avam vinculadas a vários proj et os de pesquisa,  e deveríamos ut i l izar 

a menor quant idade possível de mat erial  biológico em nossas anál ises.  

 

3.2) Anál ise das bibl iot ecas de SAGE de t ecido cerebral  de pacient es 

esquizof rênicos e cont roles.  

 Na const rução da bibl iot eca do pool  de amost ras de pacient es com SCZ 

(SCZ-l ib) geramos um t ot al  de 51.661 t ags (SCZ t ags),  enquant o que na 

const rução da bibl iot eca do pool  de amost ras de cont roles pareados (CTRL-l ib) 

geramos um t ot al  de 46.134 t ags (CTRL t ags).  Ambas as bibl iot ecas possibil i t aram 

a ident if icação de mais de 20.000 t ranscrit os diferent es.  

Uma anál ise geral prel iminar most ra que as t ags derivadas das duas 

bibl iot ecas t iveram um comport ament o similar.  Do t ot al  de SCZ t ags,  5.373 

(10,4%) foram observadas pelo menos 2 vezes e uma grande part e (85,92%) 

ocorreu em baixas f reqüências (<10).  Do t ot al  de CTRL t ags,  4.834 (10,5%) foram 

observadas pelo menos 2 vezes e uma grande part e (87,86%) ocorreu em baixas 

f reqüências (<10).  
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Uma anál ise dest es dados,  feit a inicialment e com o sof t ware SAGE2000 

(Invit rogen,  Carlsbad,  EUA) revelou 93 genes diferencialment e expressos 

(P<0.001),  como apresent ado na Tabela 2.  Dos 93 genes diferencialment e 

expressos,  43 t inham uma expressão aument ada na SCZ-l ib,  enquant o que os 50 

rest ant es t inham uma expressão reduzida.  Os t ranscrit os represent ados por t ags 

sequenciadas uma única vez não foram considerados.  

Os genes diferencialment e expressos foram classif icados de acordo com os 

processos biológicos que part icipam ut i l izando a ferrament a Gene Ont ology 

(www.geneont ology.org).  
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Tabela 2: Genes ident if icados como diferencialment e expressos por análise de SAGE ent re SCZ-l ib e CTRL-l ib normalizadas para 50.000 
t ags.  Os genes são l ist ados de acordo com os processos biológicos nos quais as respect ivas prot eínas est ão envolvidas.  O pont o de cort e 
at ribuído foi P<0,01.  Est ão indicados em it ál ico os genes que t iveram a expressão diferencial  conf irmada por real-t ime PCR (qPCR).  

 
Biological Process 

Reg.  in 
SCZ 

Tags in 
SCZ 

Tags in 
CTRL 

Gene name Protein Name (HPRD) Chr Loci Tag posit ion Tag_Sequence AVG_P_Chance 

Signal  t ransduct ion/ Cel l  communicat ion ↑ 83 22 YWHAH 
Tyrosine 3-monooxygenase/ t rypt ophan 5-monooxygenase act ivat ion 

prot ein,  et a polypept ide 
22q12.3 1638 TCAATCAAGA 0 

* Cel l  adhesion ↓ 58 125 CCNB1IP1 Cycl in B1 int eract ing prot ein 1 14q11.2 1370 CCACTGCACT 0 

** Regulat ion of  cel l  cycle ↓ 73 139 MT3 Met al lot hionein 3 (growt h inhibit ory fact or (neurot rophic)) 16q13 383 AACAGCAAAA 0 

 ↓ 282 373 NRGN Neurogranin (prot ein kinase C subst rat e,  RC3) 11q24 1058 TGACTGTGCT 0 

 ↓ 13 40 CSRP1 Cyst eine and glycine-rich prot ein 1 1q32 1757 GGCTGTACCC 0 

 ↓ 47 84 PEBP1 Prost at ic binding prot ein 12q24.23 1344 GGGGTAAGAA 4.67E-05 

 ↓ 0 11 PPP3CA 
Prot ein phosphat ase 3 (formerly 2B),  cat alyt ic subunit ,  alpha isoform 

(calcineurin A alpha) 
4q21-q24 3178 AACTTAAAAA 2.73E-04 

 ↑ 171 100 DNM1 Dynamin 1 9q34 3117 GGGGTGCTGT 4.77E-04 

 ↑ 18 2 TERF2IP Telomeric repeat  binding fact or 2,  int eract ing prot ein 16q23.1 1315 GTAGGTGAGG 4.80E-04 

 ↑ 20 3 GNAS Guanine nucleot ide binding prot ein G(S),  alpha subunit  20q13.3 2291 ATTAACAAAG 5.33E-04 

 ↑ 168 100 DPYSL2 Col lapsin response mediat or prot ein 2 8p22-p21 4438 GAACGCCTAA 7.23E-04 

 ↓ 14 34 S100B S100 calcium binding prot ein,  bet a (neural) 21q22.3 641 GCCGTGTAGA 8.37E-04 

 ↑ 107 57 RPSA * Laminin recept or 1 (ribosomal prot ein SA,  67kDa) 3p22.2 1000 GAAAAATGGT 9.17E-04 

 ↓ 4 17 CALM1 Calmodul in 1 (phosphorylase kinase,  delt a) 
14q24-

q31 
951 CAGCTTGACG 1.55E-03 

 ↓ 6 20 GRIN2C Glut amat e recept or,  ionot ropic,  N-met hyl  D-aspart at e 2C 17q25  GTGACCACGG 2.22E-03 

 ↓ 21 39 CLSTN1 Calsynt enin 1 1p36.22 5173 ATAGGTCAGA 4.24E-03 

 ↑ 58 28 TSPAN7 Transmembrane 4 superfamily member 2 Xp11.4 1696 CCAACAAGAA 4.51E-03 

 ↓ 0 7 RAB13 RAB13,  member RAS oncogene family 1q21.2 1118 GTCTTTCTTG 5.28E-03 

 ↓ 0 7 GRB2 ** Growt h fact or recept or-bound protein 2 
17q24-

q25 
3153 AAGCCTTGCT 5.28E-03 

 ↓ 0 7 PPP2R5D Prot ein phosphat ase 2,  regulat ory subunit  B (B56),  del t a isoform 6p21.1 2880/ 2860 CTAAGGTGGG 5.28E-03 

 ↓ 0 7 TRIM23 ADP ribosylat ion fact or domain prot ein 1 5q12.3  AGAAGGCCTT 5.28E-03 

 ↑ 11 1 CAMK2B Calcium/ calmodul in-dependent  prot ein kinase (CaM kinase) II bet a 
7p14.3-
p14.1 

 ACCCCTAAAG 5.75E-03 

 ↑ 30 11 MAP2K2 Mit ogen-act ivat ed prot ein kinase kinase 2 19p13.3 1604 CAGGAACGGG 5.92E-03 

 ↑ 19 5 MAP2K4 Mit ogen-act ivat ed prot ein kinase kinase 4 17p11.2 3667 GAATCGAAGT 7.86E-03 

          

Ol igodendrocyt e Met abol ism ↓ 1 6 MBP Myel in Basic Prot ein 18q23 1322 GTGGCCCCAG 0 

 ↓ 0 3 PMP22 Peripheral  myel in prot ein 22 
17p12-
p11.2 

386 ATCCTGTCGA 0 

 ↓ 0 2 PMP2 Peripheral  myel in prot ein 2 
8q21.3-
q22.1 

3336 ATTGAAAAAA 0 

 ↓ 0 2 MOBP Myel in-associat ed ol igodendrocyt e basic prot ein 3p22.1 2952 ATTGCCAACA 0 

 ↓ 0 2 LOC650177 Similar t o sphingomyel inase 3p12.3 1525 GTGGGGAGGA 0 

 ↑ 2 0 SMPD1 
Sphingomyel in phosphodiest erase 1,  acid lysosomal (acid 

sphingomyel inase) 
11p15.4-

p15.1 
2313 GAGTAGAGGC 0 

 ↑ 8 5 SMPD4 Sphingomyel in phosphodiest erase 4,  neut ral  membrane (neut ral  2q21.1 4169 TCCTTGCTTC 0 
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sphingomyel inase-3) 

 ↑ 5 3 MAG Myel in associat ed glycoprot ein 19q13.1 2303 AAATAAATGC 0 

          

Cel l  growt h/ maint enance ↑ 139 68 TUBA1B Tubul in,  alpha,  ubiquit ous (K-ALPHA-1) 12q13.12 1564 TGTACCTGTA 0.00002 

 ↓ 3 22 KIF1C Kinesin family member 1C 17p13.2 4157 AGGATGTGGG 2.33E-05 

 ↑ 27 7 SPTBN4 Spect rin,  bet a,  non-eryt hrocyt ic 4 19q13.13 8658 GCCGCCTGGA 1.36E-03 

 ↑ 10 0 SYNPO Synapt opodin 5q33.1  TTCTCAATAC 1.57E-03 

 ↑ 8 0 MIB2 Skelet rophin 1p36.33 3059 CGCCCCCTGC 5.68E-03 

 ↑ 13 2 TUBB3 Tubul in,  bet a 3 16q24.3 1294 AACGACCTGG 6.83E-03 

          

Met abol ism/ Energy pat hways ↑ 25 4 NDUFA1 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex,  1,  7.5kDa Xq24 337 CAATGTGTTA 1.90E-04 

 ↑ 102 50 MDH1 Malat e dehydrogenase 1,  NAD (soluble) 2p13.3 1227 CTGTTAGTGT 2.33E-04 

 ↑ 44 15 ATP5A1 
ATP synt hase,  H+ t ransport ing,  mit ochondrial  F1 complex,  alpha subunit ,  

isoform 1 
18q12-

q21 
1825 AAAAATAAAG 4.63E-04 

 ↓ 0 9 PDXK Pyridoxal  (pyridoxine,  vit amin B6) kinase 21q22.3  GCGGTAAAAA 1.25E-03 

 ↑ 120 72 GAPD Glyceraldehyde-3-phosphat e dehydrogenase 12p13 1232 TACCATCAAT 4.55E-03 

 ↑ 8 0 DLD Pyruvat e dehydrogenase component  E3 7q31-q32 1928 GCTGGAGCTA 5.68E-03 

 ↑ 68 36 ALDOA Aldolase A,  f ruct ose-bisphosphat e 
16q22-

q24 
947 GCGACCGTCA 6.01E-03 

          

Regulat ion of  nucleobase,  nucleoside,  ↓ 1 19 STAT3 
Signal  t ransducer and act ivat or of  t ranscript ion 3 (acut e-phase response 

fact or) 
17q21.31  GTGGCTCACG 0 

nucleot ide and nucleic acid met abol ism ↓ 0 14 ZNF664 Zinc f inger prot ein ZFOC1 12q24.31 4971 CTGTTGCTGG 4.67E-05 

 ↓ 13 32 ZNF446 Hypot het ical  prot ein FLJ20626 19q13.43 1770 GCCTGGGCTG 9.40E-04 

 ↑ 8 0 SUB1 Act ivat ed RNA polymerase II t ranscript ion cofact or 4 5p13.3 1246 GGATGATGTC 5.68E-03 

 ↓ 1 9 RBMY1F RNA binding mot if  prot ein,  Y-l inked,  family 1,  member F Yq11.223 1870/ 1873 TACTGCAAAA 6.82E-03 

 ↓ 14 28 MBD3 Met hyl-CpG binding domain prot ein 3 19p13.3 2330 GGTGGATGTG 8.67E-03 

 ↑ 10 1 BLOC1S1 Biogenesis of  lysosome-relat ed organel les complex-1,  subunit  1 
12q13-

q14 
413 CGCACCATTG 9.90E-03 

 ↑ 10 1 MYCBP2 MYC binding prot ein 2 13q22 14751 TCAATAAAAC 9.90E-03 

          

Prot ein met abol ism ↓ 8 28 HSPCB Heat  shock 90kDa prot ein 1,  bet a 6p12 2306 GGCTCCCACT 1.67E-04 

 ↑ 47 16 EIF4A2 Eukaryot ic t ranslat ion init iat ion fact or 4A,  isoform 2 3q28 1844 TCTTAATGAA 3.27E-04 

 ↑ 156 95 RPL21 Ribosomal prot ein L21 13q12.2 502 GCATAATAGG 1.76E-03 

 ↑ 50 21 RPS29 Ribosomal prot ein S29 14q 228 ATAATTCTTT 1.88E-03 

 ↓ 77 105 RPLP2 Ribosomal prot ein,  large P2 
11p15.5-

p15.4 
403 GGATTTGGCC 2.71E-03 

 ↑ 35 13 CPE Carboxypept idase E 4q32.3 1984 TTTACAAAGA 3.46E-03 

 ↑ 42 18 RPS8 Ribosomal prot ein S8 
1p34.1-

p32 
671/ 674 TAATAAAGGT 4.61E-03 

 ↑ 18 4 SCG5 Secret ory granule,  neuroendocrine prot ein 1 (7B2 prot ein) 
15q13-

q14 
1168 AATGCAAGCA 5.22E-03 

 ↓ 9 22 RPL13 Ribosomal prot ein L13 17p11.2 504 CCCGTCCGGA 6.19E-03 

 ↓ 4 14 RPS27A Ribosomal prot ein S27a 2p16 522 AACTAAAAAA 8.64E-03 
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Transpor t  ↑ 17 2 FXYD6 FXYD domain cont aining ion t ransport  regulat or 6 11q23.3 1344 GGCTCTGGGA 8.77E-04 

 ↑ 43 18 ATP1A1 ATPase,  Na+/ K+ t ransport ing,  alpha 1 polypept ide 1p21 3479 TAGCTCTATG 3.76E-03 

 ↓ 9 23 GABARAPL2 GABA(A) receptor-associat ed prot ein-l ike 2 
16q22.3-

q24.1 
865 TTGGACTGAG 4.45E-03 

 ↑ 20 5 NAPA N-et hylmaleimide-sensit ive fact or at t achment  prot ein,  alpha 19q13.32 1028 TAGCCGCTGA 4.92E-03 

 ↑ 18 4 ATP1B1 ATPase,  Na+/ K+ t ransport ing,  bet a 1 polypept ide 1q24 2068 TTCTAACATA 5.22E-03 

 ↓ 8 21 ATP1B2 ATPase,  Na+/ K+ t ransport ing,  bet a 2 polypept ide 17p13.1  GTCTCTCTCT 5.31E-03 

 ↓ 3 13 ATP2B4 ATPase,  Ca++ t ransport ing,  plasma membrane 4 1q32.1 8958 CCCACTTGTA 5.74E-03 

 ↓ 15 30 VAMP2 Synapt obrevin 2 17p13.1 846 CTCCCTCTGC 6.79E-03 

 ↓ 2 11 STX1B2 Synt axin 1B2 
16p12-

p11 
2233 TCCTGTCCCC 6.92E-03 

 ↑ 15 3 TIMM17A Translocase of  inner mit ochondrial  membrane 17 homolog A (yeast ) 1q32.1 1254 GAGAGTGTAC 8.03E-03 

          

Immune response ↓ 3 17 HLA-A Maj or hist ocompat ibil i t y complex,  class I,  A 6p21.3 1362 GTGCACTGAG 5.47E-04 

*** Ant i -apopt osis ↓ 1 11 IFITM3 Int erferon induced t ransmembrane prot ein 3 (1-8U) 11p15.5 499 ACCTGTATCC 1.70E-03 

 ↑ 52 23 IFI6 *** Int erferon,  alpha-inducible prot ein (clone IFI-6-16) 1p35 696 CGCCGACGAT 3.13E-03 

 ↓ 112 140 CLU Clust erin 8p21-p12 1630 CAACTAATTC 4.69E-03 

          

Cyt okine and chemokine mediat ed 

signal ing pat hway 
↓ 2 18 CCL15 Chemokine (C-C mot if ) l igand 14 17q11.2 482 CTCAAAAAAA 8.67E-05 

          

Ion Transpor t  ↓ 13 50 ATP5E ATP synt hase,  H+ t ransport ing,  mit ochondrial  F1 complex,  epsilon 
subunit  

20q13.32 313 GGAAAAAAAA 0 

          

Regulat ion of  gene expression,  epigenet ic ↑ 19 4 CSDE1 cold shock domain cont aining E1,  RNA-binding 1p22 3535 CAAATGAGGA 2.91E-03 

          

Biological_process unknown ↓ 1 32 MALAT1 Met ast asis associat ed lung adenocarcinoma t ranscript  1 (non-coding RNA) 11q13.1  ACGCAGGGAG 0 

 ↑ 31 6 ZER1 zer-1 homolog (C.  elegans) 9q34.11 4143 CGGCGCTCCC 6.67E-05 

 ↓ 32 63 HSPC132 Hypot het ical prot ein HSPC132 12q24.31 229 GCAAAGAAAA 1.30E-04 

 ↑ 74 32 MEG3 Mat ernal ly expressed 3 14q32 3263 TGGGAAGTGG 2.83E-04 

 ↓ 0 9 FAM107A family wit h sequence similarit y 107,  member A 3p21.1 1665 ATTGCCAATC 1.25E-03 

 ↓ 4 17 STAC2 SH3 and cyst eine rich domain 2 17q12 3149 ATGGGTCTGG 1.55E-03 

 ↓ 3 15 CMTM4 Chemokine-l ike fact or super family 4 16q22.1 3381 AAGGAACTTG 1.79E-03 

 ↓ 0 8 C9orf90 Chromosome 9 open reading f rame 90 9q34.11 2226/ 2229 ATGAAACCCC 2.56E-03 

 ↑ 18 4 FNDC4 Fibronect in t ype III domain cont aining 4 2p23.3 1203 GAGCCTCAGG 5.22E-03 

 ↓ 0 7 CCDC120 JM11 prot ein Xp11.23 3638 CCCGGCTAAT 5.28E-03 

 ↓ 1 9 NT5C3L Hypot het ical  prot ein MGC20781 17q21.2 1309 GGAAGTTCAA 6.82E-03 

 ↓ 4 14 CUTA Brain acet ylchol inest erase put at ive membrane anchor 
6pt er-
p21.31 

 AAGATCCCCG 8.64E-03 

 ↓ 6 17 PIGY Hypot het ical prot ein MGC14156 4q22.1 1283 TTGACACTTT 8.66E-03 
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3.3) Genes com expressão di f erencial  suger ida por  SAGE 

 Desde os primórdios da pesquisa de cunho molecular na SCZ,  at ribui-se as 

causas da SCZ principalment e a uma disfunção dopaminérgica,  como det alhado 

na Int rodução dest a t ese.  Ent ret ant o,  recent es pesquisas most ram out ros fat ores 

como a disfunção dos ol igodendrócit os,  o possível envolviment o de diversos 

genes de pequeno efeit o e fat ores ambient ais int erferem,  de fat o,  no 

est abeleciment o e desenvolviment o da SCZ.  

 Os dados obt idos a part ir de anál ises das SAGE t ags geradas do 

sequenciament o dos clones das bibl iot ecas SCZ-l ib e CTRL-l ib conf irmam dados 

previament e gerados.  

 

3.3.1) Al t erações na f unção sinápt ica:  

 As primeiras anál ises de expressão gênica em larga-escala de t ecidos de 

pacient es com SCZ foram feit as no início dest a década usando cDNA 

microarrays
12,3,4,5.  Dent re os achados mais relevant es dest es est udos est avam a 

expressão diferencial  de genes,  cuj os produt os exercem função sinápt ica,  e t êm 

sido alvo de pesquisas em SCZ j a há vários anos,  incluindo-se o desbalanço da 

at ividade dopaminérgica revisado em 6.  A al t eração no met abol ismo sinápt ico na SCZ 

pode ser f rut o de uma disfunção do neurodesenvolviment o7 o que causa déf icit  

de memória e mau funcionament o do circuit o hipocampal8.  

Nossas anál ises do t ranscript oma do córt ex pré-f ront al  de pacient es com 

SCZ usando SAGE,  reforçam a import ância da função sinápt ica nest a doença.  

Nossos dados apont am para alguns genes j á previament e descrit os por out ros 

grupos como envolvidos com a SCZ,  t ais como STX1B24,  CALM4,  YWHAH5 e 

                                                 
1  
2 Mirnics K,  Middlet on FA,  Marquez A,  Lewis DA,  Levit t  P.  Molecular charact erizat ion of  schizophrenia viewed by microarray 
analysis of  gene expression in pref ront al  cort ex.  Neuron.  2000 Oct ;28(1):53-67.  
3 Hakak Y,  Walker JR,  Li C,  Wong WH,  Davis KL,  Buxbaum JD,  Harout unian V,  Fienberg AA.  Genome-wide expression analysis 
reveals dysregulat ion of  myel inat ion-relat ed genes in chronic schizophrenia.  Proc Nat l  Acad Sci U S A.  2001 Apr 10;98(8):4746-51.    
4 Vawt er MP,  Barret t  T,  Cheadle C,  Sokolov BP,  Wood WH 3rd,  Donovan DM,  Webst er M,  Freed WJ,  Becker KG.  Appl icat ion of  cDNA 
microarrays t o examine gene expression dif ferences in schizophrenia.  Brain Res Bul l .  2001 Jul 15;55(5):641-50.  
5 Middlet on FA,  Mirnics K,  Pierri  JN,  Lewis DA,  Levit t  P.  Gene expression prof i l ing reveals al t erat ions of  specif ic met abolic 
pat hways in schizophrenia.  J Neurosci.  2002 Apr 1;22(7):2718-29.  
6 Owen MJ,  O'Donovan MC,  Harrison PJ.  Schizophrenia:  a genet ic disorder of  t he synapse? BMJ 2005;330:  158 – 159.  
7 Raedler TJ,  Knable MB,  Weinberger DR. Schizophrenia as a development al  disorder of  t he cerebral  cort ex.  Curr Opin Neurobiol .  
1998 8(1):157-161.  
8 Ben-Shachar D,  Laifenfeld D.  Mit ochondria,  synapt ic plast icit y,  and schizophrenia.  Int  Rev Neurobiol .  2004 59:273-296.  
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VAMP29.  Além dist o,  ident if icamos alt erações quant it at ivas na expressão de 

out ros dois genes envolvidos com função sinápt ica,  SYNPO e NRGN, ainda não 

descrit os por out ros grupos.   

Em nossas anál ises do prot eoma de t ecido cerebral de pacient es com SCZ, 

como descreveremos nos capít ulos seguint es,  novament e observamos alt erações 

na expressão de YWHAH e CALM, reforçando os achados prévios e os nossos dados 

de SAGE,  sinal izando para a robust ez dest es pot enciais marcadores.  

A expressão diferencial  dest es genes e prot eínas acima descrit os pode 

gerar dist úrbio sinápt ico,  que pode levar a uma série de al t erações no circuit o 

neuronal.  

 

3.3.2) Al t erações no met abol ismo energét ico:  

 A primeira vez que a relação ent re met abol ismo energét ico e SCZ foi 

descrit a foi em 1954 por Takahashi10,  que observou que a gl icól ise aeróbica era 

menor em cérebros SCZ post  mor t em.  A part ir de ent ão diversos est udos em 

diferent es áreas do conheciment o passaram a buscar a comprovação do dist úrbio 

energét ico celular,  t ent ando compreender suas raízes.  Est udos de expressão 

gênica5,11,12 e prot éica13,14 em larga escala t êm comprovado ext ensivament e est e 

post ulado,  ident if icando genes e prot eínas que possam ser gat i lhos para est a 

disfunção na SCZ.  Ainda,  a proximidade do met abol ismo energét ico com a 

plast icidade neuronal e sinapses8 além do dano oxidat ivo previament e 

observadorevisado em 15,  sugerem que o met abol ismo energét ico diferencial  em 

cérebros de pacient es com SCZ é um component e import ant e nest a pat ogenia.   

                                                 
9 Hal im ND,  Weickert  CS,  McClint ock BW, Hyde TM, Weinberger DR,  Kleinman JE,  Lipska BK.Presynapt ic prot eins in t he pref ront al  
cort ex of  pat ient s wit h schizophrenia and rat s wit h abnormal pref ront al development .Mol Psychiat ry.  2003 Sep;8(9):797-810.  
10 Takahashi Y.  An enzymological  st udy on brain t issue of  schizophrenic pat ient s.  Carbohydrat e met abol ism.  Fol ia Psychiat rica 
Neurol .  Japonica 1954;7,  214–237.  
11 Prabakaran S,  Swat t on JE,  Ryan MM, Huf faker SJ,  Huang JT,  Grif f in JL,  Wayland M,  Freeman T,  Dudbridge F,  Li l ley KS,  Karp NA, 
Hest er S,  Tkachev D,  Mimmack ML,  Yolken RH,  Webst er MJ,  Torrey EF,  Bahn S.  Mit ochondrial  dysfunct ion in schizophrenia:  
evidence for compromised brain met abol ism and oxidat ive st ress.  Mol Psychiat ry.  2004 Jul ;9(7):684-97,  643.  
12 Glat t  SJ,  Everal l  IP,  Kremen WS,  Corbeil  J,  Sásik R,  Khanlou N,  Han M,  Liew CC,  Tsuang MT.Comparat ive gene expression 
analysis of  blood and brain provides concurrent  val idat ion of  SELENBP1 up-regulat ion in schizophrenia.  Proc Nat l  Acad Sci U S A.  
2005 Oct  25;102(43):15533-8 
13 Karry R,  Klein E,  Ben-Shachar D.  Mit ochondrial  complex I subunit s expression is alt ered in schizophrenia:  a post mort em 
st udy.Biol  Psychiat ry.  2004;55(7):676-684 
14 Clark D,  Dedova I,  Cordwel l S,  Mat sumot o I.  A prot eome analysis of  t he ant erior cingulat e cort ex gray mat t er in schizophrenia.  
Mol Psychiat ry.  2006;11:459-470.  
15 Yao JK,  Reddy RD,  van Kammen DP.  Oxidat ive damage and schizophrenia:  an overview of  t he evidence and it s t herapeut ic 
impl icat ions.  CNS Drugs.  2001;15(4):287-310.  
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Em nossas anál ises por SAGE do t ranscript oma do córt ex pré-f ront al  de 

pacient es com SCZ conf irmamos a expressão diferencial  de genes cuj os produt os 

t êm função no met abol ismo energét ico como os genes MDH15,  ATP5A15,  

TIMM17A5,  além da ident if icação de alguns genes encont rados diferencialment e 

expressos exclusivament e por nossa anál ise como NDUFA1,  PDXK e DLD.   

Em nossas anál ises do prot eoma de t ecido cerebral de pacient es com SCZ, 

encont ramos alt erações na expressão das prot eínas similares a NDUFA1 e ALDOA 

como encont radas por SAGE além de out ras prot eínas dest a via,  que novament e 

reforçam os achados prévios e nossos achados das bibl iot ecas SAGE.  

 

 

3.3.3) Al t eração no met abol ismo de ol igodendróci t os:  

 Dent re as suas várias funções,  t ais como sinal ização t róf ica com out ros 

neurônios,  sínt ese de fat ores de cresciment o,  sust ent ação f ísica e química dos 

neurônios e propagação de sinais,  t alvez a principal at ividade dos 

ol igodendrócit os sej a a formação da bainha de miel ina ao redor dos axônios 

neuronais no SNC,  o que permit e a efet iva propagação dos impulsos elét r icos16.  

 A maioria dos est udos de expressão gênica global de cérebros de pacient es 

com SCZ feit os por cDNA microarrays
3,17,18,19,20 revelaram uma disfunção no 

met abol ismo dos ol igodendrócit os,  t razendo uma nova perspect iva para os 

est udos moleculares em SCZ,  o que de cert o modo descent ral izou o foco das 

pesquisas que muit o est udavam a disfunção dopaminérgica,  hipót ese mais 

fundament ada da SCZ21.  Alguns genes descrit os por est es est udos globais foram 

val idados por out ros grupos22,23,  fundament ando ainda mais a recent e hipót ese 

da disfunção dos ol igodendrócit os.  

                                                 
16 Du Y,  Dreyfus CF.  Ol igodendrocyt es as providers of  growt h fact ors.  J Neurosci Res.  2002 Jun 15;68(6):647-54.  
17 Tkachev D,  Mimmack ML,  Ryan MM, Wayland M, Freeman T,  Jones PB,  St arkey M,  Webst er MJ,  Yolken RH,  Bahn S.  
Ol igodendrocyt e dysfunct ion in schizophrenia and bipolar disorder.  Lancet .  2003 Sep 6;362(9386):798-805. .    
18 Ast on C,  Jiang L,  Sokolov BP.  Microarray analysis of  post mort em t emporal  cort ex f rom pat ient s wit h schizophrenia.  J Neurosci 
Res.  2004 Sep 15;77(6):858-66.  
19 Kat sel  P,  Davis KL,  Harout unian V.  Variat ions in myel in and ol igodendrocyt e-relat ed gene expression across mult iple brain 
regions in schizophrenia:  a gene ont ology st udy.  Schizophr Res.  2005 Nov 15;79(2-3):157-73.  
20 Arion D,  Unger T,  Lewis DA,  Levit t  P,  Mirnics K.  Molecular evidence for increased expression of  genes relat ed t o immune and 
chaperone funct ion in t he pref ront al  cort ex in schizophrenia.  Biol  Psychiat ry.  2007 Oct  1;62(7):711-21.  
21 Segal D,  Koschnick JR,  Slegers LH,  Hof  PR.  Oligodendrocyt e pat hophysiology:  a new view of  schizophrenia. Int  J 
Neuropsychopharmacol.  2007 Aug;10(4):503-11.  
22 Dracheva S,  Davis KL,  Chin B,  Woo DA,  Schmeidler J,  Harout unian V.   Myel in-associat ed mRNA and prot ein expression def icit s in 
t he ant erior cingulat e cort ex and hippocampus in elderly schizophrenia pat ient s.  Neurobiol  Dis.  2006;  21(3):531-540.    
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Em nossas anál ises por SAGE do t ranscript oma do córt ex pré-f ront al  de 

pacient es com SCZ ident if icamos genes previament e descrit os em SCZ cuj os 

produt os est ão envolvidos com o met abol ismo de ol igodendrócit os como os genes 

PMP222,  MAG3,17,22,23 e MOBP24.  Ainda,  encont ramos al t erações em alguns genes 

dest a via,  nunca ant es relacionados como pot enciais marcadores na SCZ,  

incluindo SMPD1 e SMPD4,  apesar do met abol ismo de esf ingomiel ina j á t er sido 

descrit o previament e25,26 e comprovamos a expressão gênica diferencial  de MBP 

que,  apesar de t oda a pesquisa acerca dest e gene,  nenhum out ro est udo de 

expressão global de RNA havia comprovado consist ent ement e sua expressão 

diferencial .  Cabe not ar que nossos dados de prot eoma dest a mesma região,  

apont aram mais uma vez para a al t eração dest e gene (vide capít ulos 4,  5 e 6) 

As vias at é aqui descrit as são discut idas em maior det alhe no Capít ulo 2 

dest a t ese.  

 

3.3.4) Al t eração na expressão de genes relacionados a homeost ase de cálcio:  

 Apesar da idéia que se t em sobre o envolviment o da homeost ase do íon 

cálcio (Ca+2) na pat ogênese da SCZ,  não se sabe ao cert o como est e inf lui na 

doença.  Ca+2 desempenha um papel  cent ral  em diversos aspect os da função 

celular,  incluindo diversos mecanismos de sinal ização e at é mesmo a 

conformação t ridimensional de prot eínas27.  Por sua import ância na função de 

recept ores dopaminérgicos o Ca+2 é apont ado por alguns pesquisadores como 

met aból i t o cent ral  da hipót ese dopaminérgica da SCZ28.  Sabe-se ainda que o 

aument o da at ividade de fosfol ipases A2 (PLA2) dependent es de Ca+2,  que pode 

variar de acordo com as quant idades de Ca+2 disponíveis29,  podendo acelerar o 

t urnover  de fosfol ípides de membrana e reduzir a at ividade dopaminérgica 

                                                                                                                                                     
23 McCullumsmit h RE,  Gupt a D,  Beneyt o M,  Kreger E,  Harout unian V,  Davis KL,  Meador-Woodruf f  JH.  Expression of  t ranscript s for 
myel inat ion-relat ed genes in t he ant erior cingulat e cort ex in schizophrenia.  Schizophr Res.  2007;  90(1-3):15-27.  
24 Ast on C,  Jiang L,  Sokolov BP.  Transcript ional prof i l ing reveals evidence for signal ing and ol igodendroglial abnormal it ies in t he 
t emporal  cort ex f rom pat ient s wit h maj or depressive disorder.  Mol Psychiat ry.  2005 Mar;10(3):309-22.  
25 Schmit t  A,  Wilczek K,  Blennow K,  Maras A,  Jat zko A,  Pet roianu G,  Braus DF,  Gat t az WF. Al t ered t halamic membrane 
phosphol ipids in schizophrenia:  a post mort em st udy.  Biol  Psychiat ry.  2004 Jul  1;56(1):41-5.  
26 Font eh AN,  Harringt on RJ,  Huhmer AF,  Biringer RG,  Riggins JN,  Harringt on MG.  Ident if icat ion of  disease markers in human 
cerebrospinal f luid using l ipidomic and prot eomic met hods.  Dis Markers.  2006;22(1-2):39-64.  
27 Clapham DE.  Calcium signal ing.  Cel l .  2007 Dec 14;131(6):1047-58.  
28 Bergson C,  Levenson R,  Goldman-Rakic PS,  Lidow MS.  Dopamine recept or-int eract ing prot eins:  t he Ca(2+) connect ion in 
dopamine signal ing.  Trends Pharmacol Sci.  2003;  24(9):486-492.    
29 Gat t az WF,  Hubner CV,  Nevalainen TJ,  Thuren T,  Kinnunen PK.  Increased serum phosphol ipase A2 act ivit y in schizophrenia:  a 
repl icat ion st udy.  Biol  Psychiat ry.  1990;  28(6):495-501.    
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cerebral30.  Além disso,  um est udo de associação genét ica em SCZ apont ou um 

canal de pot ássio at ivado por cálcio como uma molécula import ant e na 

pat ogênese da SCZ31.  

Em nossas anál ises por SAGE ident if icamos e expressão diferencial  de 

genes codif icadores de prot eínas envolvidas com o met abol ismo de Ca+2,  

previament e associados com a SCZ,  t ais como CALM14,  S100B32,33 além out ros 

genes inédit os dest a mesma via,  t ais como CLSTN1 e CAMK2B.   

Em nossos est udos de prot eoma,  como será det alhado nos próximos 

capít ulos dest a t ese,  t ambém observamos a al t eração na expressão de diversas 

prot eínas envolvidas com a homeost ase do Ca+2,  dent re as quais algumas t ambém 

encont radas por SAGE como CALM e PPP3CA (calcineurina),  o que t ant o reforça 

nossos achados quant o sugere real envolviment o da homeost ase dest e íon na SCZ.  

 

3.4) Val idação da expressão gênica di f erencial  em amost ras de pacient es com 

esquizof renia:  

Anál ises de pools de amost ras,  como feit o por nós nos est udos de SAGE 

t em como int uit o prover uma verif icação conj unt a da expressão gênica que 

permit a diluir diferenças individuais de expressão gênica e buscando evidenciar 

as al t erações comuns à maioria das amost ras,  j á que est as poderiam ser 

import ant es na det erminação do fenót ipo.  Ent ret ant o est as diferenças comuns 

descobert as nas anál ises de um pool  devem ser post eriorment e val idadas em 

amost ras individuais (incluindo aquelas que compuseram o pool  e t ambém em 

out ras) para a val idação da expressão gênica diferencial .  Evident ement e não 

descart amos a import ância das diferenças individuais,  as quais poderiam 

inclusive t er uma import ância na det erminação dos endofenót ipos.  No ent ant o,  o 

int uit o dest e t rabalho é buscar al t erações mais robust as,  que possam 

                                                 
30 Gat t az WF,  Brunner J.  Phosphol ipase A2 and t he hypof ront al it y hypot hesis of  schizophrenia.  Prost aglandins Leukot  Essent  Fat t y 
Acids.  1996;  55(1-2):109-113.  
31 Chandy KG,  Fant ino E,  Wit t ekindt  O,  Kalman K,  Tong LL,  Ho TH,  Gut man GA, Crocq MA,  Gangul i R,  Nimgaonkar V,  Morris-
Rosendahl DJ,  Gargus JJ.  Isolat ion of  a novel pot assium channel gene hSKCa3 cont aining a polymorphic CAG repeat :  a candidat e 
for schizophrenia and bipolar disorder? Mol Psychiat ry.  1998 Jan;3(1):32-7.  
32 Lara DR, Gama CS,  Belmont e-de-Abreu P,  Port ela LV,  Gonçalves CA,  Fonseca M,  Hauck S,  Souza DO. Increased serum S100B 
prot ein in schizophrenia:  a st udy in medicat ion-f ree pat ient s.J Psychiat r Res.  2001 Jan-Feb;35(1):11-4.  
33 Rot hermundt  M,  Missler U,  Arolt  V,  Pet ers M,  Leadbeat er J,  Wiesmann M,  Rudolf  S,  Wandinger KP,  Kirchner H. Increased S100B 
blood levels in unmedicat ed and t reat ed schizophrenic pat ient s are correlat ed wit h negat ive sympt omat ology.Mol Psychiat ry.  2001 
Jul ;6(4):445-9.  
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caract erizar marcadores consist ent es e pot enciais alvos farmacológicos para os 

pacient es port adores de SCZ,  de um modo geral.  

Uma part e import ant e dos dados gerados por SAGE inclui a observação da 

expressão diferencial  de diversos genes nunca ant es relacionados à SCZ.  Dest e 

modo,  selecionamos alguns dest es para uma anál ise nas amost ras de pacient es 

individuais,  por PCR quant it at iva em t empo real (qPCR),  buscando observar qual  

o percent ual de pacient es que apresent ava est es genes regulados,  conforme 

indicado por SAGE.  Os genes selecionados para est a anál ise foram escolhidos com 

base em dois crit érios:  1) uma alt a diferença de expressão ent re os pools de 

cont role e SCZ e 2) o inedit ismo de sua correlação com a SCZ.  Os genes 

selecionados foram MALAT1,  KIF1C,  ATP5E,  e CSRP1.  

A expressão dest es genes foi aval iada individualment e em cerca de 10 

amost ras CTRL e 9 amost ras SCZ (Tabela 1).  Para real izarmos os cálculos de 

expressão diferencial ,  anal isamos o nível de expressão de cada gene,  

individualment e,  em t odas as amost ras disponíveis.  A expressão foi normalizada 

por um cont role endógeno.  A part ir daí,  calculamos a expressão dos genes alvo 

em cada uma das amost ras SCZ,  det erminando a variação de cada amost ra em 

comparação com o valor de expressão média observada nas amost ras cont role 

(expressão nos cont roles = 1).   

A seguir,  discut iremos em maior det alhe est es pot enciais novos 

marcadores da SCZ,  e apresent aremos os result ados de sua val idação em 

amost ras individuais.  

 

* MALAT1 - Met ast asis associat ed lung adenocarcinoma t ranscr ipt  1 (non-coding 

RNA) - Freqüência das t ags observada por SAGE = 32/ 50,000 CTRL versus 

1/ 50,000 SCZ (expressão reduzida em 32x em SCZ - P=0).   

Est e gene est á numa região do genoma possivelment e relacionada à SCZ 

(cromossomo 11q)  34,35,  ent ret ant o,  não exist e nada na l i t erat ura acerca de sua 

                                                 
34 Wil l iams NM,  Rees MI,  Holmans P,  Nort on N,  Cardno AG,  Jones LA,  Murphy KC,  Sanders RD,  McCart hy G,  Gray MY,  Fent on I,  
McGuf f in P,  Owen MJ.  A t wo-st age genome scan for schizophrenia suscept ibi l it y genes in 196 af fect ed sibl ing pairs.  Hum Mol 
Genet .  1999 Sep;8(9):1729-39.    
35 Lewis CM,  Levinson DF,  Wise LH,  DeLisi LE,  St raub RE,  Hovat t a I,  Wil l iams NM,  Schwab SG,  Pulver AE,  Faraone SV,  Brzust owicz 
LM,  Kaufmann CA,  Garver DL,  Gurl ing HM,  Lindholm E,  Coon H,  Moises HW, Byerley W,  Shaw SH,  Mesen A,  Sherringt on R,  O'Neil l  
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função no SNC,  nem sequer qualquer descrição de uma possível correlação com 

SCZ.  Cabe not ar que,  como um RNA não codif icador,  est e gene deve t er um papel  

regulat ório sobre out ros t ranscrit os.  A única descrição dest e gene se refere à sua 

expressão signif icat ivament e associada à met ást ase em pacient es com câncer de 

pulmão36.  Devido à sua signif icat iva diferença de expressão,  seu mapeament o e 

seu inedit ismo,  incluímos est e gene no est udo.   

Como apresent ado no Gráf ico 1,  vemos que não foi possível  det ect ar 

diferenças signif icat ivas na expressão de MALAT1 ent re as amost ras do grupo SCZ 

ou do grupo cont role.  A diferença de expressão observada ent re SAGE e qPCR 

pode ser expl icada por diversos mot ivos t ais como mapeament o ambíguo das 

t ags,  presença de isoformas de spl icing,  pol i-adenilação al t ernat iva,  diferenças 

ent re as t écnicas empregadas,  ou ausência real de expressão diferencial .  No 

ent ant o,  diant e dos promissores achados sugeridos por SAGE,  acredit amos 

subsequent es val idações em out ras amost ras ainda sej am j ust if icáveis.  

                                                                                                                                                     
FA,  Walsh D,  Kendler KS,  Ekelund J,  Paunio T,  Lonnqvist  J,  Pelt onen L,  O'Donovan MC,  Owen MJ,  Wildenauer DB,  Maier W,  Nest adt  
G,  Blouin JL,  Ant onarakis SE,  Mowry BJ,  Si lverman JM,  Crowe RR,  Cloninger CR,  Tsuang MT,  Malaspina D,  Harkavy-Friedman JM, 
Svrakic DM,  Basset t  AS,  Holcomb J,  Kalsi G,  McQuil l in A,  Brynj ol fson J,  Sigmundsson T,  Pet ursson H,  Jazin E,  Zoega T,  Helgason T.  
Genome scan met a-analysis of  schizophrenia and bipolar disorder,  part  II:  Schizophrenia.  Am J Hum Genet .  2003 Jul ;73(1):34-48.  
36 Ji P,  Diederichs S,  Wang W, Boing S,  Met zger R,  Schneider PM,  Tidow N,  Brandt  B,  Buerger H,  Bulk E,  Thomas M,  Berdel WE,  
Serve H,  Mul ler-Tidow C.  MALAT-1,  a novel noncoding RNA,  and t hymosin bet a4 predict  met ast asis and survival  in early-st age non-
smal l cel l  lung cancer.  Oncogene.  2003 Sep 11;22(39):8031-41.  
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Gráfico 1: Dados da expressão gênica individual de MALAT1 em córt ex pré-f ront al de 

pacient es com SCZ e cont roles.  
 

 

* KIF1C - Kinesin f ami ly member  1C - Freqüência das t ags observada por SAGE = 

22/ 50,000 CTRL versus 3/ 50,000 SCZ (expressão reduzida em 7,33x em SCZ - 

P=2,33E-05).   

Local izado no braço curt o do cromossomo 17,  est e gene é um novo 

membro da famíl ia dos genes KIF (kinesin family) cuj a at ividade inicialment e 

ident if icada envolvia part icipação no t ransport e de vesículas do complexo de 

Golgi ao ret ículo endoplasmát ico (RE),  assim como out ros genes dest a mesma 

famíl ia37.  Em seguida,  alguns t rabalhos revelaram a import ância dest e gene em 

macrófagos de l inhagens de rat os resist ent es ao fat or let al  provindo do Ant rax38.  

Algumas l inhagens de rat os eram resist ent es por apresent arem modif icações 

nest e gene.  Porém,  recent es pesquisas revelaram que o produt o dest e gene é 

dispensável em relação à organização dos microt úbulos no t ransport e de 

                                                 
37 Dorner C,  Ciossek T,  Mul ler S,  Mol ler PH, Ul l rich A,  Lammers R.  Charact erizat ion of  KIF1C,  a new kinesin-l ike prot ein involved in 
vesicle t ransport  f rom t he Golgi apparat us t o t he endoplasmic ret iculum.  J Biol  Chem.  1998 Aug 7;273(32):20267-75.  
38 Wat t ers JW,  Dewar K,  Lehoczky J,  Boyart chuk V,  Diet r ich WF. Kif1C,  a kinesin-l ike mot or prot ein,  mediat es mouse macrophage 
resist ance t o ant hrax let hal  fact or.  Curr Biol .  2001 Oct  2;11(19):1503-11.  
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vesículas Golgi – RE39.  Logo,  sua função ainda não é t ot alment e compreendida.  

Porém,  um dado import ant e:  em t rabalho publ icado por Dorner e colaboradores 

em 199940 apont a a int eração de KIF1C com produt os da famíl ia YWHA.  Um dos 

genes dest a da famíl ia YWHAH foi por nós apont ado como um dos mais 

diferencialment e expressos em SCZ.  

Como apresent ado no Gráf ico 2,  observamos que houve uma t endência 

geral de redução de expressão de KIFC1 quando as amost ras do grupo SCZ foram 

comparadas aos cont roles (p=0,05).  Consideramos port ant o que KIF1C é um 

promissor biomarcador,  que deve ser aval iado em um número maior de amost ras.   

 

Gráfico 2: Dados da expressão gênica individual de KIF1C em córt ex pré-f ront al  de 

pacient es com SCZ e cont roles.  

 

* ATP5E - ATP synt hase,  H+ t ranspor t ing,  mi t ochondr ial  F1 complex,  epsi lon 

subuni t  - Freqüência das t ags observada por SAGE = 50/ 50,000 CTRL versus 

13/ 50,000 SCZ (expressão reduzida em 3,85x em SCZ - P=0).   

                                                 
39 Nakaj ima K,  Takei Y,  Tanaka Y,  Nakagawa T,  Nakat a T,  Noda Y,  Set ou M,  Hirokawa N.  Molecular mot or KIF1C is not  essent ial for 
mouse survival and mot or-dependent  ret rograde Golgi apparat us-t o-endoplasmic ret iculum t ransport .  Mol Cel l  Biol .  2002 
Feb;22(3):866-73.  
40 Dorner C,  Ul lr ich A,  Haring HU,  Lammers R.  The kinesin-l ike mot or prot ein KIF1C occurs in int act  cel ls as a dimer and associat es 
wit h prot eins of  t he 14-3-3 family.  J Biol Chem.  1999 Nov 19;274(47):33654-60.  
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Est e gene encont ra-se no braço longo do cromossomo 20,  uma out ra região 

do genoma possivelment e relacionada com a SCZ34,35.  Paulson e colaboradores 

em 2003 e 2004 publ icaram t rabalhos onde propõem um modelo animal (rat o) 

para SCZ ut i l izando uma subst ância denominada MK-801,  um ant agonist a de 

glut amat o,  que se l iga a recept ores NMDA,  que na SCZ pode ser a causa dos 

sint omas negat ivos.  Cabe not ar que nest e modelo animal,  o gene ATP5E t eve a 

sua expressão alt erada em t álamo e córt ex f ront al  dos rat os t rat ados com MK-

801.  O produt o da ATP5E é uma subunidade da ATP sint ase,  complexo prot éico 

envolvido com a produção de ATP na célula.  Muit os achados em relação a 

al t erações em prot eínas mit ocondriais most ram que genes relacionados à 

mit ocôndria podem t er relação ínt ima com a SCZ.  A função nervosa e sist emas de 

neurot ransmissão são int imament e l igados ao met abol ismo energét ico 

desempenhado pela mit ocôndria41.  A primeira vez que foi descrição da relação 

ent re met abol ismo mit ocondrial  e SCZ foi feit a em 1954 por Takahashi,  que 

observou que a gl icól ise aeróbica era menor em cérebros SCZ post  mor t em,  mas 

não se sabe se isso é causa ou conseqüência da doença.  É sabido que 

ant ipsicót icos podem gerar modif icações na expressão de genes mit ocondriais8,  o 

que pode j ust if icar (ou não) os achados de Takahashi.  Out ros achados:  Prince e 

colaboradores em 1999 apot aram mudanças no met abol ismo de energia em SCZ 

em regiões específ icas dos núcleos da base de cérebros SCZ.  Por PET (Posit ron 

Emission Tomography - Tomograf ia por Emissão de Pósit rons),  observou-se em 

cérebros SCZ queda no met abol ismo oxidat ivo em cort ex f ront al42.  Est udos 

cl ínicos demonst raram menor t axa met aból ica mit ocondrial  em áreas cort icais de 

cérebros SCZ43.  No ent ant o,  uma anál ise dest es dados requer a cuidadosa 

aval iação de idade,  uso de álcool e t abaco,  j á que est es fat ores,  ent re out ros,  

podem levar a uma redução do met abol ismo cerebral8.  

                                                 
41 Mulcrone J,  What ley SA,  Ferrier IN,  Marchbanks RM.  A st udy of  al t ered gene expression in f ront al  cort ex f rom schizophrenic 
pat ient s using dif ferent ial  screening.  Schizophr Res.  1995 Feb;14(3):203-13.  
42 Cohen RM,  Semple WE,  Gross M,  Nordahl TE,  Holcomb HH, Dowling S,  Pickar D.  The ef fect  of  neurolept ics on dysfunct ion in a 
pref ront al subst rat e of  sust ained at t ent ion in schizophrenia.  Life Sci.  1988;43,  1138-1150 
43 Cavel ier L,  Jazin EE,  Eriksson I,  Prince J,  Båve U,  Oreland L and Gyllenst en U.  Decreased Cyt ochrome-c Oxidase Act ivit y and 
Lack of  Age-Relat ed Accumulat ion of  Mit ochondrial  DNA Delet ions in t he Brains of  Schizophrenics.  Genomics.  1995;  29(1),  217-
224.  
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 A discussão acerca do met abol ismo do SNC de pacient es SCZ relacionado 

ao met abol ismo mit ocondrial  e dopamina é algo bast ant e difundido,  com muit os 

dados j á conhecidos.  No ent ant o a complet a compreensão de t odos os processos 

envolvidos ainda não foi at ingida.  Por isso,  à medida que descobrimos a al t eração 

de novos genes relacionados ao met abol ismo mit ocondrial  cont ribuímos para a 

const rução de um quadro mais complet o dest e processo.  Sabendo-se que 

dopamina,  met abol ismo mit ocondrial  e SCZ est ão correlacionados,  t em-se o 

seguint e raciocínio:  A SCZ parece est ar relacionada a uma disfunção no 

met abol ismo da dopamina que em alt as concet rações no cérebro pode causar 

dano pré e pós-sinápt ico44 e,  consequent ement e,  mort e celular.  Isso porque alt as 

concent rações de dopamina quando met abol izadas geram radicais l ivres,  ou sej a,  

est resse oxidat ivo logo,  descréscimo no met abol ismo mit ocondrial12.  Dest e modo,  

uma das causas (ou consequências?) da SCZ poderia ser a inabil idade do cérebro 

em mant er níveis normais de ATP causadas por al t erações no met abol ismo 

mit ocondrial  devido a est es danos oxidat ivos.  Est udos most ram que quando há 

t rat ament o no cérebro com derivados neurot óxicos da dopamina,  a concent ração 

de ATP cai45,46.  Out ros experiment os most raram que quando se administ ra em 

rat os drogas que induzem a produção de dopamina,  o complexo I da mit ocôndria 

reduz sua at ividade,  pois o met abol ismo da dopamina produz met aból it os 

t óxicos,  que em grandes quant idades podem inibir fort ement e o met abol ismo 

mit ocondrial47.  Est es dois est udos podem expl icar a baixa de ATP em cérebros 

SCZ,  devido a uma maior met abol ização da dopamina.  Vist o t al  discussão,  

qualquer alvo molecular relacionado ao met abol ismo mit ocondrial  por nós 

encont rado deve ser t ido um alvo em pot encial  como causa ou consequência da 

SCZ.  

                                                 
44 Carlsson A.  Ant ipsychot ics drugs,  neurot ransmit t ers,  and schizophrenia.  Am J Psychiat ry 1978;135:165-173.  
45 Chan P,  Di Mont e DA,  Luo JJ,  DeLanney LE,  Irwin I,  Langst on JW.  Rapid ATP loss caused by met hamphet amine in t he mouse 
st riat um: relat ionship bet ween energy impairment  and dopaminergic neurot oxicit y.J Neurochem.  1994 Jun;62(6):2484-7.  
46 Royland JE,  Delfani K,  Langst on JW,  Janson AM,  Di Mont e DA.7-Nit roindazole prevent s 1-met hyl-4-phenyl-1,2,3,  6-
t et rahydropyridine-induced ATP loss in t he mouse st riat um.Brain Res.  1999 Aug 21;839(1):41-8.  
47 Ben-Shachar D,  Zuk R,  Gazawi H,  Lj ubuncic P.  Dopamine t oxici t y involves mit ochondrial  complex I inhibit ion:  impl icat ions t o 
dopamine-relat ed neuropsychiat ric disorders.  Biochem Pharmacol.  2004;67(10):1965-1974.  
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Como apresent ado no  Gráf ico 3,  observamos uma import ant e redução na 

expressão de ATP5E em SCZ quando comparado às amost ras cont role.  As 

diferenças apresent adas são est at ist icament e signif icat ivas (p=0,04).  

Int eressant e observar o comport ament o het erogêneo da expressão dest e 

gene ent re os cont roles,  enquant o que nos pacient es com SCZ a variação de 

expressão é menor,  o não reduz o pot encial  dest e gene como pot encial  

biomarcador em SCZ.   

 

 
Gráfico 3: Dados da expressão gênica individual de ATP5E em córt ex pré-f ront al  de 

pacient es com SCZ e cont roles.  
 

* CSRP1 - Cyst eine and glycine-rich prot ein 1 - Freqüência das t ags observada por 

SAGE = 40/ 50,000 CTRL versus 13/ 50,000 SCZ (expressão reduzida em 3,08x em 

SCZ - P=0).   

Est e gene est á no braço longo do cromossomo 1,  uma grande região 

genômica,  cont endo alguns out ros genes possivelment e envolvidos com a SCZ34,35.  

A CSRP1 pert ence à famíl ia das cyst ein r ich prot eins que t em import ant e papel  

regulat ório no desenvolviment o e diferenciação celular,  organição de do 
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cit oesquelet o e t ambém desenvolviment o neuronal48,49.  O produt o de CSRP1,  

geralment e local izado no núcleo celular,  é regulado na presença de zinco.  Est e 

gene ainda não foi relacionado à SCZ.   

Como apresent ado no Gráf ico 4,  observamos que a maioria das amost ras 

(6/ 9) apresent aram uma redução (abaixo de 50%) na expressão de CSRP1 quando 

comparado à expressão média observada nos cont roles.  Quando o valor médio de 

t odas as amost ras SCZ é comparado ao valor médio das amost ras cont role,  

observamos em SCZ,  uma expressão equivalent e a 22% da expressão média no 

grupo cont role.  Se observarmos a mediana,  est a expressão é de apenas 16%,  

sendo port ant o próximo do valor obt ido com SAGE.  No ent ant o,  apesar de a 

diferença não t er sido est at ist icament e signif icat iva,  acredit amos que CSRP1 

pareça ser um marcador promissor para fut uros est udos na SCZ.  

 

 
Gráfico 4: Dados da expressão gênica individual de CSRP1 em córt ex pré-f ront al de 

pacient es com SCZ e cont roles.  
 

 

                                                 
48 McLaughl in CR,  Tao Q,  Abood ME. Isolat ion and development al  expression of  a rat  cDNA encoding a cyst eine-rich zinc f inger 
prot ein.Nucleic Acids Res.  1994 Dec 11;22(24):5477-83.  
49 Louis HA,  Pino JD,  Schmeichel KL,  Pomiès P,  Beckerle MC.Comparison of  t hree members of  t he cyst eine-rich prot ein family 
reveals funct ional conservat ion and divergent  pat t erns of  gene expression.J Biol  Chem.  1997 Oct  24;272(43):27484-91.  
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4) Conclusão: 

 A val idade da t écnica de SAGE no est udo da SCZ pôde ser comprovada pela 

capacidade de apont ar para marcadores consist ent ement e encont rados em nest a 

doença,  incluindo os genes YWHAH, SYNPO, STX1B2,  MDH1,  NDUFA1,  ATP5A1,  

ALDOA,  CALM1,  S100B e MT3,  demonst rados em experiment os de cDNA 

microarrays com achados reforçados por nossos dados de prot eoma (conforme 

descrit o nos capít ulos a seguir).  Além dist o,  não apenas a t écnica de SAGE,  mas 

t ambém a est rat égia de anál ise de pools most rou-se viável e adequada,  por 

permit ir indicação de promissores novos marcadores moleculares que em sua 

maioria t iveram a expressão diferencial  val idada no est udo das amost ras 

individuais.  Além dos genes conf irmados em nossa breve anál ise de val idação,  

ainda rest am diversos out ros marcadores de grande pot encial ,  que ainda devem 

ser val idados,  vários dos quais nem sequer enquadram-se em classes funcionais 

def inidas.  

Concluímos ent ão que nosso est udo alcançou seu principal obj et ivo que 

era fornecer genes que apont am para vias met aból icas import ant es e que podem 

auxil iar na melhor compreensão da SCZ,  doença ainda enigmát ica em muit os 

aspect os,  principalment e devido à inf luência e int eração de diversos fat ores 

endógenos e exógenos.  

 

 

5) Materiais e Métodos: 

5.1) Ext ração do RNA dos pacient es SCZ e CTRL:  

As amost ras de córt ex pré-f ront al  dos t ecidos cerebrais esquizof rênicos e 

cont roles,  que est avam armazenadas em –70ºC,  foram t ransferidas para o gelo 

seco e al íquot as de 50-100mg de t ecido por amost ra foram usadas na ext ração 

após homogenização em 1 ml de TRIzol.  A ext ração do RNA foi feit a seguindo as 

inst ruções do fabricant e do TRIzol (Invit rogen,  Carlsbad,  EUA).  

 

5.2) Aval iação da qual idade das amost ras de RNA de SCZ e CTRL:  
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 Para verif icação de degradação das amost ras de RNA a serem empregadas 

nas bibl iot ecas de SAGE,  ut i l izamos o aparelho Agilent  2100 – Bioanalyzer,  

segundo prot ocolo fornecido pelo fabricant e (Agilent  Technologies - Sant a Clara - 

EUA).  

 

5.3) Const rução das Bibl iot ecas de SAGE: 

A bibl iot eca de SAGE dos pacient es SCZ e cont roles foram produzidas de 

acordo com as inst ruções do fabricant e (Invit rogen,  Carlsbad,  EUA),  após 

modif icações.  O prot ocolo consist e basicament e na l igação do mRNA a beads 

magnét icos que cont ém cauda pol i-A,  sínt ese de uma 1ª f i t a de DNA 

complement ar ao RNA molde,  formando um híbrido dupla-f it a DNA-RNA,  digest ão 

do RNA molde e sínt ese da 2ª f i t a de DNA,  complement ar a 1a f i t a,  formando um 

DNA dupla-f it a,  cl ivagem com enzima âncora NlaIII,  l igação dos adapt adores,  

digest ão por BsmFI,  formando as t ags,  sínt ese e amplif icação das di-t ags,  

isolament o das 100pb di-t ags,  cl ivagem dos adapt adores,  concat amerização e 

seleção dos t amanhos das bibl iot ecas (geralment e de 300pb a 1Kb).  Depois se 

seguiu a clonagem dos concat âmeros em vet ores pZero-1,  a t ransformação de E.  

col i  elet rocompet ent es,  cul t ivo das bact érias recombinant es,  PCR das colônias 

result ant es para verif icação da presença e do t amanho dos insert os.  Os produt os 

de PCR obt idos foram aval iados em géis de agarose corados com bromet o de 

et ídio e post eriorment e usados para seqüenciament o,  como descrit o a seguir.   

 

5.4) Sequenciament o dos clones da pr imeira bibl iot eca de SAGE: 

 As bact érias recombinant es foram cult ivadas em placas de 96 wel ls em 

100ul de meio de cult ura SOB pH 7,00 (2% Tript ona,  0,5% Ext rat o de Levedura,  

0,05% NaCl,  1% KCl 250mM, 1% MgCl2 1M,  0,05% Zeocina 100mg/ ml) por 15 horas 

a 37oC.   

Após crescidas as bact érias,  foi feit a a amplif icação dos insert os,  usando 

PCR com iniciadores f lanqueando o sít io de clonagem do vet or p-Zero-1.  Nest a 

PCR,  as bact érias usadas como molde foram colet adas com um repicador de 96 

pinos e t ransferidas para placas de 96 wel ls cont endo 14ul do mix de PCR.  O mix 
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foi submet ido à ciclagem t érmica (Passo 1:  95oC – 3 minut os;  Passo 2:  95oC – 40 

segundos;  Passo 3:  55oC - 40 segundos;  Passo 4:  72oC – 55 segundos;  Ret ornar ao 

passo 2 por 35 vezes;  72oC por 5 minut os;  4oC inf init o).  

 Al íquot as dos produt os foram t est adas em géis de agarose 1% e 1ul  da 

reação de PCR foi colet ado e usado como molde para a reação de 

sequenciament o (10ul volume f inal),  cont endo além do primer SP6 (reverso),  Big 

Dye Terminat or (version 3).  A reação de sequenciament o se deu seguindo os 

seguint es passos:  Passo 1:  95oC – 3 minut os;  Passo 2:  95oC – 30 segundos;  Passo 

3:  55oC - 20 segundos;  Passo 4:  60oC – 4 minut os;  Ret ornar ao passo 2 por 35 

vezes;  4oC for ever.  

 Após a reação de sequenciament o,  as amost ras foram precipit adas com 

isopropanol 75% e et anol 70%.  Após a precipit ação,  as amost ras foram 

desnat uradas com 10ul formamida e inj et adas nos capilares do seqüenciador.   O 

sequenciament o da bibl iot eca gerada foi feit o no LIM-27,  num ABI 3100 Genet ic 

Analyzer,  da Appl ied Biosyst ems em capilares de 36 cent imet ros e polímero POP6 

(Rapid Run).   

 

5.5) Anál ise inicial  dos dados das bibl iot ecas de SAGE: 

O programa ut i l izado para ext ração das t ags dos concat âmeros 

sequenciados e suas quant if icações foi o SAGE2000 Versão 4.5,  const it uint e do kit  

I-SAGE (Invit rogen,  Carlsbad,  EUA) ut i l izado para a const rução das bibl iot ecas.   

Basicament e o SAGE2000 funciona seguindo os seguint es passos:  Cria-se 

um proj et o (selecionando a enzima-âncora ut i l izada e o t amanho das t ags),  

import a-se a sequencia crua provinda do sequenciament o da bibl iot eca (arquivos 

.seq) e o programa ext rai as t ags.  Depois,  faz-se o download do banco de dados 

que será usado como referência (f t p do NCBI (Nat ional Cent er of  Biological  

Informat ion - ht t p: / / www.ncbi.nlm.nih.gov),  das past as Hs (de Homo sapiens),  

NlaIII),  import a-se est e banco de dados no Microsof t  Access (que é o programa 

base usado pelo SAGE2000),  as sequencias dest e banco são processadas e ent ão 

os dados do banco de dados e os dados gerados pelo sequenciament o são 

cruzados,  buscando-se cada t ag sequenciada no banco de dados,  quant if icando 
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cada t ag e comparando a abundância de cada t ag em diferent es amost ras.  Para a 

comparação de diferent es amost ras,  como feit o ent re as nossas bibl iot ecas SCZ-

l ib e CTRL-l ib,  o SAGE2000 normaliza o número de t ags de acordo com um 

numero selecionado previament e,  no nosso caso,  50.000 t ags.  

 

5.6) Anál ise da expressão gênica por  qPCR: 

Oligonucleot ídeos iniciadores foram desenhados usando o programa 

PrimerExpress® (Appl ied Biosyst ems,  Fost er Cit y,  CA,  EUA).  Ut i l izamos 

seqüências de cDNA após mascarament o de element os repet it ivos usando 

Repeat Masker (www.repeat masker.org). ,  e buscamos ol igos local izados em exons 

dist int os,  na t ent at iva de diminuir cont aminações com DNA genômico.  

Os ensaios de qPCR foram feit os em dupl icat as cont endo 1,5 µL de cDNA 

(cDNA equivalent e a 10ng de RNA t ot al),  0,25 picomoles de cada iniciador sense 

e ant isense específ icos para cada gene em est udo,  2x SYBR Mast er Mix (Appl ied 

Biosyst ems,  Fost er Cit y,  CA,  USA) cont endo dNTPs,  enzima Taq e MgCl2 (1,5mM) 

para um volume f inal de reação de 15µL.  A colet a do sinal  de f luorescência foi 

feit a ao f inal de cada ciclo.  Foi feit a ainda uma reação com ausência de cDNA 

(no t emplat e cont rol) e cont role endógeno normalizador Glucuronidase-bet a 

(GUSB).  O programa de ciclagem da reação foi feit o com um est ágio inicial  de 

50ºC por 2min,  10 minut os a 95ºC para at ivação da Taq DNA pol imerase,  e a 

amplif icação foi feit a em 40 ciclos consist indo cada um em 15 segundos de 

desnat uração a 95ºC e um minut o a 60ºC para o anelament o e a ext ensão dos 

iniciadores.  

Após a PCR anal isamos as curvas de dissociação que permit em det erminar 

a especif icidade dos produt os de PCR obt idos,  a part ir da anál ise da t emperat ura 

de dissociação (Tm) da dupla f i t a de DNA formada.  

Ciclo de dissociação const it uiu de:  

- Aqueciment o na t axa de 1ºC/ segundo,  indo de 65 a 95ºC.  

- Com subida gradual de t emperat ura foram colet ados os sinais de f luorescência 

A anál ise dos dados foi feit a usando o Sequence Det ect ion Sof t ware,  

versão 1.3.1 (Appl ied Biosyst ems) e os resul t ados foram export ados para anál ises 
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post eriores ut i l izando o programa Excel.  A expressão gênica relat iva foi 

normalizada por um cont role endógeno (GUSb) e a expressão diferencial  foi 

calculada no format o padrão usando o mét odo de dCt .  Todos os ensaios,  bem 

como t odas as amost ras usadas por ensaio foram aval iados pelo menos duas 

vezes,  e a média dos valores foi usada para anál ises est at íst icas.  Valores de p 

foram calculados por meio do t est e t  de St udent ,  usando o programa 

comput acional Biost at .  
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Capítulo 2: 

Biomarcadores de RNA para Esquizofrenia 

 
O capít ulo “ RNA Biomarkers in Schizophrenia”  a seguir é part e do l ivro 

“ Biomarkers for Psychiat ric Disorders”  que será publ icado na Alemanha 
pela edit ora ‘ Springer’ ,  com edição do Prof .  Dr.  Christ oph W.  Turck.  



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 81 

 

RNA Biomarkers in Schizophrenia 
 

 

 

 

Daniel Martins de Souza
1,2

 and Emmanuel Dias-Neto
,1,3

 

 

 

 

 

1- Laboratório de Neurociências (LIM-27), Instituto de Psiquiatria, Faculdade de 

Medicina, Universidade de São Paulo (USP), Brazil. 

2- Laboratório de Proteômica, Dept. de Bioquímica, Instituto de Biologia, 

Universidade Estadual de Campinas (UNICAMP), Brazil 

3- Present address: University of Texas, MD Anderson Cancer Center, Houston, TX, 

USA 

 

 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 82 

Abstract 

The deciphering of the human genome and the advances on transcriptome interrogation 

approaches, transformed RNA biomarkers in important promises for the understanding and 

the management of psychiatric diseases. In this chapter we describe the techniques more 

widely used for gene expression analysis and present the main findings in the search of 

RNA biomarkers in schizophrenia such as the recurrent observation of alterations in genes 

that encode proteins involved in pathways related to myelinization, synapses and energy 

metabolism. We also discuss the main findings resultant from peripheral blood cells studies 

and present new techniques and new sources of RNA biomarkers for the future of 

schizophrenia research. 
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1. Introduction: 

The United States Food and Drug Administration (FDA) defines biomarker as  “a 

characteristic that is objectively measured and evaluated as an indicator of normal biologic 

or pathogenic processes or pharmacological responses to a therapeutic intervention” 

(Chakravarty 2003). The utility of biomarkers in clinical medicine is vast, and includes 

disease diagnosis, indicators of disease status, or targets to monitor and predict response to 

therapeutics or disease outcome. In this context, RNAs constitute a central class of markers 

that can be directly influenced by DNA alterations but may also exert straight influence 

over protein markers in many diseases.  

The primary functional link of RNAs as biomarkers is their obvious roles as 

intermediates between the DNA that encodes the information, and the proteins that are the 

ultimate effectors. However, as the RNA complexity continues to be revealed by large-

scale transcriptome analysis, new RNA categories continue to emerge bringing new classes 

of potential markers, including regulatory non-coding RNAs such as miRNAs. The recent 

discovery of these new RNA molecules will certainly bring dramatic changes in the way we 

see and understand protein regulation, and will also increase the number of RNA markers 

available for a number of diseases. 

The category of RNA biomarkers gained a dramatic impulse after the deciphering of 

the human genome, and the diverse projects that contributed to catalogue our 

transcriptomes. The dynamic nature of the transcriptome reveals the complexity of gene 

regulation and together with other molecular markers should contribute to the 

understanding of relevant clinical aspects such as disease mechanisms and reaction to 
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drugs, pointing to less ambiguous prognosis, and more precise markers for treatment 

response. 

RNA alterations are certainly involved in the biological basis of a number of 

diseases. In psychiatry, RNA markers are central, and are certainly implicated in diverse 

facets such as distinct clinical presentations, neuroimaging alterations and endophenotypes. 

Consistent patterns of abnormalities in proteomics can be a result of alternative mRNA 

splicing, quantitative fluctuations in mRNA, or translational regulation, which can be 

determined by non-coding regulatory RNAs. These proteomic alterations can affect diverse 

disease-related aspects, including neural system alterations that may underlie emotional 

processing and cognitive control, characteristic of psychiatric diseases. Such abnormalities, 

present at protein and RNA levels, may constitute valuable disease biomarkers, and may 

potentially help in the disease diagnosis shedding light on the molecular basis of psychiatric 

illnesses. Together, genome and transcriptome analysis provided the basis upon which 

these markers could be investigated and identified by a series of distinct and 

complementary approaches. In this chapter we will present the most frequently used 

techniques to interrogate the transcriptome in large-scale and will focus on the most 

relevant biomarkers that have been revealed in schizophrenia (SCZ), disease uniquely 

human that affects 1% of the population world wide. 

 

2. The main approaches used for RNA biomarkers discovery 

The identification of reliable biomarkers is of utmost relevance for psychiatric 

diseases. The availability of these markers would be great value for all psychiatric diseases, 

and of particular importance in SCZ, a complex disease with pathogenesis mechanisms yet 
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to be defined, despite the various efforts in order to its progressive understanding 

(Freedman 2003). Besides some macroscopic alterations observed in brain scans of SCZ 

patients, the disease diagnosis is essentially clinical, with no molecular basis nor reliable 

biochemical markers identified up to now and an still unpredictable response to treatment 

(Frances et al. 1991). The complexity of SCZ is a driving force in the search of reliable 

markers, at DNA, RNA, protein and brain morphometry levels. Besides the recent 

exploration of the transcriptome in post-genomic era, the search for reliable SCZ markers is 

still an ongoing process.  

At its early days, the search of RNA markers in SCZ was focused in the evaluation 

of expression of specific genes of interest related to what was known in SCZ. These genes 

had their cDNA sequenced in samples of patients, such as it has been done in 1986 with the 

analysis of the coding region of gamma-endorphin gene derived from postmortem brains 

and pituitary glands of schizophrenic patients (Bovenberg et al. 1986). Nowadays, a 

number of large-scale techniques allow the interrogation of the entire transcriptome, mainly 

using hybridization platforms known as gene chips, or cDNA microarrays. The gene arrays 

available today not only cover the full set of human genes, but also include a large set of 

non-coding regions and non-coding transcripts, enabling the interrogation of a significant 

fraction of the whole genome. This comprehensive genome and transcriptome analysis 

promises a revolution in the comprehension of gene regulation and its effects over human 

diseases.  

The most commonly used techniques for high-throughput transcriptome analysis are 

cDNA microarrays, Serial Analysis of Gene Expression (SAGE), and the analyses of 

Expressed Sequence Tags (ESTs). The discrete capabilities and distinct aspects of these 

different approaches are important to reveal the diversity of gene regulation aspects. These 
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large-scale methods are absolutely distinct from each other, and not only differ in their 

throughput and cost, but also in the type of data obtained and in the depth of information 

provided (Mirnics et al. 2001). These techniques not only allow an analysis of quantitative 

alterations, an aspect that is the subject of frequent investigation by the majority of RNA 

biomarker projects, but also help to unravel qualitative aspects of gene expression, such as 

alternative splicing or alternative poly-adenylation events, that also affect protein 

composition and RNA stability, with direct phenotypic consequences. These aspects make 

complementary, rather than competitive, the distinct transcriptome interrogation 

approaches. The combination of large-scale transcriptome interrogation tools will facilitate 

the investigation of the most complex questions related to diseases of the nervous system 

(reviewed in Mirnics et al. 2001) and together with new and large-scale DNA sequencing 

approaches available today, have the potential transfigure the importance of RNA markers 

for psychiatric diseases.  

 

2.1) Expressed Sequence Tags Analysis (EST): 

One of the early approaches used for large-scale gene discovery and analysis was 

based on the partial sequencing of clones derived from cDNA libraries as proposed by the 

group of J. Craig Venter, in 1992 (Adams et al. 1992). Due to its capacity of generating 

relatively long reads over cDNA sequences, this approach is still very useful for gene 

discovery, alternative splicing, alternative poly-adenylation, polymorphism and mutation 

analysis, being extremely rich sources of transcribed biomarkers.  

EST analysis starts with the extraction of the RNA of interest (mRNA or total RNA, 

depending on the approach used) that is going to be cloned into sequencing vectors. The 
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standard approach consists of using oligo-dT primers for the synthesis of the first cDNA 

strand, followed by the second strand synthesis and the cloning of double stranded cDNA 

molecules in the sequencing vectors, usually with the help of adaptors for a directional 

cloning. In this aspect, there is a major difference between EST and SAGE (to be described 

later), as ESTs usually aims to clone the entire, or the most complete cDNA fragment, 

while SAGE focus on very small fragments from a defined portion of the transcript. The 

cDNA clones are then sequenced, from one or from both ends. In non-normalized libraries, 

the number of times a certain gene is sequenced usually corresponds to its frequency in the 

original RNA pool.  Also, as the fragment sequenced is usually long (500-800nt), sequence 

analysis provides not only a unambiguous gene identification, but also provides data useful 

for the observation of transcriptional diversity, such as polymorphisms, mutations or 

alternative splicing and alternative polyadenylation events. 

The major limitations of the EST approach are related to sequencing costs required 

for broad transcriptome coverage. Each clone sequenced allows the study of a single 

transcript and due to the high level of expression of some transcripts, sequencing 

redundancy of the most abundant transcripts could be a limitation. Another drawback is the 

biased distribution of the ESTs towards the ends of the transcripts, which reduces the 

coverage of the whole gene. While the reduction on DNA sequencing costs is now a reality, 

the alternative approaches that have been described to circumvent sequencing redundancy 

and positional biases of ESTs inevitably abolish its use in the detection of relevant 

fluctuations in gene expression (Soares et al. 1994, Dias-Neto et al. 2000, Camargo et al. 

2001). 

In neuropsychiatry, ESTs have been used in the study of Parkinson’s disease (Lu et 

al. 2005 (a), Kim et al. 2006) and epilepsy (Avedissian et al. 2007). ESTs have also been 
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used in the study of brains of schizophrenic patients and a few thousand sequences have 

been generated and are publicly available in the EST database at the NIH 

(www.ncbi.nlm.nih.gov/dbEST). Most brains used for cDNA libraries construction were 

obtained at the Stanley Neuropathology Consortium, and include the frontal lobe of a 

suicide schizophrenic, male, 34 years old (3,699 ESTs available), as well as a hippocampus 

(a pool of three schizophrenic patients), subtracted from a pool of three mentally normal 

individuals. All sequences are available in public databases, and can be used to point a 

number of transcriptional aspects present in these brain samples. In SCZ, ESTs were also 

useful for the analysis of new gene polymorphisms in the 14-3-3 eta chain gene (Bell et al. 

2000).  

 

2.2)  cDNA microarrays: 

The development of cDNA microarrays has provided one of the most powerful tools to 

the large-scale gene expression investigation in human diseases. Through the use of these 

arrays, global gene expression analysis could be used as valuable tool to obtain major 

insights into diagnosis, progression, prognosis and response to therapy for a number of 

human diseases. The basic technologies used for cDNA microarrays were first developed to 

evaluate gene expression. However, improvements of the initial methods now permits more 

intricate and widespread uses, including mutation analysis in expressed genes (Klevering et 

al. 2004, Tennis et al. 2006, Van Bogaert et al. 2007), gene sequencing and polymorphism 

analysis (Kozal et al. 1996, Günthard et al. 1998) and analysis of splicing events and copy 

number variations (Cuperlovic-Culf et al. 2006, Hughes et al. 2006, Blencowe 2006, 

Cowell and Hawthorn 2007). The analysis of gene expression using cDNA microarrays is 

one of the most used applications of the gene-chip technology as it permits the rapid, 
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simultaneous and sensitive analysis of a large number of biological samples for the 

concurrent expression of thousands of genes (Mirnics et al 2001, Magic et al. 2007). Recent 

developments allowed the investigation of larger fractions of the transcriptome, increasing 

the accuracy of cDNA microarrays, and reducing its costs, permitting microarrays to be 

used as a common tool in the search of markers of human diseases. These studies are often 

carried out in conjunction with other methods that confirm the differential expression 

detected with microarrays, including Northern blots and quantitative real-time PCR 

(QPCR). 

The concepts that lead to the development of cDNA microarrays were realized soon 

after the first description of the double helix by Watson and Crick, in 1953. After the 

depiction of the DNA structure, it was realized that the two DNA strands could be 

separated by heat or alkali treatment, in a reversible process that underlies all the methods 

based on DNA hybridization. It was also observed at that time, that some degree of 

sequence complementarity was required during the hybridization of two sequences 

involved in the duplex formation. Double-strand denaturation, sequence complementarity 

and renaturation capability were concepts that emerged during this period and allowed the 

development of analytical methods based on DNA hybridization, which were quickly 

incorporated into a range of biological investigations. Later on, on the mid-1970s the 

potential of the recombinant DNA technology was realized due to a number of factors, 

including the capability of detecting specific clones in genomic or cDNA libraries 

(Grunstein and Hogness 1975, Benton and Davis 1977), using hybridization. Thus, 

bacterial or phage clones carrying plasmids with different inserts, could be screened and 

selected on membranes, exploring the concept of anchoring nucleic acids to a solid support 

for analysis by hybridization with radioactive-labeled probes. 
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  Modern microarrays were developed from these key basic concepts, and now employ 

microscopic dots, spotted on glass slides, revealed with fluorescent probes. The most used 

platforms consist of a set of pre-defined arrays of DNA molecules (such as 

oligonucleotides, cDNA clones or PCR products) that are usually spotted onto glass slides, 

as well as labeled cDNAs, derived from RNAs of the samples of interest. The labeled 

cDNA molecules are hybridized against the elements on the arrays and the detection is 

usually made using fluorophores such as Cy-3 or Cy-5. Once the hybridization step is 

completed, the glass slides are scanned to obtain digital images of the experimental results. 

These digital images contain hundreds or thousands of points or “spots”. Each spot 

represents a probe, and usually, many probes are available for each transcript. Gene 

expression levels are then quantified with the help of software designed for image-analysis. 

After processing the hybridization results of thousands of probes, representing thousands of 

genes, the typical goal is to find statistically significant up- or down-regulated transcripts.  

The technique is sensitive and can detect gene expression fluctuations for most of the 

transcripts. Commercially available cDNA microarrays can detect as few as one in 250,000 

mRNA copies (Mirnics et al., 2001). This level of sensitivity should allow the detection of 

rare mRNA species in a pool of transcripts found in a typical tissue sample (Lockhart et al. 

1996, Bertucci et al. 1999, Kane et al. 2000). However, even with this high sensitivity, 

many low-abundance transcripts remain undetected. Unfortunately, increasing the absolute 

amount of the hybridized target usually will not increase the sensitivity of the microarray – 

as the relative abundance of the transcript within the RNA pool, coupled with microarray 

probe characteristics, will influence the detection limit for each individual transcript. Thus, 

transcripts which expression is restricted to a small subpopulation of neurons are effectively 

diluted by the most abundant ones and remain undetectable. Consequently, even if one had 
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access to the entire transcriptome on a microarray, the complexity of gene expression in the 

brain would preclude real global gene expression profiling. 

Advantages of microarrays include its high degree of automation, the requirement of 

relatively small RNA amounts, as well as the capability of simultaneous analysis of 

thousands of genes in a single experiment, at a relatively low cost (around US$500/slide). 

However, as each probe is capable of evaluating only its corresponding transcript, the 

distinct probe properties (such as its GC content, self-complementarity, and its location in 

the transcript) can affect its hybridization capabilities. Thus, the expression data derived 

this way is relative rather than absolute, and gene-expression measurements made by 

microarrays still need to be confirmed by other methods. Due to the relative low cost, and 

the availability of a number of commercial platforms, cDNA microarrays are one of the 

most popular approaches to investigate gene expression.  

In psychiatry research, microarray analysis have provided a wealth of information to 

help uncover complex biological processes, to better understand the pathogenesis of many 

diseases, and to discover novel potential biomarker panels, to mention a few. 

Transcriptomes of different brain areas have been investigated by many groups, and the 

results have contributed to the definition of the set of genes expressed in diseased brains, 

pointing to a potentially relevant set of RNA markers. Most of the markers described in this 

chapter have been discovered by using microarray analysis. 

 

2.3) Serial Analysis of Gene Expression (SAGE): 

Gene expression patterns in the human brain exceed the complexity of many other 

organ systems. The degree of difficulty in the analysis of such patterns is magnified in the 

investigation of psychiatric disorders, which appear to result from the interplay of 
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polygenic and epigenetic factors on multiple brain circuits. Thus, in many situations of the 

psychiatry research, it would be important to use techniques that do not require an a priori 

definition of the genes that are going to be investigated. This is one of the most interesting 

aspects of SAGE. 

SAGE (Serial Analysis of Gene Expression) is a DNA sequencing-based technique, 

described by Velculescu et al, in 1995 (Velculescu et al, 1995), based on the sampling of 

short cDNA sequences (called tags) ideally gene-specific, from a population of cells or 

tissues. The presence and the sequence of these gene tags are determined by the occurrence 

and location of digestion sites of frequent cutter restriction enzymes. SAGE theory rests in 

three basic principles: First, considering a traditional SAGE experiment, a theoretical tag of 

14nt – 4 nt corresponding to the restriction enzyme site, followed by the 10 nucleotides 

downstream -  can generate 410 (1,048,576) different tags, which in theory are capable to 

discriminate most of human transcripts (Patino et al. 2002). Second, tag concatenation 

allows a faster and less-expensive determination of the tag-sequence via cDNA sequencing, 

allowing the analysis of thousands of genes in a few sequencing reactions; and third, the 

number of times each tag is sequenced should reflect the expression level of its 

correspondent gene (Knox and Skuce 2005), allowing the generation of gene abundance 

lists, categorizing the expression of each transcript in a absolute fashion.  

SAGE requires the extraction of the RNA samples to be compared, followed by the 

construction and sequencing of SAGE libraries containing tags concatamers. After 

sequencing a few thousand clones of the SAGE libraries, the frequency of the tags (which 

are derived from the collection of genes expressed in the studied samples) corresponds to 

the frequency of the respective gene in the original sample. Due to the concatenation of 
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small fragments for serial sequencing, tag redundancy is used to estimate transcript 

abundance, and does not represent a limitation as seen in the EST approach. 

The construction of SAGE-libraries is based in a chain of enzymatic steps. Briefly, 

the process starts with the synthesis of cDNA molecules, primed by a biotinylated oligo dT 

coupled to magnetic beads. The cDNAs are magnetically captured and digested with a 

frequent (4-bp) cutter restriction enzyme, named anchoring enzyme (usually NlaIII). After 

this digestion, the digested fragments that are not coupled to the oligo-dT in the magnetic 

columns are washed away, and only the most 3’ end fragments remain. These are subjected 

to the ligation of adapters containing the restriction site of other enzymes, used as tagging 

enzymes. A tagging enzyme is a type IIS restriction endonuclease (BsmfI is typically used), 

an enzyme that cuts the DNA fragment at a defined distance of its recognition site (up to 20 

base pairs). To illustrate, the restriction enzyme BsmfI recognizes the sequence GGGAC 

and will cleave the DNA strand 10 nt downstream. As the DNA is cleaved, it is released 

from the bead, and the tags are ligated to each other to create ditags. These tags are then 

concatenated and cloned in sequencing vectors, constituting a SAGE library, ready to be 

used for serial DNA sequencing. The detailed protocol of SAGE as well as more 

information can be found at the SAGEnet website 

(http://www.sagenet.org/protocol/MANUAL1e.pdf - accessed in 30 Dec 2007) as well as in 

a recent review by Hu and Polyak (Hu and Polyak 2006). 

A typical SAGE-library contains thousands of clones, each one containing a few 

dozens of small transcript tags (14 bp) cloned in tandem. In a single sequencing run, as 

many as 25-30 gene tags can be obtained from a clone, and 2,000 to 3,000 tags can be 

produced after sequencing a single 96 well plate. After extracting and counting the 

individual tags, a SAGE-tag list is produced. The tags are mapped to their genes, and their 
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frequency corresponds to the abundance of the correspondent gene in the original RNA 

pool. Thus, SAGE is an open platform that does no require an a priori list of genes to be 

investigated. 

 Another important aspect of SAGE regards its quantitative power. A usual SAGE 

experiment involves the construction and sequencing of a pair of SAGE libraries, allowing 

transcriptome comparison in two different situations, giving statistic significance to each 

compared transcript. This type of data permits a direct comparison between different 

experiments, laboratories, experimental systems, and data types, a crucial aspect of the 

database dependent analysis of biological systems that is required by functional genomics 

approaches. With the advent of the new DNA sequencing technologies (Margulies et al. 

2005, Nielsen et al. 2006) SAGE lists with millions of tags can be generated in a few days, 

and data from different laboratories or experiments can be directly compared.  

Maybe the most significant problem of SAGE is the generation of ambiguous tags, 

which could make difficult the interpretation of data. It is estimated that around 30% of the 

regular SAGE-tags can be mapped to multiple human transcripts, and the correct 

interpretation of gene regulation in the sample requires tag-extension approaches or 

alternative SAGE methods (reviewed in Wang 2007). One way to overcome this limitation 

is to generate longer (and thus, more specific gene tags) as described (Saha et al. 2002). 

Another limitation of SAGE is the inability of tagging some genes, due to the absence of 

required sites for the anchoring enzyme in a fraction of the transcripts. It has been 

calculated that this latter problem would halts the proper analysis of expression of 3-5% of 

the human genes. Due to the high costs, and many days required for library construction 

and sequencing SAGE libraries, this technique has been poorly used in the study of 

transcriptome alterations in psychiatric diseases.  
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The published gene expression analyses using SAGE in models to study 

neuropsychiatry are limited to a few papers evaluating drug-response and gene expression 

(Ouchi et al. 2004, Cai et al. 2005), or in models for epilepsy (Hendriksen et al. 2001, Arai 

et al. 2003) or Parkinson’s disease (Ryu et al. 2002, Ryu et al. 2005).  Few studies have 

been published with human samples, and are currently limited epilepsy (Ozbas-Gerçeker et 

al. 2006), bipolar disorder (Sun et al. 2001), Parkinson’s (Noureddine et al. 2005) or 

Alzheimer’s disease (Xu et al. 2007). After the recent development of new DNA 

sequencing technologies, such as the sequencing by synthesis using pyrosequencing 

protocols optimized for solid supports (Margulies et al. 2005) we can expect to see a rebirth 

of sequencing-based RNA biomarker discovery in the coming years. These technologies 

dramatically reduced sequencing costs, and allow the generation of more than 400,000 

reads in a single sequencing run. Less expensive sequencing will make possible the 

sequencing of hundreds of thousands of ESTs, and millions of SAGE tags in a single day, 

with a strong impact in the discovery of RNA-biomarkers. 

 A comparative overview of the most important advantages and disadvantages of 

cDNA microarrays, SAGE and EST analysis is presented in Table I. 
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Table I – Advantages and disadvantages of three large-scale transcriptome investigation approaches. 

 

Technique Main Advantages Main Disadvantages 

EST analysis 

- The higher informational 
content (quantitative/qualitative) 
- More precise gene 
identification 
- Excellent to provide qualitative 
alterations in gene expression 
(such as alternative splicing) 
- Allows the analysis of gene 
polymorphisms and mutations 
- Excellent tool for gene finding. 

- cDNA library preparation is a 
complex step 
- Large amounts of RNA are 
required 
- High cost for large-scale 
sequencing when a broad 
transcriptome coverage is 
required 
- High bioinformatics 
requirements 
- Low-throughput method 
 

cDNA microarrays 

- Low cost after device 
installation 
- Large-scale evaluation of 
thousands of transcripts. 
- Relatively small RNA amounts 
- Low bioinformatics 
requirements 
- Method highly automated 
- High-throughput  
- The most characterized method 
 

- Low quantification range 
- Allows the evaluation only of 
the transcripts present in the 
array. 
- Do not analyze unknown 
genes 
- cDNA may hybridize to 
similar probes (adjustable 
problem) 
- Require special device to 
array analysis 
- Requires complex statistics 
analysis. 
 

SAGE 

- Allows the analysis of 
unknown genes 

- Directly estimates gene 
abundance level 

- Expression data is absolute 
- Excellent quantification range 
-   High Throughput Method 
- Do not require special devices 
- Results from any new 

experiment are directly 
comparable to other SAGE 
data 

- SAGE library preparation is 
a complex step 
- Tags can be ambiguous 
- Some transcripts may lack 
the anchoring enzyme site 
- Poor detection of rare 
transcripts 
- Expensive and cumbersome 
DNA sequencing (applying 
traditional SAGE method). 

- High bioinformatics 
requirements 
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3. Searching for RNA markers in schizophrenia brain samples 

 Transcriptome studies in neuropsychiatric diseases indicated consistent alterations 

in the expression of many genes. In many cases, independent studies, dealing with different 

samples and distinct experimental platforms, have consistently found alterations in the 

same genes, or in the same pathways, strongly suggesting the implication of discrete 

physiological clusters in the pathophysiology of certain diseases. This is a strong 

suggestion that transcriptional alterations may be very relevant not only to propose 

appropriate biomarkers, but also to contribute to the comprehension of the biological basis 

of neuropsychiatric diseases. 

In the next pages we will briefly present the regulatory clusters more consistently 

identified in gene expression studies in SCZ, which constitute the most promising RNA 

markers for this disease.  

 

3.1) Oligodendrocyte-related genes 

The main function of the oligodendrocytes is the formation of myelin sheath units 

around the axons of the neurons in the central nervous system. Myelin is an electrically-

insulating phospholipid layer that surrounds the axons of many neurons and greatly 

facilitate axonal signal by increasing the speed at which the electrical impulses are 

propagated and by preventing the electrical current from leaving the axon. Due to the key 

role of myelin, oligodendrocytes have been an important focus in the study of many 

neurological and neuropsychiatric diseases. In the grey-matter, oligodendrocytes are more 

numerous than astrocytes and microglia (Dai et al. 2003), and it has been estimated that 

oligodendrocytes constitute about 51% of cells around the soma of large neurons in the 
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human cortex (Polak et al. 1982). The atrophy of pyramidal neurons in the hippocampus, 

which has been also reported in the pre-frontal cortex (PFC) in SCZ, can be caused by the 

loss of these important cells (Benes et al. 1991, Arnold et al. 1995, Zaidel et al. 1997, 

Rajkowska et al. 2001). Whereas the abnormal distribution and decreased density of 

oligodendrocytes in frontal regions of SCZ brains was observed in histological studies 

(Uranova et al. 2001), the search for RNA markers in different regions of SCZ brains 

revealed the altered regulation of many oligodendrocyte-related genes, most involved with 

myelin-homeostasis, suggesting the important role of myelinization and oligodendrocytes 

in SCZ. Alterations in the metabolism of oligodendrocytes are among the most consistent 

SCZ biomarkers. 

One of the first publications that reported the altered regulation of oligodendrocytes 

in SCZ was Hakak et al (Hakak et al. 2001), using cDNA microarrays in the analysis of 

dorsolateral pre-frontal cortex (DPFC) pools of controls and medicated chronic SCZ 

patients. The findings of this report suggest that oligodendrocytes can be a specific cell type 

functionally deficient in SCZ. This suggestion was subsequently reinforced by independent 

analysis conducted by another 4 groups, also using cDNA microarrays to compare RNAs 

from SCZ and controls, using RNA samples extracted from DPFC or other brain regions 

(Tkachev et al. 2003, Prabakaran et al. 2004, Aston et al. 2004, Katsel et al. 2005, Arion et 

al. 2007), and by another study that evaluated the expression of selected olygodendrocyte-

related genes using QPCR (Dracheva et al. 2006). Some of the oligodendrocyte-related 

genes found by these groups were recently confirmed by McCullumsmith et al 

(McCullumsmith et al. 2007) using in situ hybridization. Some of the most relevant papers 

published on RNA analysis in SCZ, as well as the brain regions and platforms used in the 
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study are presented in Table II. The most consistent oligodendrocyte-related gene 

expression alterations, identified by at least two groups, are listed in Table III. 

 

Table II: Analysis of gene expression of oligodendrocytes-related genes of postmortem SCZ brain 

tissue 

Reference 
Type of 
Analysis 

Subjects Brain region 

Hakak et al. 2001 Microarrays 12 SCZ; 12 controls 
Pre-frontal cortex 
(BA46; left hemisphere; gray matter) 

Tkachev et al. 2003 Microarrays 
15 SCZ; 15 Bipolar; 15 

controls 
Pre-frontal cortex 
(BA9; gray/white matter) 

Prabakaran et al. 2004 Microarrays 54 SCZ; 50 controls 
Pre-frontal cortex 
(BA9 gray/white matter) 

Aston et al. 2004 Microarrays 12 SCZ; 14 controls 
Temporal Cortex 
(Middle Temporal Gyrus - BA21) 

Katsel et al. 2005 Microarrays 16 SCZ; 14 controls 

Superior frontal gyrus (BA8) 
Frontal pole (BA10) 
Insular cortex (BA44) 
Dorsolateral prefrontal córtex (BA46) 
Anterior cingulate (BA: 24/32) 
Posterior cingulate (BA: 23/31), 
Parietal (BA: 7) 
Inferior temporal gyrus (BA20) 
Middle temporal gyrus (BA21) 
Superior temporal gyrus (BA22) 
Parahippocampal gyrus (BA 36/28) 
Occipital (BA: 17) 
Hippocampus 
Caudate nucleus 
Caudate putamen 

Dracheva et al. 2006 qPCR 

I- 30 SCZ; 25 Controls 
II- 24 SCZ; 21 Controls 
III- 23 SCZ; 20 Controls 
IV- 24 SCZ; 19 Controls 

I- Cingulate Gyrus (Brodmann area 
24/32) 
II- Hippocampus 
III- Caudate Nucleus 
IV- Caudate Putamen 

McCullumsmith et al. 
2007 

in situ 
hybridization 

41 SCZ; 34 Controls Anterior Cingulate Cortex 

Arion et al. 2007 
Microarrays 
and qPCR 

12 SCZ; 12 Controls 
Pre-frontal cortex 
(BA46; left hemisphere; gray matter) 
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Table III: Oligodendrocyte-related genes presenting altered expression in SCZ brain tissues. 

Gene symbol Gene name Gene alteration described by: 

CNP 2’,3’-cyclic nucleotide 3’ phosphodiesterase 

Hakak et al. 2001 
Tkachev et al. 2003 

Prabakaran et al. 2004 
Aston et al. 2004 
Katsel et al. 2005 

Dracheva et al. 2006 
McCullumsmith et al. 2007 

MAG Myelin-associated glycoprotein 

Hakak et al. 2001 
Tkachev et al. 2003 

Aston et al. 2004 
Katsel et al. 2005 
Aberg et al. 2006b 

Dracheva et al. 2006 
McCullumsmith et al. 2007 

ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene 

Hakak et al. 2001 
Tkachev et al. 2003 

Aston et al. 2004 
Katsel et al. 2005 

TF Transferrin 

Hakak et al. 2001 
Tkachev et al. 2003 

Prabakaran et al. 2004 
 Katsel et al. 2005 
Aberg et al. 2006b 

McCullumsmith et al. 2007 
Arion et al. 2007 

GSN Gelsolin 
Hakak et al. 2001 

Prabakaran et al. 2004 
 Katsel et al. 2005 

MAL T-lymphocyte maturation-associated protein 
Hakak et al. 2001 
Aston et al. 2004 
Katsel et al. 2005 

CLDN11 Claudin 11; Oligodendrocyte specific protein 
Tkachev et al. 2003 
 Katsel et al. 2005 

Dracheva et al. 2006 

MOG Myelin oligodendrocyte glycoprotein 
Tkachev et al. 2003 
 Katsel et al. 2005 
Arion et al. 2007 

PLP Proteolipid protein 
Tkachev et al. 2003 

Aston et al. 2004 
Aberg et al. 2006b 

PLLP/ TM4SF11 Plasmolipin or Transmembrane 4 superfamily 11 
Aston et al. 2004 
Katsel et al. 2005 

QKI Quaking homolog Aberg et al. 2006a; McCullumsmith et al. 2007 
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Many different large-scale studies, using different samples, different brain regions 

and diverse microarray platforms showed significant alterations in the expression of 

myelinization pathways. Many of these findings were subsequently confirmed in an 

individual basis, by other groups, usually with sensitive approaches such as QPCR analysis. 

Diverse genes related to oligodendrocyte function were confirmed in an individual basis, 

including 2’,3’-cyclic nucleotide 3’ phosphodiesterase (CNP) (Peirce et al. 2006), Myelin-

associated glycoprotein (MAG) (Aberg et al. 2006, Wan et al. 2005), Gelsolin (GSN) (Xi et 

al. 2004), Myelin oligodendrocyte glycoprotein (MOG) (Liu et al. 2005), Neuregulin 

(NRG1) (Tosato et al. 2005), and many others. 

It is interesting to note that the myelination of the PFC occurs in the adolescence, a 

period when SCZ onset is more common,. It should also be noted that demyelination 

diseases such as metachromatic leukodystrophy, are associated with a schizophrenic-like 

psychoses (Hyde et al. 1992). As suggested by Hakak et al. (Hakak et al. 2001), alterations 

in oligodendrocyte–axon interactions may underlie cytoarchitectural changes found in SCZ. 

When the consistent observation of a differential regulation of myelin-related genes is taken 

together with clinical and physiological aspects, oligodendrocytes appear as one of the 

stronger players in SCZ. 

 

3.2) Alterations in synaptic function and plasticity 

One of the first large-scale transcriptome analyses of SCZ brains was made by 

Mirnics et al. (Mirnics et al. 2000) that used cDNA microarrays to study gene expression in 

PFC samples derived from 12 SCZ and 10 control subjects. PFC, the anterior region of 

frontal lobes, is one of the most explored brain regions in SCZ RNA studies. This 

neocortical region is most elaborated in primates and provides diverse and flexible 
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behavioral repertoires, including the differentiation of conflicting thoughts, determination 

of concepts of “good and bad” and perspectives in accordance of determined actions and 

moderating correct social behavior. Moreover, an important function operated in PFC is 

personality expression (Miller and Cohen 2001, Liston et al. 2006). The platform used by 

Mirnics et al. (Mirnics et al. 2000) contained over 7,000 unique cDNA elements, and the 

most relevant findings involved the reduced expression of genes involved with of pre-

synaptic function (PSYN) which were subsequently verified by in situ hybridization. The 

reduced expression of PSYN genes, can lead to an impaired release of synaptic vesicles at 

nerve terminals, causing a neurotransmission imbalance frequently observed in SCZ.  Two 

genes showed consistent regulation in individual analysis: N-ethylmaleimide sensitive 

factor (NSF) and synapsin II (SYN2) in all six SCZ patients included in the study. The 

markers revealed by this study suggest that SCZ can be the consequence of an abnormality 

in pre-synaptic function. 

Altered state of synaptic functions and plasticity have been enrolled as primary 

suspects in SCZ for many years (reviewed in Owen et al. 2005). One of the major 

evidences of a synaptic imbalance is the hyper-dopaminergic state presented by SCZ 

patients, which has been proved after the demonstration that dopaminergic agonists can 

induce “psychotic-like status” and after the observation that the potency of an antipsychotic 

drug is directly proportional to its ability to block dopamine receptors (Seeman et al. 1975). 

Moreover, an abnormal neurodevelopment, including synapse formation, could be one of 

the main causes of this hyper-dopaminergic state (Raedler et al. 1998). The synaptic defects 

in SCZ brains may lead to deficits in episodic memory, malfunction of hippocampal 

circuitry, and anomalies of axonal sprouting (Ben-Shachar and Laifenfeld 2004). 
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 Transcriptome studies revealed the differential expression of synapse-related 

proteins in the brains of SCZ patients and have reinforced the involvement of this pathway 

in SCZ. Myristoylated alanine-rich C kinase substrate, growth-associated protein-43, 

superior cervical ganglia-10, and neuroserpin are genes involved in neuronal development 

and the modulation of synaptic plasticity (Aigner et al. 1995, McNamara and Lenox 1997), 

which have been found to be upregulated in SCZ brains (Hakak et al. 2001).  

Vawter et al. (Vawter et al. 2001), while studying middle temporal gyrus, 

cerebellum and PFC pools of SCZ patients, showed the alteration of rab3c, glutamate 

receptor ionotropic AMPA2, neuroserpin, tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, eta polypeptide, and calmodulin 3. More recently, 

Aston et al. (Aston et al. 2004) described the downregulation of SYN2 and synaptojanin 1, 

in SCZ PFC. The list of these synapsis-related genes may also include NRG1 (a protein 

also involved in oligodendrocyte function) which is released from glutamate terminals and 

regulates NMDA glutamate receptors. A synthesis of the more solid findings of synapsis-

related gene alterations found in SCZ can be found in Table IV. 
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Table IV: Synapsis-related genes revealed as differentially expressed in transcriptome studies of SCZ brain 

tissue. 

Reference Gene Symbol Gene name 

MARCKS 
Myristoylated alanine-rich C kinase 

substrate 
GAP-43 Growth-associated protein-43 
SCG-10 Superior cervical ganglia-10 

Hakak et al. 2001 

SERPINI1 Neuroserpin 
 

NSF N-ethylmaleimide sensitive factor 
Mirnics et al. 2000 

SYN2 Synapsin II 
 

RAB3C 
RAB3C, member RAS oncogene 

family 

AMPA2 
Glutamate receptor ionotropic 

AMPA2 
SERPINI1 Neuroserpin 

YWHAH 

Tyrosine 3-
monooxygenase/tryptophan 5-

monooxygenase activation protein, 
eta polypeptide 

Vawter et al. 2001 

CALM3 Calmodulin 3 
 

SYN2 Synapsin II 
Aston et al. 2007 

SYNJ1 Synaptojanin 1 

 

These genes code for proteins that may have an impact on the function of synapses, 

including glutamate synapses. The identification of these genes implies that synapses might 

be one of the primary abnormality sites of in SCZ, with a series of downstream 

consequences that might affect the neural circuitry. 

 

3.3) Energy Metabolism 

 Alterations in energy metabolism have been extensively described by large-scale 

transcriptome and proteome analysis in SCZ (Prabakaran et al. 2004, Ben-Shachar and 

Laifenfeld 2004, Bubber et al. 2004, Karry et al. 2004, Glatt et al. 2005, Clark et al. 2006, 

Martorell et al. 2006, Mehler-Wex et al. 2006). Many aspects of the energy metabolism in 

brain, as well as its close connection to the neuronal plasticity and synapse (reviewed in 

Ben-Shachar and Laifenfeld 2004) and evidences of oxidative damage in SCZ brains 
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(reviewed in Yao et al. 2001) strongly suggest that SCZ has an important energetic 

component in its pathogenesis. 

Middleton et al. (Middleton et al. 2002), studying the transcriptome of SCZ PFC 

cortex using microarray, showed a reduction in the expression of energy-metabolism genes 

involved in the mitochondrial malate shuttle, mitochondrial translocases , Ketone body 

metabolism and others as shown in Table V. Prabakaran et al. (Prabakaran et al. 2004) 

using PFC from 54 SCZ and 50 controls found transcriptional alterations of genes related to 

energy metabolism and to oxidative stress as shown in Table V.  

 Ben-Shachar et al. (Ben-Shachar et al. 2004) hypothesize that the mitochondrial 

dysfunction in SCZ could be caused by an imbalanced dopamine metabolism in SCZ 

brains. The hyper-dopaminergic state generates many dopamine oxidized metabolites, 

which consequently inhibits the mitochondrial respiratory system. 
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Table V: Energy metabolism-related genes revealed as differentially expressed in transcriptome studies of 

SCZ brain tissue. 

Reference Gene Symbol Gene name 

GOT2 
Glutamic-oxaloacetic transaminase 

2 
MDH1 Malate dehydrogenase 1 

ATP5A1 
ATP synthase mitochondrial F1 

complex alpha 
Azin1 Antizyme inhibitor 
CRYM Crystallin 
OAT Ornithine aminotransferase 

TIMM17A 
Translocase of inner mitochondrial 

membrane 17 
OXCT1 3-Oxoacid CoA transferase 
USP14 Ubiquitin-specific protease 14 

Middleton et al. 2002 

UCHL1 Ubiquitin C-terminal esterase L1 
 

PKM1 Muscle pyruvate kinase 

ACADS & ACADL 
Peroxisomal acyl-CoA oxidase - 

short- and long-chain -  
dehydrogenases 

ACAT2 
acetyl-coenzyme A acyltransferase 

2 

AGPS 
ATP citrate lyase, alkylglycerone 

phosphate synthase 

CPT1 & CPT2 
carnitine palmitoyltransferases 1 

and 2 
ACO Aconitase 

ENO Enolase 

PDH Pyruvate dehydrogenase 

Prabakaran et al. 2004 

GAPDH 
Glyceraldehyde-3-phosphate 

dehydrogenase 

 

 

3.4) Other biochemical pathways 

Table VI presents an overall synthesis of large-scale analysis in SCZ brains, 

showing the sample size and the brain areas studied, and highlighting the most relevant 

regulated pathways. 
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Table VI: Analysis of gene expression of different brain regions of postmortem SCZ brain. We did not report here the 

oligodendrocyte genes, which are shown in Tables II and III. 

Reference Samples 
Type of 
Analysis 

Regulated Pathways  Most important regulated genes 

Mirnics et al. 
2000 

11 SCZ 
11Controls 

Pre-frontal cortex 
(BA9) 

Microarray 
* Presynaptic Function 

* GABA neurotransmission 
* Glutamate neurotransmission 

* N-ethylmaleimide sensitive factor  
* synapsin II 

Hakak et al. 
2001 

12 SCZ 
12 Controls 

Pre-frontal cortex 
(BA46) 

Microarray 

* Oligodendrocyte metabolism 
* Synaptic plasticity 

* Neuronal development 
* Neurotransmission 
* Signal transduction 

 

Vawter et al. 
2001 

5 medicated SCZ 
3 unmedicated 

SCZ 
3 Controls 

(Pre-frontal cortex, 
cerebellum and 
middle temporal 

gyrus) 

Microarray 
 

* Synaptic signaling 
* Proteolytic functions 

* Tyrosine 3-
monooxygenase/tryptophan 5-

monooxygenase activation protein, 
eta polypeptide 

* Sialyltransferase 
* Proteasome subunit, alpha type 1 

* Ubiquitin carboxyl-terminal 
esterase L1 

* Solute carrier family 10, member 
1. 

Middleton et al. 
2002 

10 SCZ 
11 Controls 

Pre-frontal cortex 
(BA9) 

Microarray 

* Malate shuttle 
* Transcarboxylic acid cycle 

* Ornithine–polyamine metabolism 
* Aspartate–alanine metabolism 

* Ubiquitin metabolism 

* Antizyme inhibitor 
* Crystallin 

* Ornithine aminotransferase 
* Translocase of inner mitochondrial 

membrane 17 
* Ubiquitin-specific protease 14 

* Glutamic-oxaloacetic 
transaminase 2, mitochondrial 

* 3-Oxoacid CoA 
* ATP synthase, mitochondrial F1 

complex 
* Malate dehydrogenase 1, NAD 

(soluble) 
* Ubiquitin C-terminal esterase L1 

(thiolesterase) 

Mimmack et al. 
2002 

10 SCZ 
10 Controls 

(Japan/NZ - Pre-
frontal cortex) 

Microarray High-Density Lipoproteins 
* Apolipoprotein L1 
* Apolipoprotein L2 
* Apolipoprotein L4 

Vawter et al. 
2002 

15 SCZ 
15 Controls 

Pre-frontal Cortex 
(BA9/BA46) 

Microarray 
 

 

* Histidine triad nucleotide-binding 
protein 

*Uubiquitin conjugating enzyme 
E2N 

* Glutamate receptor, ionotropic,  

Tkachev et al. 
2003 

15 SCZ 
15 Controls 

Pre-frontal cortex 
(BA9/BA46) 

Microarray * Oligodendrocyte metabolism 

* Proteolipid protein 1 
* Myelin-associated glycoprotein 

* Myelin basic protein 
* Myelin oligodendrocyte 

glycoprotein 
* Myelin protein zero 

* V-erb-b2 erythroblastic leukemia 
viral oncogene homolog 3 

* Transferrin 
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Prabakaran et 
al. 2004 

54 SCZ 
50 Controls 

Pre-frontal cortex 
(BA9) 

Microarray 
* Energy metabolism 

* Oxidative stress 

* Metallothionein 
* Platelet-derived growth factor 

* Erythropoietin receptors 
* Enzyme complexes of 

mitochondria 
* Superoxide Dismutase 

Aston et al. 
2004 

12 SCZ 
14 Controls 

Temporal Gyrus 
(BA21) 

Microarray 

* Oligodendrocyte metabolism 
* Neurodevelopment 
* Circadian rhythms 

* Signaling mechanisms 

* Myelin-associated glycoprotein 
* Plasma membrane proteolipid 

* V-erb-b2 erythroblastic leukemia 
viral oncogene homolog 3 

* Proteolipid protein 1 
* TNF receptor-associated factor 4 

* Histone deacetylase 3 
* Neurod1 

* Period homolog 1 

Katsel et al. 
2005 

13 SCZ 
13 Controls 
(15 different 

regions related in 
Table II) 

Microarray 
* Glial differentiation 

* Oligodendrocyte metabolism 

* Myelin-associated glycoprotein 
* Transferrin 

* Quaking Protein 

Dracheva et al. 
2006 

30 SCZ 
25 Controls 

Cingulate Gyrus 
(BA24/32) 

 
24 SCZ 

21 Controls 
Hippocampus 

 
23 SCZ 

20 Controls 
Caudate Nucleus 

 
24 SCZ 

19 Controls 
Caudate Putamen 

Q-PCR 
* Oligodendrocyte and myelin-

related genes 

* Myelin-associated glycoprotein 
* Sex determining region Y-box 10 

* Claudin11 
* Peripheral myelin protein 22 

* 2’,3’-cyclic nucleotide 3’ 
phosphodiesterase 

McCullumsmith 
et al. 2007 

41 SCZ 
34 Controls 

Anterior Cingulate 
Cortex 

in situ 
hybridization 

* Oligodendrocyte and myelin-
related genes 

* 2′,3′-cyclic nucleotide 3′-
phosphodiesterase 

* myelin-associated glycoprotein 
* Transferrin 
* Quaking 

Arion et al. 2007 

14 SCZ 
14 Controls 

Pre-Frontal Cortex 
(BA46) 

Microarray and 
QPCR 

* Synaptic 
* Oligodendrocyte 

* Signal transduction 
* Immune/chaperone 

* SERPINA3 
* IFITM1  
* IFITM2 
* IFITM3 
* CHI3L1 
* MT2A 
* CD14  

* HSPB1 
* HSPA1B 
* HSPA1A 
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Taken together, the results of the gene expression studies presented here suggest 

that there is both neuronal and glial involvement in SCZ disease process, including 

alterations in the transmission and propagation of the electric impulse in the axons as well 

as in the synapses, together with a central energy deficit in some brain areas. 

 

4) Searching for RNA biomarkers in peripheral blood cells 

Central biomarkers identified the brains of SCZ patients are fundamental to help to 

uncover the biological basis of the disease and to provide new targets for the development 

of novel therapeutic approaches. However, the difficulty to obtain fresh brain tissues, 

especially for RNA studies, not only complicates the analysis of a large number of patients, 

but also makes it difficult to have homogeneous groups with less confounding effects (such 

as age, diet, causa-mortis, gender and use of psychotropic medications). Thus, the 

advantages of identifying SCZ markers in peripheral tissues are obvious and have clear 

implications for diagnosis and for the clinical management of the patients.  

The large-scale analysis of blood transcriptome in SCZ has been done by a few 

groups and a number of promising biomarkers have been revealed. However, the recurring 

identification of biomarkers has been scarce, mainly due to the distinct platforms and the 

heterogeneity of the clinical samples studied. Vawter et al. (Vawter et al. 2004) analyzed 

the transcriptome of cultured leukocytes from 5 patients with SCZ and 9 controls using an 

array of brain-expressed genes. These authors found statistically significant differences in 

the expression of 8 transcripts. The differential expression of two of these genes 

(neuropeptide Y receptor Y1 gene - NPY1R and guanine nucleotide-binding regulatory 

protein Go-alpha -GNAO1) could be confirmed by QPCR. The circulating blood 
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transcriptome of 30 SCZ and 17 controls was evaluated by Tsuang et al. (Tsuang et al. 

2005), while searching for peripheral RNA markers for the diagnosis of SCZ. For this 

analysis the authors used cDNA microarrays as a platform to suggest differentially 

expressed genes, and QPCR for validation. The results allowed the discrimination between 

SCZ and controls through linear and non-linear combinations of eight putative biomarker 

genes as shown in Table VII with an overall accuracy of 95%–97%. The confirmation of 

these findings by other groups is fundamental to validate these markers. 

Altered gene expression in peripheral blood cells of SCZ patients was also 

evaluated by Glatt et al. (Glatt et al. 2005) in one of the most austere approaches published 

up to now. This study used cDNA microarray analysis to investigate RNA alterations in the 

brain, followed by the analysis of peripheral blood cells in a second cohort of patients and 

controls. A total of 177 putative markers were found in brain, and 123 putative markers 

were seen in peripheral blood cells. Six of these RNA markers were found in both 

compartments as shown in Table VII. Middleton et al. (Middleton et al. 2005) analyzed by 

microarray and QPCR the LBP transcriptome from 33 SCZ patients, compared with 

controls and bipolar patients. They found many altered genes previously described in SCZ 

analysis as shown in Table VII. Differential expression of Alpha7-nicotinic-acetylcholine-

receptor could contribute to sensory gating, leading to a marked dysfunction that can 

impact employability, treatment adherence, and social skills of SCZ patients. QPCR was 

used by Perl et al. (Perl et al. 2006) to measure the expression of this gene in peripheral 

blood cells of 44 SCZ patients and compared with 16 controls, and found a downregulation 

of this gene (P<0.00) in SCZ patients. Analysis of other individual genes have been 

performed by Mehler-Wex et al. (Mehler-Wex et al. 2006) showing the upregulation of 

mitochondrial complex I 75-kDa subunit in neuroleptic-naive SCZ patients and by Numata 
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et al. (Numata et al. 2007) that described the upregulation of PDLIM5, gene whose product 

regulate intracellular calcium levels and has role in neurotransmitter synaptic vesicles. 

PDLIM5 gene lies on chromosome 4q22, a locus previously reported to be linked with SCZ 

(Mowry et al 2000). A synthesis of these findings is described in Table VII. 

 

Table VII: Analysis of RNA biomarkers found in peripheral blood cells of SCZ patients 

Reference Method 
Regulated gene 

in Blood previously found in Brain 

Vawter et al. 2004 Microarray 

* Neuropeptide Y (NPY) 
(Found regulated in brain by Hakak et al., 2001) 

 
* Malate Dehydrogenase (MDH1) 

(Found regulated in brain by Hakak et al., 2001; Middleton 
et al., 2002) 

 

Tsuang et al. 2005 Microarray and QPCR 

* Catalytic polypeptide-like apolipoprotein B mRNA editing 
enzyme 3B (APOBEC3B) 

 
* Adenylosuccinate synthetase (Adssl1) 

 
* ataxia telangiectasia mutated (ATM) 

 
* Charcot-Leyden crystal protein (CLC) 

 
* C-terminal binding protein 1 

 
* Death-associated transcription factor 1 (Datf1) 

 
* Chemokine C-X-C motif ligand 1 (CXCR1) 

 
* S100 calcium binding protein A9 (S100A9) 

 

Glatt et al. 2005 Microarray 

 
* B cell translocation gene 1, antiproliferative (BTG1) 
(upregulated in DLPFC and downregulated in blood) 

 
* Glycogen synthase kinase 3 α (GSK3a) 

(downregulated in DLPFC and upregulated in blood) 
 

* Heterogeneous nuclear ribonucleoprotein A3 (HNRPA3) 
(upregulated in DLPFC and downregulated in blood) 

 
* MHC class II, DR β 1 (HLA-DRB1) 

(downregulated in DLPFC and blood) 
 

* Selenium-binding protein 1 (SELENBP1) 
(upregulated in DLPFC and blood) 
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* Splicing factor, arginine/serine-rich 1 (splicing factor 2, 
alternate splicing factor) (SFRS1) 

(upregulated in DLPFC and downregulated in blood) 
 

Middleton et al. 2005 Microarray and QPCR 

* Alpha catenin (CTNNA1) 

* Neuregulin 1 (NRG1) 

* MAX-like protein X (TCFL4) 

* v-erb-b2 erythroblastic leukemia viral oncogene homolog 
2, neuro/glioblastoma derived oncogene homolog (avian)  

(ERBB2) 
 

* Sensory motor neuron derived factor (SMDF) 

* Cytochrome P450 family 1, subfamily B, polypeptide 1 

(CYP27B1) 

* Quaking homolog (QKI) 

* Dual specificity phosphatase 6 (DUSP6). 

 

Bowden et al. 2006 Microarray and QPCR 

 
* Endothelial differentiation gene 2 (Edg-2) 

 
* Ezrin-radixin-moesin phosphoprotein 50 (EBP50) 

 
* Myc-associated zinc finger protein (MAZ) 

 
* Tumor Necrosis Factor Receptor 2 (TNFR2) 

 

Perl et al. 2006 QPCR 
 

* Alpha7-nicotinic-acetylcholine-receptor (CHRNA7) 
 

Mehler-Wex et al. 2006 QPCR 
 

* Mitochondrial complex I 75-kDa subunit (NDUFS1) 
 

Numata et al. 2007 QPCR 
 

* PDZ and LIM domain 5 (PDLIM5) 
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5) New classes of RNA markers in psychiatry  

5.1) Alternative Splicing Studies 

The vast majority of the transcriptome analyses performed during the search for 

RNA markers in SCZ was based on the old central dogma of "one gene, one mRNA, one 

protein", which clearly oversimplifies and underestimates transcriptome complexity. These 

studies are usually focused on quantitative alterations of gene expression, and don’t 

consider qualitative variations that may occur. While transcriptional regulation plays 

important roles within a cell, post-transcriptional regulation, such as alternative splicing 

(AS), dramatically increases transcriptional diversity and may have remarkable 

consequences over proteome variety. AS plays a critical role in gene expression regulation 

and human diseases (Kan et al. 2001, Cartegni et al. 2002). Splicing is a cellular 

mechanism that joins the exons of a precursor immature RNA, removing its intronic 

sequences. This mechanism occurs in the spliceosome, a complex cellular compartment 

composed small nuclear RNAs and hundreds of proteins. Since the alternative combination 

of different gene exons can generate diverse protein isoforms, which can trigger different 

mechanisms inside the cell, the study of AS as a qualitative gene expression data has 

become one of the central issues in biomedical sciences (Buratti et al. 2006) including SCZ 

research. 

Studies of AS isoforms as possible RNA markers in SCZ have been focused over a 

few genes, usually those traditionally studied in SCZ. An example is the Dopamine 

receptor D2 which produces, by AS, two receptor isoforms called D2L (for long isoform) 

and D2S (for short) (Giros et al. 1989). These two isoforms have distinct functions in vivo: 

D2L acting mainly at postsynaptic sites and D2S serves as a presynaptic autoreceptor 
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(Usiello et al. 2000). These subunits differentially contribute to the therapeutic actions and 

side effects of antipsychotic agents (Xu et al. 2002). Splicing variants are also responsible 

for molecular dissimilarity of genes related to a number of important SCZ pathways 

discussed in this chapter, including genes involved in myelinization and synapses. Good 

examples are the synapsins, synaptic vesicle-associated phosphoproteins that have been 

implicated in the control of neurotransmitter release and synaptogenesis. It should be noted 

that a member of this family (synapsin III) is located in human chromosome 22q, in a SCZ-

susceptibility locus, and different AS isoforms have been described in the brain (Kao et al. 

1998). 

Quaking homolog (QKI) is development-related protein encoded by a gene highly 

conserved among different species. A deletion of a portion of this gene causes body tremor 

and severe dysmyelination of the central nervous system, with dysfunction of 

oligodendrocytes and a reduced expression of myelin components (Sidman et al. 1964, 

Ebersole et al. 1996, Hardy et al. 1996). Aberg et al. (Aberg et al. 2006(a)) showed that one 

of the four AS isoforms of QKI (named QKI-7kb) was reduced in the frontal cortex of SCZ 

patients. This same group showed later (Aberg et al. 2006(b)) that the reduced expression 

of this isoform could be correlated to the reduced expression of three tightly regulated 

myelin-related genes (PLP1, MAG, and TF) that also had a reduced expression in SCZ 

brain samples as compared to controls. These results indicate that QKI may be a master 

regulator of oligodendrocyte differentiation/maturation in the human brain and also suggest 

that decreased activities of myelin-related genes in SCZ might be caused by a disturbed 

QKI splicing.  

Other examples of AS in SCZ include variations in the relative abundance of 

alternatively spliced isoforms of the gamma2 subunit of the GABA-A receptor (Huntsman 
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et al. 1998, Zhao et al. 2006), NCAM1 (Neural cell adhesion molecule) (Vawter et al. 

2000), NMDA receptor (Clinton et al. 2003), glutamate receptor 3 (mGluR3) (Sartorius et 

al. 2006), and ErbB4 (a Neuregulin 1 receptor) (Silberberg et al. 2006, Law et al. 2007). 

These examples clearly demonstrate that this class of transcriptional variation also can be 

relevant in the search of RNA markers for SCZ. In the near future, the analysis of AS RNA 

markers in SCZ should be reinforced by the use of cDNA microarrays specifically designed 

to investigate these events in human transcripts, as well as by new sequencing-based 

approaches that may reveal this kind of event.  

 

5.2) microRNAs  

A promising class of markers that still needs to be more explored in neuropsychiatry 

consists of this group of small non-coding regulatory RNA molecules found from plants to 

viruses and animals (reviewed in Bartel 2004). The advent of tiling genomic arrays showed 

that a significant fraction of the non-coding genome sequence is transcribed (Kapranov et 

al. 2002, Cheng et al. 2005). Among these non-coding RNA molecules we find the 

microRNAs (miRNAs) that are considered today to be the most important transcriptional 

regulators of the human genome (reviewed in Zhang and Farwell 2007). Some papers 

suggest that miRNA are more consistent regulators than mRNA and that the study of few 

hundreds of these molecules can derive stronger markers than tens of thousands mRNAs 

used in cDNA microarray platforms (Lu et al. 2005 (b)).  

miRNAs control distinct processes that lead to regulation of protein abundance, 

such as transcription, mRNA degradation, stability and translation. An increasing number 

of studies now reveal the important role of miRNAs in biological processes such as the 

differentiation and specificity of neurons (Vo et al. 2005, Krichevsky et al. 2006), synapse 
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plasticity (Schratt et al. 2006) development and maintenance of the central nervous system 

(Krichevsky et al. 2003, Miska et al. 2004, Giraldez et al. 2005, Lukiw and Pogue 2007, 

Makeyev et al. 2007). The importance of miRNAs in the regulation of these processes, as 

well as its abundance in the brain, makes these molecules as attractive RNA biomarkers to 

be explored in SCZ.  

The analysis of miRNA in SCZ is still in its early days. A recent study evaluated for 

the first time the differential expression of miRNAs in SCZ (Perkins et al. 2007). In this 

study, with a custom miRNA array, the expression of 264 distinct miRNAs was contrasted 

in postmortem PFC tissue samples of individuals with SCZ (n = 13) or schizoaffective 

disorder (n = 2) and non-psychiatric patients (n = 21). The authors found 16 miRNA to be 

differentially expressed in PFC of patient subjects, being 94% down-regulated, what 

suggests an overall up-regulation of their targets. The authors concluded that genes that 

were commonly targeted by the regulated miRNAs were significantly clustered in 12 

pathways. The most significantly pathways identified contain proteins involved in synaptic 

plasticity at the level of dendritic spines. 

Today we know that most of the eukaryotic genome is transcribed as noncoding 

RNAs (ncRNAs), which play important roles in chromatin organization, gene expression, 

post-transcription regulation, with consequences over normal physiology and disease 

etiology. The increasing diversity and high expression of ncRNAs, including miRNAs, 

identified in the eukaryotic genome suggests a critical link between the regulatory potential 

of ncRNAs and the complexity of genome expression regulation. 
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Summary and Perspectives: 

 The continuous identification of alterations in genes related to synapsis, 

myelinization and energy metabolism strongly suggests the involvement of these elements 

in the pathogenesis of SCZ. However, larger studies involving distinct populations and 

more samples are still required to fully demonstrate the importance of markers already 

revealed, and to point new markers valuable for more specific endophenotypes.  

The future of neuropsychiatric diseases is likely to be profoundly dependent upon 

the use of biomarkers that shall guide the clinicians at many steps of disease management 

including early diagnosis, response to therapy and disease outcome. Biomarkers that detect 

diseases, and predict their outcome or influence treatment choice will have tremendous 

importance in the future of neuropsychiatric diseases. However, to understand the 

significance of each biomarker and its importance in pathogenesis, many samples, 

comprehending diverse ethnical backgrounds, endophenotypes and disease states need to be 

investigated. Massive amounts of biological information will need to be investigated under 

a multidisciplinary approach involving clinicians, biologists, statisticians and 

bioinformatics in a continuous interface of genomics, transcriptomics and proteomics. 

It is clear that, together with DNA and protein, RNA biomarkers will be part an 

optimistic scenario where more detailed and personalized data will be evaluated together, 

guiding researchers and clinicians to understand and to treat complex diseases. 
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Capítulo 3: 

Padronização para Preparação de Amost ras Protéicas para 

Análise Proteômica de Tecidos Cerebrais Humanos 

O capit ulo a seguir é um art igo publ icado em 2007 int it ulado “ The use of  ASB-

14 in combinat ion wit h CHAPS is t he best  for solubil izat ion of  human brain 

prot eins for t wo-dimensional gel elect rophoresis”  no periódico “ Brief ings in 

Funct ional Genomics and Prot eomics”  (Vol.  6;  p.70-75) que descreve a 

padronização para a ideal det erminação do prot eoma de amost ras de cérebros 

humanos,  ut i l izada post eriorment e em nossas anal ises prot eômicas de cérebros 

de pacient es com esquizof renia.  

 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 125 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 126 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 127 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 128 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 129 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 130 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 131 

 

 

 

 

 

Capítulo 4: 

Análise Comparat iva do Proteoma de Córtex Pré-Frontal 

Cerebral de Pacientes com Esquizofrenia e Cont roles 

Ut ilizando Elet roforese e Espect romet ria de Massas.  

At ravés de um manuscrit o submet ido ao periódico “ Schizophrenia Research” ,  

descrevemos os dados por nós revelados do prot eoma comparat ivo de córt ex pré-

f ront al  de pacient es com esquizof renia e cont roles por Elet roforese de Duas 

Dimensões em Gel de Pol iacri lamida e Espect romet ria de Massas.  
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Abstract: 

Schizophrenia is likely to be a consequence of serial alterations in a number of 

genes that, together with environmental factors, will lead to the establishment of the illness. 

The dorsolateral prefrontal cortex (Brodmann´s Area 46) is implicated in schizophrenia and 

executes high functions such as working memory, differentiation of conflicting thoughts, 

determination of right and wrong concepts, correct social behavior and personality 

expression. We performed a comparative proteome analysis using two-dimensional gel 

electrophoresis of pools from 9 schizophrenia and 7 healthy control patients’ dorsolateral 

pre-frontal cortex aiming to identify, by mass spectrometry, alterations in protein 

expression that could be related to the disease. In schizophrenia-derived samples, our 

analysis revealed 11 downregulated and 13 upregulated proteins. These included alterations 

previously implicated in schizophrenia, such as oligodendrocyte-related proteins (myelin 

basic protein and transferrin), as well as malate dehydrogenase, aconitase, ATP synthase 

subunits and cytoskeleton-related proteins. Also, six new putative disease markers were 

identified, including energy metabolism, cytoskeleton and cell signaling proteins. Our data 

not only reinforces the involvement of proteins previously implicated in schizophrenia, but 

also suggests new markers, providing further information to foster the comprehension of 

this important disease. 

 

Keywords: schizophrenia, proteomics, mitochondria, cytoskeleton, myelinization, 
dorsolateral prefrontal cortex. 
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1) Introduction  

Schizophrenia (SCZ) is considered to be multifactorial, including 

neurodevelopmental aspects, multiple associated genetic loci, and important environmental 

factors (Freedman, 2003). Besides some macroscopic brain alterations observed in brain 

scans of SCZ patients, the disease diagnosis is essentially clinical, with no solid definition 

of its molecular basis and a lack of reliable and consistent biochemical markers (DSM-IV 

Diagnostic and Statistical Manual of Mental Disorders – Frances et al, 1991).  

Pre-frontal cortex (PFC) is an anterior region of frontal lobes located above motor 

and premotor areas. This neocortical region is most elaborated in primates, where it 

provides a diverse and flexible behavioral repertoire. Divided into dorsolateral, 

orbitofrontal and medial areas, PFC functions are neurologically called “executive 

functions” (Miller and Cohen, 2001). These functions include differentiation of conflicting 

thoughts, determination of concepts of good and bad, perspectives in accordance with 

determined actions, moderating correct social behavior, future consequences of current 

activities as well as working memory. An important function influenced by PFC is 

personality expression (Miller and Cohen, 2001). Basically, the activities of this region 

involve the organization of thoughts and actions according to internal aims (cognitive 

control) (Miller and Cohen, 2001; Liston et al, 2006). Dysfunction of the dorsolateral PFC 

(DLPFC) has been implicated in the pathophysiology of SCZ by many groups (Weinberger, 

1996; Barch, 2005; Barbas and Zikopoulos, 2007) 

In this work, we performed comparative proteomic analysis of DLPFC (Brodmann 

area 46) tissue of a pool of nine SCZ patients, which was compared to a  pool of seven 

paired controls, using two-dimensional gel electrophoresis (2-DE) followed by MALDI-
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TOF/TOF mass spectrometry. The putatively regulated proteins include previously 

identified SCZ markers, which suggest their importance in SCZ, as well as new markers, 

that are potentially involved in the pathobiology of SCZ. 

 

2) Materials and Methods 

2.1) Materials 

 All solid chemicals and solvents were from GE Healthcare (Piscataway, NJ) and of 

the highest purity available.  

 

2.2) Human Dorsolateral Prefrontal Cortex samples (DLPFC) 

Post-mortem brain samples from the DLPFC tissue (BA46) were collected from 9 

schizophrenia patients and 7 controls free from psychiatry disorders. Brain samples were 

dissected by an experienced neuropathologist and deep-frozen immediately after collection. 

On average, the samples were collected 24.3 h after death. 

All samples were obtained from Central Institute of Mental Health (Mannheim, 

Germany). All cases and controls were whites and born in Germany. All SCZ patients had 

been long-term inpatients at the Mental State Hospital Wiesloch, Germany, and have been 

diagnosed ante mortem by an experienced psychiatrist according to the criteria of DSM IV 

of the American Psychiatry Association for Schizophrenia (American PA, 1994). For each 

patient the antipsychotic treatment history was assessed by examining the medical charts 

and calculated in chlorpromazine equivalents (CPE). All patients and controls underwent 

neuropathologic characterization to rule out associated neurovascular or neurodegenerative 

disorders such as Alzheimer’s disease and multi-infarct dementia. The classification 
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according to Braak was stage II or less for all subjects (Braak and Braak 1991, Braak et al. 

2006). Patients and controls had no history of alcohol or drug abuse, nor severe physical 

illness. Normal comparison subjects also had no history of psychiatric disorders. All 

assessment and post mortem evaluations and procedures were previously approved by the 

Ethics Committee of the Faculty of Medicine of Heidelberg University, Germany. Detailed 

patient information is given in Table 1.  

 

2.3) Sample Preparation 

 Fifty milligrams of human DLPFC (gray matter) were individually homogenized in 

1.5ml tubes with glass spheres in 200µl of 6M Guanidine·HCl and 0.1M HEPES buffer. 

Samples were centrifuged for 10 min at 14,000 rpm and the protein-containing supernatants 

were collected. Protein concentrations of individual samples were determined by the 

Bradford method (Bradford, 1976) and equimolar pools were prepared. Control protein 

pools were made with 92.86 μg of protein from each of the 7 samples, whereas SCZ pools 

were made by combining 72.22 μg of protein from each of the 9 SCZ samples. Analyses 

were performed in triplicate, by comparing control and SCZ protein pools. 

 

2.4) Two-Dimensional Gel Electrophoresis 

 Prior to 2-DE, 650 µg of pooled proteins from SCZ or control samples were diluted 

to a final volume of 350 µL with a solution containing 8 M urea, 4% w/v CHAPS, 2% v/v 

carrier ampholytes pH 3–10, 70 mM DTT and 0.001% w/v BPB. After centrifugation at 

8,000 g for 2 min, the supernatant was used for the first dimension run. Samples were 

applied to IPG gel strips with a nonlinear separation range of pH 3–10, 4-7 and 6-11. After 
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a 10 h rehydration, IEF was carried out at 20ºC, for 1 h at 500 V, for an additional hour at 

1000 V and then for 10 h at 8000 V in an IPGphor apparatus (GE Healthcare, Piscataway, 

NJ) maintaining a limiting current of 50 µA per strip. First dimension strips were subjected 

to standard reduction and alkylation steps prior to second dimension electrophoresis. Strips 

were soaked for 10 min in a buffer containing 50 mM Tris-HCl (pH 6.8), 6 M urea, 30% 

v/v glycerol, 2% w/v SDS and 2% w/v DTT and for an additional 10 min in the same buffer 

containing 2.5% w/v iodoacetamide in place of the DTT. SDS-PAGE was performed on 

12.5%T polyacrylamide gels and run on an SE-600 system connected to a Multitemp II 

refrigerating system (GE Healthcare). The IPG gel strips were sealed to the surface of the 

SDS gel using 0.5% w/v agarose. Electrophoresis was carried out for 1 h at 90 V at which 

time a constant current of 30 mA per gel was applied until the dye front reached the lower 

end of the gel. Proteins were detected by a Colloidal Coomassie staining protocol 

(Candiano et al, 2004) due to its superior reproducibility and sensitivity when compared 

with other protein staining methods (Westermeier and Marouga, 2005). All experiments 

were performed in triplicate. 

 

2.5) Image Analysis – Determination of quantitative differences 

ImageMaster 2D software, V 3.01 (GE Healthcare) was used for spot detection and 

pI/MW calibration. The observed isoelectric points (pIs) and molecular weights (MWs) of 

proteins were determined by comparison with known 2-D and 1-D marker proteins (Bio-

Rad, Hercules, CA) that were run independently and co-migrated with DLPFC samples. 

MW and pI values of the markers were plotted respectively as Y and X coordinates of the 

2-DE gels and equations were fitted by First-order LaGrange regression. Using these 
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equations, the x and y coordinates of each spot were converted to observed pI and MW 

values, respectively. 

Significant protein expression differences between SCZ and control gels were 

determined using ANOVA. Protein spots with a mean n-fold change between SCZ and 

control DLPFC gels of +/- 1.3 were excised for identification by mass spectrometry (MS). 

 

2.6) Protein identification by peptide mass fingerprinting 

Gel spots, which showed quantitative differences by Image Master Analysis, were 

excised and subjected to MS-based identification. Peptides were generated and extracted 

from the gel-separated proteins following established in-gel trypsin digestion protocols 

(Shevchenko et al., 1996) using sequencing grade modified porcine trypsin from Promega 

(Madison, WI). 

Mass spectra from each spot were acquired using an Ultraflex II MALDI-TOF/TOF 

mass spectrometer (Bruker Daltonics, Bremen, Germany). Measurements were performed 

with N2 laser (λ: 337nm) in positive reflector mode and a 20 kV acceleration voltage. One 

hundred single laser shots were accumulated for each MS spectrum and 1,000 shots were 

accumulated for each MS/MS spectrum. Flexcontrol v.2.2 software (Bruker Daltonics) was 

used to acquire and process automatically MS and MS/MS data. 

Acquired MS/MS spectra were searched against the NCBI database (Dec.16th, 2006) 

using an in-house version of MASCOT search engine 2.1 (Matrix Sciences, London, UK) 

embedded into the Biotools v.3.0 software (Bruker Daltonics). Parameters used were as 

follows: Homo sapiens as organism, Trypsin as enzyme allowing one missed cleavage, 

carbamidomethylation and oxidized methionine as fixed modifications. The mass 

accuracies of the precursor and fragment ions were 150 ppm and 0.7 Da, respectively. 
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3) Results 

3.1) 2-DE of SCZ and control samples 

 2-DE profiles of pooled samples were generated in triplicate. On average, 750 spots 

were detected in each 2-DE (Figure 1). Only proteins which appeared to be differentially 

expressed in all three gels were considered as differentially regulated. When SCZ and 

control pools were compared, 22 spots (~3%) were consistently identified with significant 

changes in relative abundance (>1.3 fold difference, P<0.05, ANOVA) (Table 2). An 

analysis of these 22 spots revealed 24 distinct proteins with potentially altered regulation in 

the brains of schizophrenic patients,  with 11 downregulated and 13 upregulated in SCZ 

samples (Table 3 and Figure 1). Sixteen proteins were identified as single spots, four 

proteins were identified in multiple spots (spots 8, 11, 19, 20 – Figure 1) and four proteins 

were identified in two spots (the spots 9 and 16 were doublets). All these 24 proteins were 

successfully identified by MALDI-TOF/TOF and grouped according to their functional 

classes using the Human Protein Reference Database (HPRD – http://www.hprd.org) 

(Table 3). 

  

4) Discussion 

4.1) Analysis of protein pools 

A number of reasons prompted us to compare protein pools instead of individual 

protein extracts. While we are aware that more dramatic alterations in certain proteins of a 

single individual might ‘contaminate’ the pool, suggesting unreal alterations, we believe 

that the advantages of sample pooling may overcome its disadvantages. The first clear 
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advantage of sample-pooling is the possibility of reducing individual proteome variations 

(not related to the disease), while highlighting the most consistent (disease-related) 

alterations. Other advantages include an important reduction in the amount of protein 

required from each sample, allowing experimental replicates and subsequent studies. This 

approach has been successfully used by different authors not only for proteomics (Jiang et 

al. 2003; Lehmensiek et al., 2007a and 2007b), but also for gene expression analysis 

(Vawter et al. 2001; Katsel et al. 2005).  

 

4.2) Confounding factors 

We cannot affirm that all protein alterations detected in our pool of brain protein 

analysis are directly associated with SCZ. If associated with SCZ, we also can not affirm 

that their regulation is causative of the disease process or a consequence of the disease, age, 

gender, diet or the medications used by the patients. All these features can directly reflect in 

the proteome alterations observed here. 

We should note that, according to Table I, all the SCZ samples used here came from 

patients that have made use of different antipsychotic drugs. This is a limitation of the 

present and many other studies, and should certainly have important effects on proteome 

alterations. As shown in Table I, three out of nine patients from our study were using 

haloperidol at death. Sugai et al (2004), using cDNA arrays from cynomolgus monkeys and 

Narayan et al., (2007), using in situ hybridization analysis of mice, showed that Myelin 

Basic Protein (MBP) is modulated upon haloperidol-treatment. An altered expression of 

apolipoprotein A-I in plasma of SCZ medicated patients was also found (La et al., 2007), 

whereas malate dehydrogenase, peroxiredoxin 3, vacuolar ATP synthase subunit beta and 

mitogen-activated protein kinase kinase 1 were found regulated in hippocampus of 
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chlorpromazine/clozapine treated rats (La et al., 2006). However, a considerable percentage 

of the proteins identified here have not been reported to be associated with any of the drugs 

used by the patients studied and many have been associated with SCZ processes largely 

independent of an exogenous drug effect, such as genetic linkage studies. We expected that 

the pooling strategy adopted here could contribute to dilute the protein alterations driven by 

haloperidol in 1/3 of our patients, but we cannot exclude that some of the alterations seen 

here could be drug-related, rather that SCZ-related. 

Whereas the study of brain samples derived from psychotropic drug naïve patients 

is of utmost importance (such as published by Prabakaran et al. 2007), the vast majority of 

samples available worldwide are derived from treated patients. As the samples used in the 

studies were derived from patients under distinct therapeutic regimens, the recurrent 

identification of the same targets might implicate certain genes and proteins in the 

pathobiology of the disease. Thus, we believe that the data described here might add by 

reinforcing the importance of certain pathways, and contribute to the comprehension of this 

disease. 

 

4.3) 2-DE-MS proteome analysis confirms the regulation of previously identified SCZ-

related proteins and reveals new potential biomarkers 

Our study revealed the alteration of some proteins previously associated with SCZ. 

Their identification here not only reinforces their real involvement with the pathobiology of 

SCZ, but it also suggests the true value of the new putative markers revealed here.  
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4.3.1) Oligodendrocyte metabolism: 

We found in SCZ DLPFC the differential expression of myelin basic protein (MBP: 

downregulated: 1.5x), the major constituent of the myelin sheath in the CNS   and 

transferrin (TF: downregulated: 2.7x), an iron carrier that participates in oligodendroglial 

cell differentiation, maturation and function (Espinosa de los Monteros et al., 1999; Paez et 

al., 2005). Both proteins were previously shown to be associated with SCZ by other groups 

(see Table 4 and references).  

The identification of these two myelin-related proteins confirms previous studies 

that reported alterations of function, distribution and density of oligodendrocytes in SCZ. 

Approaches as diverse as diffusion tensor  (Buchsbaum et al., 1998), magnetic transfer 

(Foong et al., 2000) or magnetic resonance imaging (Cannon et al., 1998; Wright et al., 

2000; Sallet et al., 2003) allowed the observation of white matter abnormalities in SCZ, that 

were reinforced by gene expression (Hakak et al., 2001; Vawter et al., 2001; Tkachev et al, 

2003; Prabakaran et al., 2004; Arion et al, 2007) and proteomic studies (Prabakaran et al., 

2004), all confirming consistent oligodendrocyte-related alterations. While many of these 

alterations could be due to a reduced transcriptional activity of oligodendrocyte-related 

genes, there is accumulating evidence that this effect may be primarily due to a loss of 

oligodendrocytes or to an abnormal coherence/organization of fiber tracts that would lead 

to myelin-axonal disruption in SCZ brains (Hof et al., 2003; Davis et al., 2003; Kubicki et 

al., 2005). The reduced expression of these proteins in our SCZ samples further implicates 

connectivity as a central abnormality in SCZ (reviewed in Davis et al., 2003).  
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4.3.2) Deregulation of Energy Metabolism 

We found the differential regulation of proteins that participate in glucose 

metabolism through glycolysis (aldolase C - ALDOC; upregulated 1.8x and 

phosphoglycerate kinase 1 - PGK1; upregulated 1.4x) and Krebs cycle (aconitase 2 

precursor - ACO2; upregulated 1.9x and cytosolic malate dehydrogenase - MDH1; 

downregulated 1.3x). Moreover, we detected the differential regulation of two ATP 

synthase subunits (ATP5H; downregulated 1.4x and ATP5A1 – identified by 2 spots - 

upregulated: 2x and 1.4x) suggesting a lack in oxidative phosphorylation. Our data 

confirms the altered mitochondrial metabolism that has been frequently observed in SCZ 

(Ben-Shachar, 2002; Ben-Shachar and Laifenfeld, 2004; Middleton et al., 2002; Vawter et 

al., 2001; Bahn et al., 2001; Prabakaran et al., 2004). Together with other findings, there is 

no consensus whether these alterations are causative or consequences of a pathological 

process. It has also been suggested that some of the mitochondrial alterations found in SCZ 

could be an effect of medication (Beasley et al., 2006). However, alterations in the glucose 

metabolism have been extensively reported as a central component of the disease and not a 

simple antipsychotic effect (Stone et al., 2004). In addition, a correlation between the 

differential expression of glucose metabolism enzymes and oxidative phosphorylation 

enzymes has been recently described (Ben-Shachar et al., 2007). We also revealed the 

differential regulation of ubiquinol-cytochrome-c reductase complex core protein I 

(UQCRC1; downregulated 1.6x), never described as related in SCZ.  

 

4.3.3) Protein metabolism: 

Heat shock proteins (HSP) play numerous roles in cellular metabolism such as 

protein folding (Hickey et al., 1989) and mitochondrial transport (Young et al., 2003). 
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Whereas an abnormal immune response against heat shock 90kDa protein 1 alpha (HSPCA; 

downregulated 2.3x) was described in SCZ (Kim et al., 2001) some SCZ patients also 

present antibodies reactive to Heat-shock 60kD protein 1 (HSPD1; upregulated 2x), 

implicating these proteins in the pathobiology of  SCZ (Kilidireas et al., 1992; Wang et al., 

2003). Interestingly, the identification of these two proteins further corroborates a possible 

role of the immune system in SCZ (Strous and Shoenfel, 2006). 

Transgenic mice of protein-L-isoaspartate (D-aspartate) O-methyltransferase 

(PCMT1) showed animals with abnormal cortical activities and seizures that could not be 

controlled by antiepileptic drugs (Kim et al., 1999), and showed synapsin I to be a major 

substrate of the methyltransferase. This associates PCMT1 (identified by 2 spots - 

upregulated: 2.6x and 2.3x) to SNC development as well as cortical and synapsis function, 

aspects strongly altered in SCZ. Other methyltransferases were previously implicated in 

SCZ pathogenesis such as catechol-O-methyltransferase that plays a role dopamine release 

in PFC (Gogos and Gerber, 2006).  

 

4.3.4) Cytoskeleton-related abnormalities: 

Internexin neuronal intermediate filament protein (INA; upregulated 2x), an 

important player in neuronal intermediate filament inclusion disease (Cairns et al., 2004), is 

described here for the first time as a potential SCZ marker. INA interacts with glial 

fibrillary acidic protein (GFAP; downregulated 1.7x), which was demonstrated to be altered 

in astrocytes of SCZ, bipolar disorder, and depression (Miguel-Hidalgo et al., 2000; 

Webster et al., 2001). INA also interacts with the neurofilament, light polypeptide (NEFL; 

downregulated 2.1x) that is directly involved in NMDA receptor function (Ehlers et al., 

1995), in agreement with previously described glutamatergic dysfunction in SCZ (Meador-
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Woodruff and Healy, 2000; Olney and Farber 1995). The glutamatergic dysfunction can 

modulate dynamin (DNM1 – identified by 2 spots; upregulated: 2.5x and 2.1x) levels. 

Cofilin 1 (CFL1 – spot 14 – downregulated 5.3x) is an actin filament-related 

protein, not previously related to SCZ. CFL1 interacts with BDNF (Fass et al., 2004), a 

myelin basic protein expression modulator (Hohlfeld et al., 2000) previously described as 

regulated in SCZ (Angelucci et al., 2005; Chambers and Perrone-Bizzozero, 2004).  

Crystallin mu (CRYM – spot 21 – downregulated 1.8x), another protein not 

previously related to SCZ, interacts with GFAP in the brain (Nicholl and Quinlan, 1994) 

and modulates cytoskeleton assembly (Liang and MacRae, 1997). CRYM protein was 

found upregulated in astrocytes associated with senile plaques and cerebral amyloid 

angiopathy in AD patients (Wilhelmus et al., 2006) and inhibits the aggregation of Aβ 

peptide in vitro (Wilhelmus et al., 2006 - 2). 

Three cytoskeleton-related proteins that were found regulated in SCZ-DLPFC have 

been previously described to be altered in SCZ (Table 4).  

 

4.3.5) Cellular Signaling: 

Evidence for G-protein involvement in SCZ has been described (Catapano et al, 

2006). Guanine nucleotide binding protein - beta polypeptide 1 (GNB1; upregulated 1.4x) 

is a G protein subunit, and dihydropyrimidinase-like 2 (DPYSL2; upregulated 1.5x) is an 

important player in neuronal development and may influence genetically the susceptibility 

to SCZ (Hong et al., 2005).  
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5) Author Disclosure: 

Using 2-DE in combination with MS we were able to corroborate the importance of 

a number of proteins in the pathobiology of SCZ, and to reveal novel potential markers of 

this disease. Our study confirms the previously described regulation of MBP and TF, which 

are among the most promising SCZ biomarkers. The speculation about the role of 

oligodendrocyte axonic system malfunctioning in SCZ should be viewed with caution since 

it is not clear if the alterations seen here reflect oligodendrocyte dysfunction, a reduction in 

the number of oligodendrocytes in the samples or a combination of both. Besides, three out 

of our nine patients were using haloperidol before death. As the chronic use of haloperidol 

leads to a reduction in the expression of oligodendrocyte/myelin-related genes (Narayan et 

al, 2007) these findings must be viewed with caution. We also report alterations of proteins 

which may lead to an imbalance of mitochondrial metabolism since ALDOC, ATP 

synthase subunits and MDH1 showed to be differentially expressed in SCZ brains. One 

quarter of the potential SCZ biomarkers identified here have never been previously 

suggested, including promising candidate markers such as PCMT1 and INA whose 

biological function makes them attractive molecules for further studies in SCZ.  
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Figure 1: A) 2-DE profile of SCZ pooled samples and control pooled samples. The 
upregulated proteins are pointed in gels by arrows. 1B and 1C represent some detailed area of the 2-
DE differential profile. 
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Sample ID Case Age 
(years) Gender PMI 

(hours) 
Type of 

SCZ 

Duration of 
Disease 
(years) 

Duration of 
Medication 

(years) 
atyptyp

CPE 
last 

dosis 
CPElifetime Cause of Death DSM IV 

Age 
at 

Onset
Last Medication Cigarettes Alcohol Hosp EKT 

13/00 SCZ 64 F 11 

Residual, 
Chronic 
Paranoid 
episodes 

48 45 3 1536 7,7 
pulmonary 

insufficiency 
295.6 16 

Clozapine 500 mg, 
Haloperidol 40 mg, Ciatyl 

40 mg 
0 no 21 yes 

36/02 SCZ 73 M 20 

Residual, 
Chronic 
Paranoid 
episodes 

43 40 1 507,4 1,7 heart infarction 295.6 30 
Perphenazine 32 mg, 
Promethazine 150 mg 

30/day no 33 no 

39/02 SCZ 43 M 18 

Residual, 
Chronic 
Paranoid 
episodes 

22 20 2 464 2,6 heart infarction 295.6 20 
Zuclopethixol 40 mg, 
Valproate 1200 mg, 

Tiapride 300 mg 
0 no 13 no 

39/03 SCZ 77 F 32 

Residual, 
Chronic 
Paranoid 
episodes 

49 48 2 2555 8,3 lung emboly 295.6 28 
Clozapine 400 mg, 
Benperidol 25 mg, 

Chlorprothixen 150 mg 
0 no  48 yes 

43/03 SCZ 76 F 17 

Residual, 
Chronic 
Paranoid 
episodes 

49 47 1 300 4,9 
cardio-pulmonary 

insufficiency 
295.6 27 Perazine 300 mg 0 no 30 yes 

46/00 SCZ 63 F 31 

Residual, 
Chronic 
Paranoid 
episodes 

40 30 3 75 1,8 heart infarction 295.6 24 Olanzapine 15 mg 30/day No 30 yes 

50/01 SCZ 81 M 4 

Residual, 
Chronic 
Paranoid 
episodes 

62 50 1 92,8 1,4 
Cor pulmonale, 

heart insufficiency 
295.6 19 

Haloperidol 4 mg, 
Prothypendyl 80 mg 

20/day no 48 no 

75/02 SCZ 92 F 37 

Residual, 
Chronic 
Paranoid 
episodes 

51 48 1 100 3,4 
pancreas-
carcinoma 

295.6 41 
Prothipendyl 160 mg, 

Perazine 100 mg 
0 no 51 no 

83/01 SCZ 71 M 28 

Residual, 
Chronic 
Paranoid 
episodes 

40 35 1 782,4 10 heart infarction 295.6 30 
Haloperidol 32 mg, 

Pipamperone 40 mg 
40/day no 12 no 

02/02 Control 41 M 7       heart infarction        

43/01 Control 91 F 16       
cardio-pulmonary 

insuffiency 
       

50/02 Control 69 F 96       lung emboly        

51/02 Control 57 M 24       heart infarction        

57/02 Control 53 M 18       heart infarction        

59/02 Control 63 M 13       heart infarction        

61/01 Control 66 M 16       heart infarction        

Table 1: Patient and control clinical data. Abbreviations: atyptyp: duration of atypical treatment/duration of treatment with typical neuroleptis during lifetime; 
CPE: medication calculated in chlorpromazine equivalents (mg); CPE last ten years: the sum of medications during the last ten years in kg; Hosp: 
Hospitalization time in years; ECT: electroconvulsive therapy. 
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Biological Process Reg. in SCZ Fold Change Spot Accession Protein Name pI (th) MW (th) Chr Loci Pept. Matched MASCOT Score 

Metabolism/Energy pathways  ↓ -1.3301 1 gi|5174539 cytosolic malate dehydrogenase; soluble malate dehydrogenase 6.91  36426 2p13.3 12 370 

 ↑ 1.8803 2 gi|4501867*  aconitase 2 precursor; aconitate hydratase; citrate hydro-lyase  7.36 85425 
22q13.2-
q13.31 29 335 

 ↑ 4.4406 3 gi|388891 transketolase 7.89 67877 3p14.3 28 102 

 ↑ 1.8248 4 gi|30582851 aldolase C, fructose-bisphosphate  6.41 39456 17cen-q12 25 440 

 ↑ 1.4163 5 gi|4505763  phosphoglycerate kinase 1  8.30 44615 Xq13 47 616 

 ↓ -1.4301 6 gi:5453559 (ATP5H) ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d isoform a;  5.21 18491 17q25 13 213 

 ↓ -1.643 7 gi:92090651 Ubiquinol-cytochrome-c reductase complex core protein I, mitochondrial precursor 5.94 53270 3p21.3 17 236 

 ↑ -2,006 and -1,4799 8 gi:50345980 (ATP5A1) ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit isoform b 8.24 54574 18q12-q21 26 346 

 ↑ 1.6521 9 gi|15341906  (ATP6V1A) ATPase, H+ transporting, lysosomal 70kD, V1 subunit A, isoform 1 5.35 68660 3q13.2-q13.31 23 251 

           

Protein metabolism  ↓ -2.2864 10 gi:83699649 heat shock 90kDa protein 1, alpha  5.07 98113 14q32.33 20 233 

 ↑ 1.6521 9 gi|5729877* heat shock 70kDa protein 8 isoform 1; heat shock cognate protein, 71-kDa; heat shock 70kd protein 1 5.37 71082 11q24.1 34 211 

 ↑ 2.5675 and 2.3037 11 gi:14250587* Protein-L-isoaspartate (D-aspartate) O-methyltransferase 6.7 24806 6q24-q25 9 245 

 ↑ 2.0499 16 gi:31542947 chaperonin; mitochondrial matrix protein P1; P60 lymphocyte protein; heat shock 60kD protein 1 5.7 61187 2q33.1 25 338 

           

Cell growth/maintenance  ↓ -1.6835 12 gi|38566198 GFAP protein 5.42 49776 17q21 44 395 

 ↓ -2.1020 13 gi|24658018* NEFL protein 4.64 61536 8p21 20 80 

 ↓ -5.3028 14 gi:30582531* cofilin 1 (non-muscle) 8.22 18719 11q13 14 172 

 ↓ -1.5497 15 gi:4501887 actin, gamma 1 propeptide; actin, cytoplasmic 2;  5.31 42108 17q25 21 354 

 ↑ 2.0499 16 gi|14249342 internexin neuronal intermediate filament protein, alpha; neurofilament-66; 5.34 55528 10q24.33 22 140 

           

Cell communication/Signal 
transduction  ↑ 1,4278 17 gi|30583449 guanine nucleotide binding protein (G protein), beta polypeptide 1 5.6 38151 1p36.33 14 246 

 ↑ 1.5015 18 gi:4503377* dihydropyrimidinase-like 2; collapsin response mediator protein hCRMP-2 5.95 62711 8p22-p21 33 514 

 ↑ 2.4971 and 2.1430 19 gi|39795292  Dynamin 1 6.57 96379 9q34 35 318 

           

Oligodendrocyte Metabolism ↓ Absent and -1.5185 20 gi|37590005 Myelin Basic Protein 11.11 19453 18q23 22 323 

 ↓ -2.6981 22 gi:37747855 Transferrin 6.97 79310 3q22.1 35 288 

           

Osmoregulation/Hormone 
metabolism ↓ -1.7675 21 gi|4503065 crystallin, mu; NADP-regulated thyroid-hormone binding protein 5.06 33925 

16p13.11-
p12.3 8 137 

Table 2: Proteins regulated in Schizophrenia samples, classified according to their biological function. Proteins marked with (*) are encoded by 
genes that map to genomic regions previously associated with Schizophrenia. The accession numbers are from the NCBI database. 
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Functional class 
Total altered 

proteins 
Schizophrenia 

  Upregulated Downregulated 

Metabolism/Energy Pathways 9 6 3 

Protein metabolism  4 3 1 

Cell growth/maintenance 5 1 4 

Cell communication Signal 

transduction 
3 3 0 

Oligodendrocytes Metabolism 2 0 2 

Osmoregulation/Hormone 

metabolism 
1 0 1 

Total 24 13 11 

Table 3: Regulated proteins in SCZ DPFC according to their functional class. 
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Table 4: Proteins we found regulated in DLPFC SCZ previously described by other SCZ 
tissues analysis. Genes/proteins marked with * were indirectly validated by those 
correspondent authors. 

Gene symbol Product Name Type of analysis Tissue Described as 

regulated by: 

MBP* Myelin Basic Protein 
1- immunoassay 

2 - microarray and 
qPCR 

1- anterior frontal 
cortex 

2- pre-frontal cortex 

1- Honer et al., 1999 
2-Tkachev et al., 2003 

TF* Transferrin 

1- microarray 
2- microarray 

3- microarray and 
proteomics 

4- microarray 
5- in situ hybridization 

1- pré-frontal cortex 
2- pré-frontal cortex 
3- pré-frontal cortex 
4- pré-frontal cortex 
5- anterior cingulate 

córtex 

1- Hakak et al., 2001 
2- Tkachev et al., 2003 

3- Prabakaran et al., 
2004 

4- Arion et al., 2007 
5- McCullumsmith et 

al., 2007 

ALDOC* 
Fructose bisphosphate 

aldolase C 

1- immunoassay* 
2- proteomics 

3- microarray and 
proteomics 

4- proteomics 

1- human CSF 
2- frontal cortex 

3- pré-frontal cortex 
4- anterior cingulate 

cortex 

1- Willson et al., 1980 
2- Johnston-Wilson et 

al., 2000 
3-Prabakaran et al., 

2004 
4- Clark et al., 2006 

ATP5A1* 

ATP synthase, H+ 
transporting, 

mitochondrial F1 
complex, alpha subunit 

isoform b 

qPCR hippocampus Altar et al., 2005 

GFAP* 
Glial fibrillary acidic 

protein 

1- proteomics 
2- in situ hybridization 

3- microarray and 
qPCR 

1- frontal cortex 
2- cingulate cortex 

3- pre-frontal cortex 

1- Johnston-Wilson et 
al., 2000 

2- Webster et al., 2005 
3- Tkachev et al., 2003 

MDH Malate dehydrogenase 
1- microarray 
2- microarray 
3- microarray 

1- pré-frontal cortex 
2- pré-frontal córtex 

3- lymphocytes  

1- Middleton et al., 
2002 

2- Vawter et al., 2004 
3- Vawter et al., 2004-

2 

ATP6V1A 

ATPase, H+ 
transporting, lysosomal 

70kD, V1 subunit A, 
isoform 1 

cDNA array hippocampus Altar et al., 2005 

NEFL 
Neurofilament triplet L 

protein 
1- proteomics 1- corpus callosum 

1- Sivagnanasundaram 
et al., 2007 

DNM1 Dynamin proteomics 
anterior cingulate 

cortex 
Clark et al., 2006 

DPYSL2 
Dihydropyrimidinase-

like 2 
proteomics frontal cortex 

Johnston-Wilson et al., 
2000 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 158 

 

 

 

 

 

Capítulo 5: 

Análise Comparat iva do Proteoma de Lobo Temporal Anterior 

Cerebral de Pacientes com Esquizofrenia e Cont roles 

Ut ilizando Shotgun Proteomics.  

At ravés de um manuscrit o submet ido ao periódico “ Biological Psychiat ry”  

descrevemos os dados por nós revelados do prot eoma comparat ivo de lobo 

t emporal ant erior de pacient es com esquizof renia e cont roles por Shot gun 

Prot eomics.  
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Abstract 

Global proteomic analysis of post-mortem anterior temporal lobe samples from 

schizophrenia patients and non-schizophrenia individuals was performed using stable 

isotope labeling and shotgun proteomics. 

Our analysis resulted in the identification of 479 proteins, forty-five of which showed 

statistically significant differential expression. Pathways affected by differential protein 

expression include transport, signal transduction, energy, cell growth and maintenance, 

protein metabolism, regulation of DNA and RNA metabolism and immune response. 

The collection of protein alterations identified here reinforces the importance of 

myelin/oligodendrocyte and calcium homeostasis in schizophrenia, and reveals a number of 

new potential markers that may contribute to the understanding of the pathogenesis of this 

complex disease.  
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Introduction  

Schizophrenia (SCZ) is an exclusive human pathology comprising a wide range of 

neurodevelopmental, neurophysiological, neurochemical, and psychological disturbances 

influenced by genetic components and environmental factors, which presents a wide range 

of positive and negative symptoms (Gattaz and Haffner, 2004). In brain, there are patterns 

of synchronization and desynchronization which communicate brain areas through specific 

neuronal activity (Singer 1999). In a complex disease as SCZ it is possible that all brain 

areas have a potential role since they are all connected. However, there are some areas 

which seem to be more involved based on their exerted functions. The pre-frontal cortex 

because of its executive functions (Miller and Cohen, 2001), the basolateral amygdala 

because of its expression of affective behavior (Davis and Whalen, 2001), and the anterior 

cingulate cortex because of its expression of cognitive and affective processes (Carter et al., 

1997). 

The temporal lobe concentrates important functions such as high-level auditory and 

visual processing, language, and transference from short to long-term memory. All these 

functions can be compromised in SCZ in a process that apparently involves an imbalance of 

glutamate and GABA leading to dopaminergic dysfunctions (Deakin and Simpson, 1997). 

A reduction of the size of the temporal lobe in SCZ has been shown by several studies with 

magnetic resonance imaging (MRI) (Bogerts 1993; Suddath et al, 1998). In the temporal 

cortex of SCZ patients, deficits were reported in glutamate presynaptic components 

(Deakin and Simpson, 1997); glutamate uptake sites were reduced on the left side (Deakin 

et al, 1989) with no losses of post-synaptic glutamate receptors (Nishikawa, 1983). Deakin 
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and Simpson (1997) have shown that degenerated glutamate terminals in the temporal lobe 

originate in the frontal cortex with important implications for SCZ.  

In the present work we performed a quantitative proteomic analysis of the Anterior 

Temporal Lobe (ATL) of SCZ and control samples using Isotope-Coded Protein Label 

(ICPL), a method for the accurate quantitative comparative analysis of protein regulation 

(Schmidt et al, 2005). ICPL is based on isotope labeling of free amino groups in intact 

proteins. After the modification, the heavy and light isotope labeled proteins are digested 

and analyzed by liquid chromatography (LC) followed by tandem mass spectrometry 

(MS/MS). Relative quantification of differential protein expression is based on the 

comparison of the peak intensities of the heavy- and light-labeled peptides from the mass 

spectra. The ICPL method is very reproducible and compatible with all known protein and 

peptide separation techniques, providing highly accurate quantification of regulated 

proteins. 

The identification of proteins differentially expressed in the ATL of SCZ patients 

was performed by MS/MS followed by subsequent database searches. After their validation 

in a large set of samples and patients, these proteins can be potentially valuable not only for 

a better understanding of the biological basis of the disease, but also as biomarkers for 

disease monitoring or as targets for pharmaceutical applications.  

 

Materials and Methods 

Materials 

 All chemicals and solvents were from Bio-Rad (Hercules, CA, USA) and of the 

highest purity available. The ICPL kit was from Serva Electrophoresis (Heidelberg, 
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Germany) and Prespotted AnchorChips were obtained from Bruker Daltonics (Bremen, 

Germany).  

 

Human Anterior Temporal Lobe samples 

 Frozen tissue blocks from the left anterior temporal lobe tissue, Brodmann Area 

(BA) 22, were collected post-mortem from five SCZ patients and four controls free of 

psychiatric disorders. The left side was selected due to its importance in SCZ (DeLisi et al, 

1989). 

All brain samples were obtained from Central Institute of Mental Health 

(Mannheim, Germany), dissected by an experienced neuropathologist and deep-frozen in 

liquid nitrogen-cooled isopentane immediately after dissection. On average, the samples 

were collected 17.8 h (minimum: 4 h / maximum 28 h) after death. All cases were 

Caucasian and German with one female in each group. Detailed patient data are listed in 

Table 1. All SCZ patients had been long-term inpatients at the Mental State Hospital 

Wiesloch, Germany. Patients who died had been diagnosed ante mortem by an experienced 

psychiatrist according to the criteria of the Diagnostic and Statistical Manual of Mental 

Disorders IV (DSM IV) of the American Psychiatry Association for Schizophrenia 

(American PA, 1994). For each patient the history of antipsychotic treatment was assessed 

by examining the medical charts and calculated in chlorpromazine equivalents (CPE). All 

assessments and post mortem evaluations and procedures had been approved by the Ethics 

Committee of the Faculty of Medicine of Heidelberg University, Germany.  

All patients and controls underwent thorough neuropathologic characterization to 

rule out associated neurovascular or neurodegenerative disorders such as Alzheimer’s 

disease and multi-infarct dementia (Braak and Braak 1991, Braak et al. 2006). The staging 
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according to Braak was stage 2 or less for all subjects. Patients and normal comparison 

subjects had no history of alcohol or drug abuse, or severe physical illness.   

 

Sample Preparation 

 Fifty milligrams of human temporal lobe tissue from control and SCZ subjects were 

grind in 1.5ml tubes, together with glass spheres, in 200µl of 6M guanidine and 0.1M 

HEPES buffer. Protein concentrations were determined using the Bradford assay (Bradford, 

1976). Brain proteins were evaluated in pools containing 100μg of protein. The SCZ pool 

was prepared by combining 20μg of proteins obtained from each of the five SCZ samples, 

whereas the control pool contained 25μg of each of the four controls. Pooled samples were 

used in order to reduce individual variability not related to the investigated phenotype 

(Weinkauf et al., 2006). 

 

ICPL labeling 

 One hundred micrograms of total protein from SCZ or controls (5 mg/ml) were 

reduced, as specified by the ICPL kit protocol, for 30 min at 60ºC. After cooling to RT, free 

thiol groups were alkylated in the dark with 1 ml of 0.4 M iodoacetamide for 30 min at RT. 

Excess iodoacetamide was quenched by adding 1 ml of 0.5 M N-acetylcysteine. For protein 

labeling a ten-fold molar excess (based on free amino groups) of light tag for the control 

sample and heavy tag for the SCZ samples were added to the proteins and the reactions 

allowed to proceed for 2 h at RT. Four ml of 1.5 M hydroxylamine were added to each 

sample to inactivate the remaining Nic-NHS reagents, and equal aliquots of both samples 
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were combined. Esters, which are also formed during the labeling procedure, were 

hydrolyzed by raising the pH to 11–12 for 20 min. 

 

Digestion of labeled proteins and fractionation of peptides by isoelectric focusing 

 Protein samples were digested in 200 mM NH4HCO3 pH 8.3 with 1mg/ml trypsin at 

a ratio 1:50  (P:E)  at 37° C for 4 h. Resultant peptides were fractionated on Immobilized 

pH gradient strips (IPG 17cm), pH 3.5-4.5. The strips were rehydratated for 12 h and run 

for 8 h with a constant voltage of 10,000V. The strip was manually cut in 47 pieces and the 

peptides extracted with 1% formic acid.  

 

Fractionation of peptides by nano high performance liquid chromatography 

 Each of the 47 peptide samples from isoelectric focusing was further fractionated on 

a micro-LC-System (HP1100 Agilent Technologies, Waldbronn, Germay) using an RP-C-

18 monolithic column (200µm id. x 5cm, Dionex, Sunnyvale, CA) with a flow rate of 4 

µl/min and a 40 min gradient from 10 to 100 % of solvent B  (ACN; 0.1% TFA). Each 

isoelectric focusing eluate was chromatographed and fractions were collected onto 

Prespotted AnchorChip targets (Bruker Daltonics) and providing matrix thin layer 

preparations using a PROTEINEER-FC robot (Bruker Daltonics). 

 

Mass spectrometry 

Mass spectra from each target spot were acquired fully automatically using an 

Ultraflex II MALDI-TOF/TOF mass spectrometer (Bruker Daltonics). Measurements were 

performed with a nitrogen laser in positive reflector mode and a 20,000 V acceleration 

voltage. For MS spectra 100 shots and for MS/MS spectra 1,000 shots were accumulated. 
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WARP-LC 1.0 software was used for spectra acquisition and controlling the automatic 

selection of peptides for further MS/MS analysis. The ICPL–labeled peptides were selected 

for the MS/MS analysis based on their H/L ratio.  

 

Identification of Proteins 

Acquired MS and MS/MS spectra were automatically sent as combined peak lists 

by the WARP-LC 1.0 to Biotools software 3.0 (Bruker Daltonics) and  searched against the 

NCBI database (Dec.16th, 2006) using an in-house version of MASCOT 2.1 (Matrix 

Science, London, UK). Parameter settings: Homo sapiens for organism, trypsin and Arg-C 

for enzymes, carbamidomethylation as fixed modification and oxidized methionine and 

heavy and light ICPL labels of lysines and N-terminal protein as variable modifications. 

 

ICPL Quantitative Analysis 

The determination of the ratios of isotope-labeled peptide pairs (heavy and light) 

was performed by WARP-LC 1.0 Protein Browser (Bruker Daltonics), comparing the 

relative heavy and light cluster signal intensities. The identified heavy and light peptide-

pair sequences containing up to four labeled lysines with a mass difference of 6.0204 Da 

per labeled amino group were obtained by BioTools 3.0. The workflow of protein shotgun 

mass spectrometry and ICPL-quantitation of differentially expressed proteins is shown in 

Figure 1. 

 

Determination of regulated proteins in SCZ samples 

 Three parameters were applied to determine the putative regulated proteins.  
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1) BioTools software returns for each identified protein a MASCOT score value that is 

derived from the peptide hit scores. Only peptide scores greater than 38 were considered 

significant identifications.  

2) The regulation status of a protein was defined by the ratio of the relative peptide signal 

intensities. We labeled SCZ proteins with heavy tag and control proteins with light tag. The 

proteins in both samples generated the same peptides after digestion, but peptides from 

SCZ samples had an approximately 6 Da per labeled amino group greater mass than 

peptides labeled with light tags (Figure 2). In our analysis we considered a minimum 40% 

variation as significant regulation. Thus, proteins upregulated in SCZ should have ratios 

≥1.4, whereas downregulated proteins should have ratios ≤0.6. Ratio values of 0.6 – 0.8 or 

1.2 – 1.4 were considered borderline. 

3) We analyzed the identity of the protein and its function using the Human Protein 

Reference Database (HPRD) based on Gene Ontology criteria.  

 

Results 

Protein regulation in Schizophrenic anterior temporal lobe 

Shotgun mass spectrometry resulted in the analysis of 837 peptide sequences 

(Figure 2A) and lead to the identification of 479 proteins in ATL (Figure 2B); 269 proteins 

(56.2%) were identified by unlabeled peptides and 210 (43.8%) by labeled peptides. 

For relative quantification, peptide data for these 210 proteins were evaluated. No 

significant variations between SCZ and control samples were observed for 165 proteins 

(78.6%). Of the remaining 45 proteins, 10 (22%) appeared to be upregulated and 35 (78%) 

downregulated. All proteins that were regulated in the ATL of SCZ patients could be 
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unambiguously identified and are listed in Table 2. One of the upregulated and 11 of the 

downregulated proteins are products of genes that are part of genomic loci which have been 

previously associated with SCZ.  

 

Functional classification of regulated proteins 

The regulated proteins were divided in functional classes according to the Human 

Protein Reference Database (HPRD – http://www.hprd.org) and are shown in Table 3. Most 

of them belong to cell communication and signal transduction (11/45), cell growth 

maintenance (10/45) and energy metabolism (9/45) pathways. Transport is the only 

category in which upregulation overcomes downregulation in SCZ ATL brains.  

 

Discussion 

ICPL methodology for Proteomic Analysis 

For our analysis, we employed shotgun proteomics to overcome some of the 

limitations of conventional proteomic strategies such as two-dimensional gel 

electrophoresis. This allowed us to investigate a greater fraction of the proteome and to 

more accurately measure differences in protein expression. The quantification of shotgun-

generated data is improved by the use of stable isotope labeling of the proteins and allows a 

more precise comparison and quantification (Schmidt et al, 2005). This approach was 

applied for pooled control and SCZ samples, in order to identify proteins with altered 

regulation in the disease. Most of the regulated proteins identified (84.4%) were found to be 

reduced in SCZ ATL. The overall reduction in protein translation could be a hallmark of 

the hypotemporality described in SCZ (Catafau et al, 1994). 
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Shotgun proteomics confirms the regulation of previously identified SCZ-related proteins 

Oligodendrocyte-myelin regulated proteins: 

The most important function of the oligodendroglia is the myelination and 

maintenance of myelin sheets in axons of the central nervous system (CNS). The 

diminution or malformation of the myelin sheath results in an increased ion leakage and a 

reduced propagation of nerve impulses. Besides, other functions as trophic signalling to 

nearby neurons, synthesis of growth factors, neuronal survival and development, 

neurotransmission and synaptic function are executed by oligodendrocytes (Du and 

Dreyfus, 2002; Deng et al., 2003).  

Whereas an analysis by magnetic transfer imaging and diffusion tensor imaging 

showed a disruption of white-matter integrity in SCZ patients (reviewed in Segal et al., 

2007), several cDNA microarray studies (Hakak et al., 2001; Tkachev et al., 2003; Aston et 

al., 2004; Katsel et al., 2005) and individual gene expression analysis (Webster et al., 2005; 

Dracheva et al., 2006; McCullumsmith et al., 2007) revealed the alteration of a series of 

myelin-related genes in SCZ. A set of proteins encoded by these genes were also identified 

in our study, including 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNP – downregulated 

here: -1.96x), glial fibrillary acidic protein (GFAP – downregulated here: -1.7x), myelin 

oligodendrocyte glycoprotein (MOG – downregulated here: -2.32x).  

Myelin Basic Protein (MBP – downregulated here: -2.56x), the major constituent of 

the myelin sheath in the CNS, has a neuroprotective role in vivo (Moalem et al., 1999) and 

its expression is controlled by brain-derived neurotrophic factor (BDNF) (Hohlfeld et al., 

2000) whose mRNA and protein were found regulated in SCZ patients’ brain and serum 

(Angelucci et al., 2005; Chambers and Perrone-Bizzozero, 2004). The myelinating 
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oligodendrocyte-specific protein, Ermin (downregulated here: -3.23x) is a protein that 

seems to be exclusively expressed by oligodendrocytes. It regulates cytoskeletal 

rearrangements during myelinogenesis and is also important in the maintenance and 

stability of the myelin sheath in the adult brain (Brockschnieder et al., 2006). 

The downregulation of the above mentioned proteins, revealed by an approach 

never seen over an independent sample set of a different brain area, strongly reinforces the 

importance of oligondendrocyte homeostasis in the pathogenesis of SCZ. 

 

Regulation of Ca
2+

 homeostasis: 

The identification here of an altered regulation of 5 proteins related with Ca+2 

homeostasis and metabolism reinforces the concept of the centrality of Ca+2 in SCZ. 

Abnormal brain Ca2+ concentrations, probably mediated by an altered regulation of 

Calmodulin (CALM - downregulated here: -5x), an intracellular Ca2+ sensor, and by the 

plasma membrane calcium-transporting ATPase 4” (PMCA-4 – upregulated here: 1.59x), 

which is involved in the maintenance of Ca2+ homeostasis in the cell (Strehler and Treiman, 

2004), may increase Ca2+-dependent phospholipase A2 (PLA2) activity that may account 

for the accelerated phospholipid turnover and for reduced dopaminergic activity seen in the 

SCZ frontal lobe (Gattaz et al., 1990; Gattaz and Brunner, 1996). 

Ca+2 is considered a pivotal metabolite for the dopamine hypothesis in SCZ and 

plays a crucial role in the function of dopamine receptors D1 and D2 (Bergson et al., 2003). 

It should be noted that Calcineurin, which appeared to be downregulated here (-1.67x) as 

well as in other SCZ studies (Hakak et al., 2001; Eastwood et al., 2005), play roles in 

neuronal function (Malenka, 1994; Liu et al., 1994) and is a regulator of dopaminergic 

(Greengard, 2001) and glutamatergic (Zeng et al., 2001) neurotransmission, which are 
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frequently compromised in SCZ (Seeman, 1987; Carlsson et al., 2001). Dopaminergic 

hyperactivity in SCZ may result in altered NMDA receptor activation, which can lead to 

excitotoxicity and excess Ca+2 influxes through NMDA receptors (Lee et al., 1999). 

The altered regulation of PMCA-4 and MBP support the findings of Fu et al. (2007) 

which show myelin degradation by cytosolic PLA2 induced by lysophosphatidylcholine 

(lyso-PtdCho) via Ca2+ influx into myelin. We submit that PMCA-4 upregulation promotes 

a higher Ca+2 influx, leading to a stimulation of Ca2+-dependent PLA2 (Gattaz et al., 1990), 

which increases lyso-PrdCho (Pangerl et al., 1991) which finally leads to myelin 

degradation. 

Visinin-like protein 1 (VILIP-1 - downregulated: -1.96x) that has Ca+2-dependent 

modulatory effects on signaling (Polymeropoulos et al., 1995) and Spectrin alpha chain 

(also known as fodrin - downregulated: -2.32x) that has a proteolytic activity is initiated by 

calcium-activated proteases, were other 2 proteins we found regulated in ATL SCZ. 

  

Energy metabolism 

 Transcriptome and proteome alterations in energy metabolism have been 

extensively described in patients with SCZ (Prabakaran et al. 2004, Ben-Shachar and 

Laifenfeld 2004, Bubber et al. 2004, Karry et al. 2004, Clark et al. 2006, Martorell et al. 

2006, Mehler-Wex et al. 2006) and our data confirmed these previous finding. We found 

the downregulation of several members of the NADH:ubiquinone oxidoreductase complex 

NDUFS3, NDUFS6, NDUFB5 and NDUFV2 (-1.89x, -1.72x, -2.08x and -2.08x 

respectively). The connection of energy metabolism in neuronal plasticity and synapse 

(reviewed in Ben-Shachar and Laifenfeld 2004) as well as evidences of oxidative damage 

in SCZ brains (reviewed in Yao et al. 2001) and dopamine toxicity through mitochondrial 
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complex I inhibition (Ben-Shachar et al., 2004) suggests an important energetic component 

in SCZ. 

 

Other regulated proteins 

In our analysis we found a number of regulated proteins that have been previously 

reported to be altered in SCZ (Table 4), such as hemoglobin subunit beta (-1.75x), which 

can compromise neuronal microcirculation (Nakashima et al., 1996) and result in attention 

deficits (Toichi et al., 2004) and Aquaporin type 4 (AQP4 – upregulated: 1.87) that controls 

the water flow within the CNS (Nagelhus et al., 1999; Wen et al., 1999) and may 

compromise ionic homeostasis (Fatemi et al., 2005).  

The neurofilaments M (NEFM - downregulated: -2.17x) and L (NEFL - 

downregulated: -3.13x) that belong to a family of proteins recently named DRIP (dopamine 

receptor interacting protein) and have important functions in the dopamine receptor signal 

transduction pathway (Bergson et al., 2003); NEFL is directly associated with NMDA 

receptors (Ehlers et al., 1995).  

 

New potential SCZ markers  

Next to proteins that had been previously associated with SCZ pathogenesis we also 

found eleven proteins that had not been described previously to be regulated in ATL-SCZ. 

Significant differences in expression were seen for these proteins and suggest their potential 

role in the disease.  

Prohibitin (PHB – upregulated: 1.57x) has many roles, being involved in apoptosis 

(Bruneel et al., 2005), maintenance of mitochondrial function and protection against 

senescence (Arnold and Langer, 2002). Phosphatidylethanolamine-binding protein 1 
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(PEBP1 – upregulated: 2.86), is a substrate of Calpain (Chen et al., 2006), a Ca+2-

dependent protease implicated in synaptic chemistry and structure (Etienne and Baudry, 

1987) with functions in membrane biogenesis (Moore et al., 1996) which reinforce the 

importance of membrane phospholipid metabolism in SCZ. We should observe the recent 

publication of the PEBP1-knockout mouse, which revealed the role of this protein in the 

control of emotions and complex behavior responses (Theroux et al., 2007). The loss of 

PEBP1 function has been implicated in AD and behavioral testing in mice revealed a 

learning deficit (George et al., 2006). 

We also found the downregulation of the aggregan core protein (AGC, -2x), a 

proteoglycan that regulates neurite growth (Ruoslahti., 1989) and contains a hyaluronic 

acid (HA) binding domain,  which may associate this protein to the hyaluronan and 

proteoglycan link protein 2 (HAPLN2) that was also downregulated here (-6.25x). HA is of 

critical importance for the formation of brain extracellular matrix, which maintains the 

brain shape and correct functioning. 

 

Validation of differentially expressed proteins 

 Whereas we had limitations to perform experiments to validate the potential 

markers identified by our shotgun approach, we could observe that most of the markers 

seen here have been previously identified or validated by other groups. Such recurrent 

genes/proteins (marked with an asterisk in Table 4), gives us confidence that the repetitive 

findings are true disease identifiers, and that the new markers found here are potentially 

related to the disease. 

 

Confounding factors: the ATL-SCZ proteome and the effect of antipsychotics: 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 174 

At this point we do not know whether the alterations detected in our analysis are a 

cause or a consequence of the disease. We also cant discard that these markers arised from 

a combination of confounding factors such as age, smoking, duration of disease (Table 1), 

circadian rhythm variations, physical exercise, food intake or medication. All these features 

can potentially contribute to proteomic alterations.  

The brain samples used here were derived from SCZ patients taking varying doses 

of different neuroleptics (Table 1). Two of the five patients in our study were using 

haloperidol just before their death. Sugai et al (2004), using cDNA arrays from cynomolgus 

monkeys and Narayan et al., (2007), using in situ hybridization in mice, showed that MBP 

can be modulated by haloperidol-treatment. It was also reported that apolipoprotein A-I 

expression in plasma of SCZ medicated patients is altered (La et al. 2007). Malate 

dehydrogenase, peroxiredoxin 3, vacuolar ATP synthase subunit beta and mitogen-

activated protein kinase kinase 1 were found regulated in the hippocampus of 

chlorpromazine/clozapine treated rats (La et al., 2006). However, a great number of the 

identified proteins found to be regulated in the present study have been reported to be 

associated with SCZ either through genetic linkage or transcriptomic regulation, which are 

processes largely independent of an exogenous drug effect. 

Thus, we can not affirm which proteins among the 45 described here are modulated 

by antipsychotic medication. Despite the Narayan et al. (2007) findings, we can not affirm 

that the oligodendrocyte-related proteins found here are consequence of antipsychotic use 

and even affirm categorically that these proteins are SCZ agents. In future studies the 

characterization of the proteome from naïve tissues will show whether the identified 

differences are SCZ pathogenesis-related or due to other confounding factors.  
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Conclusion: 

The comparison of protein profiles of ATL from SCZ and controls by shotgun 

proteomics enabled the identification of proteins differentially expressed in diseased 

samples. Whereas gene polymorphisms and gene expression alterations can play an 

important role in SCZ, the identification of disease-related proteins, the true biological 

effectors, is critical for the understanding of the pathophysiology of the disease. 

We do not know whether the identified proteins whose expression is regulated in 

SCZ are causative for or a consequence of the disease or might be a reflection of the 

medications given to the patients. However, the identification of proteins that are part of 

pathways previously reported to be associated with the disease indicates some kind of 

involvement in the pathology of SCZ. 

The observation that many of the markers identified in our analysis have been 

previously revealed by other groups using alternative approaches such as cDNA 

microarrays, reinforces their association with SCZ. Together with other studies, our 

findings suggest the involvement of oligodendrocytes and myelin dysfunction as well as 

calcium and energy imbalance in SCZ. A central concept of SCZ neurobiology is that its 

symptoms may arise from a malfunctioning communication between different brain areas, 

leading to a disruption of the circuitry that underlies behavior and perception. In this 

context, structural and functional abnormalities leading to a brain dysfunction may 

comprise not only neurodevelopmental and neurotransmitter aspects, but may also include 

factors important for impulse propagation such as intracellular Ca2+ and axonal insulation.   

Whereas it is tempting to speculate that a decomposition of the oligodendrocyte-

axonic system may be responsible for some SCZ symptoms, the results should still be 
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viewed with caution. It is not clear if the alterations seen here reflect oligodendrocyte 

dysfunction, a reduction in the number of oligodendrocytes in the samples or a combination 

of both, or the simple use of haloperidol by two out of our five patients.  

The regulation of Ca2+ homeostasis-related proteins reinforces the importance of 

this pathway in SCZ. Ca2+ is of pivotal importance for dopamine receptor function 

(Bergson et al, 2003) and studies of genetic association have revealed calcium-activated 

potassium-channels as important players in SCZ (Chandy et al, 1998).  Moreover, Ca2+ 

influences the activity of several enzymes related to neuronal membrane function, such as a 

group of phospholipases A2, which consistently have been shown to be altered in 

schizophrenia (Gattaz et al 1987, Barbosa et al, 2007). Mitochondrial dysfunction in SCZ is 

also indicated by the downregulation of several proteins from mitochondrial complex I. In 

addition, we have identified many proteins that have not previously been associated with 

SCZ pathogenesis. These include PEBP1 which was recently identified as an important 

protein involved in complex behavior responses in the brain (Theroux et al. 2007).  
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Figure 1: Proteomic workflow: after cell lysis proteins are labeled with light or heavy ICPL 
reagents, combined and digested with trypsin. Tryptic peptides are fractionated by isoelectric 
focusing (IEF) on an IPG strip and then subjected to LC-MALDI mass spectrometry for 
identification and quantitation. 
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Figure 2: Shotgun mass spectrometry results. A) Number of peptides identified from each IPG 
fraction; B) Number of peptides that identified a protein. 
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Sample ID Case Age 
(years) Gender PMI 

(hours) 
pH 

values 
Type of 

SCZ 

Duration of 
Disease 
(years) 

Duration of 
Medication 

(years) 
atyptyp

CPE 
last 

dosis 

CPE 
last ten 
years 

Cause of Death DSM IV 
Age 
at 

Onset
Last Medication Cigarettes Alcohol Hosp ECT 

  01/00 SCZ 51 M 12 6,7 

Residual, 
Chronic 
Paranoid 
episodes 

28 25 2 450 1.8 heart infarction 295.6 23 Clozapine 500 mg 30/day no 17 No 

35/00 SCZ 64 F 23 6,6 

Residual, 
Chronic 
Paranoid 
episodes 

41 40 2 54.5 4.6 heart infarction 295.6 24 
Zotepine 150 mg 

Olanzapine 10 mg 
20/day no 5 yes 

36/02 SCZ 73 M 20 6,9 

Residual, 
Chronic 
Paranoid 
episodes 

43 40 1 507.4 1.7 heart infarction 295.6 30 
Perphenazine 32 mg
Promethazine 150 

mg 
30/day no 33 no 

83/01 SCZ 71 M 28 6,5 

Residual, 
Chronic 
Paranoid 
episodes 

40 35 1 782.4 10 heart infarction 295.6 30 
Haloperidol 32 mg 

Pipamperone 40 mg 
40/day no 12 no 

50/01 SCZ 81 M 4 6,8 

Residual, 
Chronic 
Paranoid 
episodes 

62 50 1 92.8 1.4 
Cor pulmonale, 

heart insufficiency 
295.6 19 

Haloperidol 4 mg 
Prothypendyl 80 mg 

20/day no 48 no 

43/01 Control 91 F 16 6,8       
cardio-pulmonary 

insuffiency 
   no no   

57/02 Control 53 M 18 7,1       heart infarction    20/day no   

61/01 Control 66 M 16 6,9       heart infarction    10/day no   

72/02 Control 79 M 24 6,4       heart infarction    no no   

Table 1: Patient and control clinical data. Abbreviations: atyptyp: duration of atypical treatment/duration of treatment with typical 
neuroleptics during lifetime; CPE: medication calculated in chlorpromazine equivalents (mg); CPE last ten years: the sum of medications 
during the last ten years in kg; Hosp: Hospitalization time in years; ECT: electroconvulsive therapy 
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Biological Process Regulation in SCZ Protein Name Accession H/L Ratio pI (th) MW (th) Chr Loci Id. Pept 
MASCOT 

Score 

↑ Aquaporin type4 Q6L7A0 1.87 6.20 23623.16 18q11.2-q12.1 1 50.18 

↑ Plasma membrane calcium-transporting ATPase 4 P23634 1.59 6.19 137920.16 1q25-q32  3 76.49 

↓ Hemoglobin subunit beta P68871 0.57 6.81 15867.22 11p15.4-p15.5  1 41.1 

Transport 

                  

↑ Ezrin-radixin-moesin-binding phosphoprotein 50 O14745 1.58 5.55 38737.24 17q25.2 2 50.76 

↑ Prohibitin or PHB protein Q6FHP5 1.57 5.57 29832.16 17q21  2 62.38 

↑ Phosphatidylethanolamine-binding protein 1 P30086 2.86 7.43 20925.59 12q24.23 3 44.07 

↓ 14-3-3 protein eta Q04917* 0.49 4.76 28087.53 22q12-q13  1 77.29 

↓ Dual specificity protein phosphatase 3 Q5RD73 0.48 7.66 20478.29 17q21 1 41.61 

↓ 14-3-3 protein zeta/delta P63104 0.52   4.73 27745.1 2p25.2-p25.1 4 58.22 

↓ Calcineurin or Serine/threonine-protein phosphatase 2B catalytic subunit alpha isoform Q08209 0.60   5.58 58687.85 4q21-q24  3 64.34 

↓ Visinin-like protein 1 P62763 0.51   5.01 22011.14 2p24.3 3 91.89 

↓ Signal-regulatory protein beta-1 O00241 0.56   6.06 43255.18 20p13 4 118.36 

↓ 14-3-3 protein gamma P61981 0.46   4.8 28171.4 7q11.23  4 112.84 

↓ Calmodulin P62158 0.20   4.09 16706.39 14q24-q31  8 131.36 

Signal transduction; Cell communication 

                  

↑ Hexokinase brain form P19367 1.84   6.44 102484.91 10q22  2 43.49 

↓ NDUFS6 or NADH-ubiquinone oxidoreductase 13 kDa-A subunit O75380 0.58  8.58 13711.61 5p15.33  1 100.91 

↓ Carbonic anhydrase 2 P00918 0.50   6.86 29114.86 8q22  1 85.87 

↓ NDUFB5 or NADH-ubiquinone oxidoreductase SGDH subunit O43674 0.48 9.62 21750.27 3q26.33  1 52.24 

↓ Succinyl-CoA ligase - mitochondrial Q9P2R7 0.53 7.05 50317.26 13q12.2  1 89.19 

↓ NDUFV2 protein Q6IB76 0.48 8.22 27349.47 18p11.31-p11.2 2 112.02 

↓ NDUFS3 or NADH-ubiquinone oxidoreductase 30 kDa subunit O75489 0.53 6.98 30241.53 11p11.11  4 81.08 

↓ fructose bisphosphate aldolase C or ALDOC protein Q6FH94 0.56 6.41 39455.87 17cen-q12  5 79.21 

↓ 2',3'-cyclic-nucleotide 3'-phosphodiesterase P09543 0.51 9.17 47578.63 17q21  13 87.29 

Metabolism; Energy pathways 

                  

↑ Tubulin, beta polypeptide Q9BVA1* 1.46 4.78 49953.06 6p25 1 81.31 

↓ Lamin A/C  Q5I6Y4* 0.60 6.44 74070.38 1q21.2-q21.3 1 52.12 

Cell Growth and/or maintenance 
 
 
 ↓ Aggrecan core protein P16112* 0.50 4.1 250193.19 15q26.1 1 65.66 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 186 

↓ Spectrin alpha chain, also know as Fodrin or Spectrin, non-erythroid alpha chain Q13813 0.43 5.22 284539.36 9q33-q34 1 55.93 

↓ Destrin P60981 0.56 8.12 18374.53 20p12.1 1 53.86 

↓ Glial fibrillary acidic protein, astrocyte P14136 0.59 5.42 49880.21 17q21  16 103.48 

↓ Neurofilament triplet M protein P07197* 0.46 4.9 102316.8 8p21  1 72.91 

↓ Hyaluronan and proteoglycan link protein 2 Q5T3J1* 0.16 8.37 20827.82 1q23.1  1 105.92 

↓ Neurofilament triplet L protein P07196* 0.32 4.64 61385.41 8p21 2 70.24 

↓ Clathrin light chain B P09497* 0.50 4.57 25190.49 5q35  3 74.98 

Cell Growth and/or maintenance 

                  

↓ Ubiquitin-conjugating enzyme E2 N P61088 0.32 6.13 17137.82 12q21.33  1 88.98 

↓ Eukaryotic initiation factor 4A-II Q14240 0.52 5.33 46402.27 3q28  2 46.03 

↓ 60S ribosomal protein L13 P26373 0.46 11.65 24130.28 16q24.3 2 62.73 

↓ 40S ribosomal protein S10 P46783* 0.53 10.15 18897.77 6p21.31  2 54.19 

↓ Endoplasmic reticulum protein or ERP29 P30040 0.38 6.77 28993.43 12q24.13  1 79.53 

↓ Ubiquitin P62988* 0.52 6.56 8564.84 17p11.1-17p12 1 41.16 

Protein Metabolism 

                  

↓ Histone H3.1 P68431* 0.31  11.13 15272.89 6p21.3  2 58.35 

↓ Ribonuclease/angiogenin inhibitor 1 P13489 0.59 4.71 49842.28 11p15.5  1 83.02 Nucleic acid metabolism 

                  

↓ Myelin oligodendrocyte glycoprotein Q5SSB7* 0.43 8.29 23235.99 6p22.1  1 95.48 

↓ Myelin basic protein Q65ZS4 0.39 11.35 22316.06 18q22-qter  7 78.43 

Immune Response 
Neurogenesis 

Synaptic Transmission 
Oligodendrocyte Metabolism ↓ Ermin (myelinating oligodendrocyte-specific protein) Q8TAM6 0.31 4.75 32782.95 2q24.1 2 61.42 

         
Biological process unknown 

↓ SH3-domain GRB2-like endophilin B2 Q9NR46 0.52 5.72 43973.94 9q34 1 46.91 

Table 2: Proteins regulated in Schizophrenic brains, classified according to their biological function. Proteins marked with (*) are encoded 
by genes that map to genomic regions previously associated with Schizophrenia. The standard deviation for all H/L ratios is +/- 0,00 and the 
accession numbers are from the Swiss-Prot database. (Abbreviations: pI (th) – predicted protein isoeletric point; MW (th) - predicted protein 
molecular weight; Chr Loci – Gene Locus; Id. Pept – Number of peptides that identified the protein; MASCOT Score – identified peptide database 
search score). 
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Functional class 
Total altered 

proteins 
Schizophrenia 

  Upregulated Downregulated

Transport 3 2 1 

Cell communication Signal transduction 11 3 8 

Energy metabolism 9 1 8 

Cell growth/maintenance 10 1 9 

Protein metabolism 6 0 6 

Nucleic acid metabolism 2 0 2 

Immune response 

Neurogenesis 

Synaptic Transmission  

Oligodendrocyte Metabolism 

3 0 3 

Unknown 1 0 1 

Total 45 7 38 

Table 3: Regulated proteins in SCZ ATL according to their functional classification. 
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Table 4: Proteins found regulated in ATL SCZ that have previously been described in other reports 
as relevant in SCZ. Genes/proteins marked with an asterisk were indirectly validated by those 
correspondent authors. 

Gene symbol Product Name Type of analysis Tissue Described as 

regulated by: 

MOG* 

Myelin 
Oligodendrocyte 

glycoprotein 

1- microarray and 
qPCR 

2- microarray 
3- microarray and 

qPCR 

1- pre-frontal cortex 
2- several brain region 
3- pre-frontal cortex 

1- Tkachev et al., 2003 
2- Katsel et al., 2005 
3- Arion et al., 2007 

MBP* Myelin Basic Protein 
1- immunoassay 

2 - microarray and 
qPCR 

1- anterior frontal 
cortex 

2- pre-frontal cortex 

1- Honer et al., 1999 
2-Tkachev et al., 2003 

GFAP* 
Glial fibrillary acidic 

protein 

1- proteomics 
2- in situ hybridization 

3- microarray and 
qPCR 

1- frontal cortex 
2- cingulate cortex 

3- pre-frontal cortex 

1- Johnston-Wilson et 
al., 2000 

2- Webster et al., 2005 
3- Tkachev et al., 2003 

CNP* 
2',3'-cyclic-nucleotide 
3'-phosphodiesterase 

1- microarray 
2- microarray and 

qPCR 
3- microarray 

4- microarray and 
proteomics 

5- microarray 
6- microarrays 

7- qPCR 

1- cortical tissues 
2- pre-frontal cortex 
3- Temporal Gyrus 
4- pre-frontal cortex 

5- several brain region 
6- anterior cingulate 

cortex and 
hippocampus 

7 - anterior cingulate 
córtex 

1- Hakak et al., 2001 
2- Tkachev et al., 2003 

3- Aston et al., 2004 
4- Prabakaran et al., 

2004 
5- Katsel et al., 2005 
6- Dracheva et al., 

2006. 
7- McCullumsmith et 

al., 2007 

CAN*  Calcineurin 1 & 2- microarray 
1- cortical tissues 
2- hippocampus 

1- Hakak et al., 2001 
2- Eastwood et al., 

2005 

SPTAN1* 
Spectrin alpha chain 

(fodrin) 
Western blot 

left superior temporal 
cortices 

Kitamura et al., 1998 

14-3-3 eta 

(YWHAH) * 

Protein kinase C 
inhibitor protein 1 

(eta) 

1- in situ hybridization 
2- microarray 

1- pre-frontal cortex 
2- cerebellum 

1- Middleton et al., 
2005 

2- Vawter et al., 2001 

14-3-3 zeta/delta 

(YWHAZ) * 

Protein kinase C 
inhibitor protein 1 

(zeta/delta) 

1- in situ hybridization 
2- proteomics 

1- pre-frontal cortex 
2- corpus callosum 

1- Middleton et al., 
2005 

2- Sivagnanasundaram 
et al., 2007 

14-3-3 gamma 

(YWHAG) * 

Protein kinase C 
inhibitor protein 1 

(gamma) 

1- in situ hybridization 
2- proteomics 

1- pre-frontal cortex 
2- corpus callosum 

1- Middleton et al., 
2005 

2- Sivagnanasundaram 
et al., 2007 

ALDOC* 
Fructose bisphosphate 

aldolase C 
1- proteomics 

2- microarray and 
1- anterior cingulate 

cortex 
1- Clark et al., 2006 
2- Prabakaran et al., 
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Gene symbol Product Name Type of analysis Tissue Described as 

regulated by: 

proteomics 
3- proteomics 

4- immunoassay* 

2- pre-frontal cortex 
3- frontal cortex 
4- human CSF 

2004 
3- Johnston-Wilson et 

al., 2000 
4- Willson et al., 1980 

HIST1H3A*  histone H3.1 
immunoblotting, 

immunohistochemical, 
microarray and qPCR 

pré-frontal córtex Akbarian et al., 2005 

CA2 Carbonic Anhydrase 2 
1- proteomics 
2- proteomics 

1- frontal cortex 
2- anterior cingulate 

cortex 

1- Johnston-Wilson et 
al., 2000 

2- Beasley et al., 2006 

RPS10 
40S ribosomal protein 

– family S10 
microarray pré-frontal córtex Vawter et al., 2002 

UBE2N Ubiquitin microarray pré-frontal córtex Vawter et al., 2002 

EBP50 

Ezrin-radixin-moesin-
binding 

phosphoprotein 50 
microarray 

peripheral blood 
lymphocytes 

Bowden et al., 2006 

TUBB2B 
Tubulin beta 
polypeptide 

1- in situ hybridization 
2- proteomics 

1- frontal cortex 
2- corpus callosum 

1- Virgo et al., 1995 
2- Sivagnanasundaram 

et al., 2007 

NEFL 
Neurofilament triplet L 

protein 
proteomics corpus callosum 

Sivagnanasundaram et 
al., 2007 

NEFM 
Neurofilament triplet 

M protein 
proteomics corpus callosum 

Sivagnanasundaram et 
al., 2007 
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Capítulo 6: 

Análise do Proteoma de Córtex Pré-Frontal 

Cerebral Humano Ut ilizando Shotgun Proteomics.  

At ravés de um manuscrit o submet ido ao periódico “ Journal of  Neurology”  

descrevemos os dados por nós revelados do prot eoma de córt ex pré-f ront al  

humano por Shot gun Prot eomics.  
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Abstract: 

A shotgun proteome analysis that included isoelectric focusing fractionation, 

reversed phase liquid chromatography, and MALDI-TOF/TOF mass spectrometric analysis 

of tryptic digests from a pool of seven human dorsolateral prefrontal cortex protein extracts 

was performed and 387 expressed proteins from these samples involved in different 

biochemical pathways were identified by two or more peptides with high confidence search 

scores. This analysis contributes to the knowledge of the human brain proteome and with 

future applications in basic and clinical researches. 

 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 193 

Dorsolateral prefrontal cortex (DLPFC) is the anterior region of the frontal lobes 

situated above the motor and premotor areas. It is the neocortical region most elaborated in 

primates to provide a diverse and flexible behavioral repertoire. The DLPFC is responsible 

for the execution of high functions such as differentiation of conflicting thoughts, 

determination of concepts of right and wrong, adequate social behavior and personality 

expression [1,2]. Neurocircuitry defects in DLPFC have been related to the biology of 

several neuropsychiatric conditions such as Tourette's syndrome, Huntington's disease, 

obsessive-compulsive disorder, attention-deficit/hyperactivity disorder, schizophrenia, and 

mood disorders [3]. Besides, DLPFC dysfunction has been described in bipolar disorder 

[4], Parkinson disease [5], major depression [6] and Alzheimer disease [7]. 

The proteome within brain regions changes qualitatively and quantitatively during 

aging and in different disease states. Thus the identification of the proteomes from discrete 

brain regions, related to pathological or non-pathological conditions may contribute to a 

better functional understanding of those areas, as well as to the identification of new and 

specific therapeutic targets. In the present work, we performed a shotgun proteome analysis 

of a protein pool from dorsolateral prefrontal cortex (DLPFC - Brodmann area 46) of seven 

individuals free from neuropsychiatric diseases. The shotgun mass spectrometry method 

used here is superior in this effort compared to other techniques such as two-dimensional 

gel electrophoresis (2-DE) followed by a mass spectrometry (MS) approach [8-11]. 

Post-mortem brain samples from the DLPFC tissue (BA46) were collected from 

seven individuals (Table 1) from the Central Institute of Mental Health (Mannheim, 

Germany). On average, the samples were collected 27.1 hours after death. Patients were 

classified, ante mortem, as controls by an experienced psychiatrist according to the criteria 

of the DSM IV [12]. All assessments and post mortem evaluations and procedures were 

previously approved by the Ethics Committee of the Faculty of Medicine of Heidelberg 

University, Germany.  Fifty milligrams of the human DLPFC from seven control subjects 

were individually ground with glass spheres in 200µl of 6M guanidine and 0.1M HEPES 

buffer. Total protein from the DLPFC pool (100 µg) was reduced using DTT and alkylated 

with 1 ml of 0.4 M iodoacetamide. Protein samples were digested in 200 mM NH4HCO3, 

pH 8.3 with 1mg/ml trypsin at a ratio of 1:50 (protein:enzyme) at 37° C for 4h. Resulting 

peptides were fractionated on immobilized pH gradient strips (IPG 17cm), pH 3.5-4.5. The 
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strips were rehydratated for 12h and run for 8h with a constant voltage of 10,000V. Each 

strip was manually cut in 47 pieces and the peptides extracted with 1% formic acid. Each of 

the 47 peptide samples from isoelectric focusing was further fractionated on a micro-LC-

System (HP1100 Agilent Technologies, Waldbronn, Germany) using an RP-C-18 

monolithic column (200µm id. x 5cm, Dionex, Sunnyvale, CA) with a flow rate of 4 µl/min 

and a 40 min gradient from 10 to 100 % of solvent B  (acetonitrile; 0.1% trifluoroacetic 

acid). Each isoelectric focusing eluate was chromatographed and fractions were collected 

onto Prespotted AnchorChip targets (Bruker Daltonics, Bremen, Germany) and providing 

matrix thin layer preparations using a PROTEINEER-FC robot (Bruker Daltonics). Mass 

spectra from each target spot were acquired fully automatically using an Ultraflex II 

MALDI-TOF/TOF mass spectrometer (Bruker Daltonics). WARP-LC 1.0 software was 

used for spectra acquisition and controlling the automatic selection of peptides for further 

MS/MS analysis. Acquired MS and MS/MS spectra were automatically sent as combined 

peak lists by the WARP-LC 1.0 to Biotools software 3.0 (Bruker Daltonics) and  searched 

against the NCBI database (Dec.16th, 2006) using an in-house version of MASCOT 2.1 

(Matrix Science, London, UK).  

The shotgun analysis of DLPFC revealed 1,161 non-redundant proteins that were 

assigned with 95% confidence, including 387 (33.3%) proteins identified with two or more 

peptides. Since the recognition of proteins identified by a single peptide should be 

considered provisional, further analyses were undertaken with the set of 387 non-redundant 

proteins identified with two or more peptides. Most of these proteins, 226 (58.4%), were 

identified by 2 peptides, while 41 (10.6%) were identified by 3 peptides and another 120 

(31%) proteins were identified by 4 or more peptides (Figure 1). These proteins are shown 

in the supporting information that accompanies this article.  

The 387 proteins identified by more than 1 peptide show a diverse range of 

biophysical characteristics, with isoeletric points (pI) rainging from 4.09 to 11.55 and 

molecular weights (MW) varying from 2.9 kDa to 532.4 kDa. Approximately half of the 

identified proteins have a MW below 50 kDa (Figure 2A) and roughly one third have pIs 

>7 (Figure 2B). This demonstrates the superior performance of the shotgun mass 

spectrometry approach over 2-DE, where proteins with these biophysical characteristics are 
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difficult to identify [13]. In addition, this method significantly improves the identification 

of low abundant proteins [8,14,15]. 

The identified proteins were then classified according to their putative biological 

process with the help of the Human Proteome Reference Database (HPRD – 

http://www.hprd.org). Biological processes related to 22.5% of the proteins identified here 

have not been defined yet (Figure 3). Pan et al. [16] revealed that 28.2% of the frontal 

cortex proteome, determined with a shotgun method, could not be assigned to biological 

processes while a much lower fraction (3.2%) had the same behavior, when the temporal 

lobe proteome was evaluated with 2-DE followed by mass spectrometry (MS) to protein 

identification [17]. This reinforces the notion that shotgun proteomics is capable and more 

efficient in the identification of less-abundant, and thus, usually less-characterized proteins, 

that can be important players in neurological diseases and relevant targets to 

pharmaceutical applications.  

The most abundantly populated functional classes include cell growth and/or 

maintenance (17.6%), metabolism/energy pathways (16.5%), and cell 

communication/signal transduction (13.7%). Other processes also identified are protein 

metabolism, transport, regulation of nucleobase, nucleoside, nucleotide and nucleic acid 

metabolism and immune response (Figure 3).  

These proteins were also classified according to their sub-cellular localization using 

the “Proteome Analyst Specialized Subcellular Localization Server“ software [18]. Putative 

subcellular localizations could be defined for 65% of the proteins. As the sample 

preparation method used here favors the analysis of proteins with cytoplasmic localization, 

it is not a surprise to see that most of the identified proteins (55.4%) are indeed predicted to 

be located in the cytoplasm. Besides, 9.2% of evaluated proteins are membrane proteins, 

including many cellular receptors that are major players in a number of neurophysiologic 

processes and are potential therapeutic targets. Others include nuclear proteins (15.3%) and 

extracellular proteins that are important in gene expression control and cellular 

communication, respectively (Figure 4). 

The 10 most abundant proteins we found were Glial fibrillary acidic protein 

(GFAP), Myelin basic protein (MBP), Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), Spectrin alpha (SPTAN1), Tubulin alpha-1A chain (TUBA1A), Plectin-1 
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(PLEC1 ), Beta-spectrin 2 (SPTBN1), Histone H3/b (HIST1H3B) and Alpha enolase 

(ENO1) (the entire set of identified proteins is presented in the Supporting Information). 

These 10 proteins are known as important players in brain metabolism, and are involved in 

important structures such as cytoskeleton and myelin sheath, as well as in the mitochondrial 

metabolism. Of note is the fact that the top 10 proteins have a wide range of pIs and MWs, 

including 4 proteins more basic than 7 and 3 proteins bigger than 200 kDa. Proteins with 

these physicochemical characteristics are usually less represented when 2-DE is used and 

demonstrate the strength of the shotgun mass spectrometry approach for a better definition 

of the human neuroproteome.  

Other brain proteome studies using 2-DE have been mainly used to reveal 

differentially expressed proteins, and lists of proteins categorized by their abundance are 

lacking from the scientific literature. Examples of differential protein analysis include the 

comparison of prefrontal cortex (PFC) that revealed 18 differentially expressed proteins in 

human alcoholics [19] and the identification of 5 differentially expressed proteins in PFC of 

suicide victims [20]. Moreover, Prabakaran et al. [21] presented 50 differentially expressed 

proteins in schizophrenic PFC, using a fluorescent 2-DE approach.  

Brain proteome studies using shotgun proteomics can reveal a significant fraction of 

the proteome, in addition to differentially expressed proteins. Combining sample 

fractionation, 1-D SDS-PAGE, and MS analysis, Park et al. [22] were able to identify more 

than 1,500 proteins in temporal lobe tissue from epileptic patients. In another shotgun study 

with human temporal lobe tissue using LC-ESI-MS/MS and gas-phase fractionation, 209 

proteins were identified [23].  

We believe that the identification of proteins expressed in the DLPFC brain 

specimens, as well as in other brain areas, will help in gaining a better understanding of 

brain biochemistry. Moreover, the collection of brain proteome data can be used as a 

reference for future studies, and a better knowledge of the neuroproteome in health and in 

illness will certainly impact the diagnosis of many diseases. In the future, it may also help 

to elaborate more comprehensive disease classifications, when we would be able to 

determine if conditions that share similar symptoms also have the same underlying 

molecular basis.  

 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 197 

Acknowledgments: 

The authors thank ABADHS (Associação Beneficente Alzira Denise Hertzog da 

Silva), FAPESP (Fundação de Amparo a Pesquisa do Estado de São Paulo) and CNPq 

(Conselho Nacional de Desenvolvimento Científico e Tecnológico) for the support of this 

Project in Brazil. We would also like to thank the DAAD (Deutscher Akademischer 

Austauschdienst) and MPG (Max Planck Gesellschaft) for their support of this work in 

Germany. Moreover, we would like to thank Mrs. Dayane Pires and Mrs. Natalia Katauchi 

for their help in data organization.  

The authors have none conflict of interest. 

 

 

References: 

 
1. Miller, E.K., Cohen, J.D., An integrative theory of prefrontal cortex function. Annu Rev Neurosci. 

2001, 24, 167-202.  
2. Liston, C., Miller, M.M., Goldwater, D.S., Radley, J.J., et al., Stress-induced alterations in prefrontal 

cortical dendritic morphology predict selective impairments in perceptual attentional set-shifting. J 

Neurosci. 2006, 26(30), 7870-7874. 
3. Bonelli, R.M., Cummings, J.L., Frontal-subcortical circuitry and behavior. Dialogues Clin Neurosci. 

2007, 9(2), 141-151. 
4. Selemon, L.D., Rajkowska, G., Cellular pathology in the dorsolateral prefrontal cortex distinguishes 

schizophrenia from bipolar disorder. Curr Mol Med. 2003, 3(5), 427-436. 
5. Carbon, M., Marié, R.M., Functional imaging of cognition in Parkinson's disease. Curr Opin Neurol. 

2003, 16(4), 475-480. 
6. Liotti, M., Mayberg, H.S., The role of functional neuroimaging in the neuropsychology of 

depression. J Clin Exp Neuropsychol. 2001, 23(1), 121-136. 
7. Herrmann, M.J., Langer, J.B., Jacob, C., Ehlis, A.C., et al., Reduced Prefrontal Oxygenation in 

Alzheimer Disease During Verbal Fluency Tasks. Am J Geriatr Psychiatry. 2007 Nov 12. 
8. Washburn, M.P., Wolters, D., Yates, J.R.3rd., Large-scale analysis of the yeast proteome by 

multidimensional protein identification technology. Nat Biotechnol. 2001, 19(3), 242-247. 
9. Wolters, D.A., Washburn, M.P., Yates, J.R.3rd., An automated multidimensional protein 

identification technology for shotgun proteomics. Anal Chem. 2001, 73(23), 5683-5690. 
10. Aebersold, R., Mann, M., Mass spectrometry-based proteomics. Nature. 2003, 422(6928),198-207. 
11. Peng, J., Elias, J.E., Thoreen, C.C., Licklider, L.J., et al., Evaluation of multidimensional 

chromatography coupled with tandem mass spectrometry (LC/LC-MS/MS) for large-scale protein 
analysis: the yeast proteome. J Proteome Res. 2003, 2(1), 43-50. 

12. American PA. Diagnostic and Statistical Manual of Mental Disorders, 4th edn. American Psychiatric 
Association: Washington DC, 1994. 

13. Gygi, S.P., Corthals, G.L., Zhang, Y., Rochon, Y., et al., Evaluation of two-dimensional gel 
electrophoresis-based proteome analysis technology. Proc Natl Acad Sci U S A. 2000, 97(17), 9390-
9395. 

14. Wienkoop, S., Weckwerth, W., Relative and absolute quantitative shotgun proteomics: targeting 
low-abundance proteins in Arabidopsis thaliana. J Exp Bot. 2006, 57(7), 1529-1535. 

15. Wu L, Han DK. Overcoming the dynamic range problem in mass spectrometry-based shotgun 
proteomics. Expert Rev Proteomics. 2006 Dec;3(6):611-9. 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 198 

16. Pan, S., Shi, M., Jin, J., Albin, R.L.,et al., Proteomics identification of proteins in human cortex 
using multidimensional separations and MALDI tandem mass spectrometer. Mol Cell Proteomics. 
2007 Oct;6(10):1818-1823.   

17. He, S., Wang, Q., He, J., Pu, H, et al., Proteomic analysis and comparison of the biopsy and autopsy 
specimen of human brain temporal lobe. Proteomics. 2006, 6(18), 4987-4996. 

18. Lu, Z., Szafron, D., Greiner, R., Lu, P., et al., Predicting subcellular localization of proteins using 
machine-learned classifiers. Bioinformatics. 2004, 20(4), 547-556.   

19. Alexander-Kaufman, K., James, G., Sheedy, D., Harper, C. et al., Differential protein expression in 
the prefrontal white matter of human alcoholics: a proteomics study. Mol Psychiatry. 2006,11(1), 56-
65. 

20. Schlicht, K., Büttner, A., Siedler, F., Scheffer, B., et al., Comparative proteomic analysis with 
postmortem prefrontal cortex tissues of suicide victims versus controls. J Psychiatr Res. 2007, 
41(6),493-501. 

21. Prabakaran, S., Swatton, J.E., Ryan, M.M., Huffaker, S.J., et al., Mitochondrial dysfunction in 
schizophrenia: evidence for compromised brain metabolism and oxidative stress. Mol Psychiatry. 

2004, 9(7), 684-697. 
22. Park, Y.M., Kim, J.Y., Kwon, K.H., Lee, S.K., et al., Profiling human brain proteome by multi-

dimensional separations coupled with MS. Proteomics. 2006, 6(18), 4978-4986. 
23. Dumont, D., Noben, J.P., Verhaert, P., Stinissen, P., et al., Gel-free analysis of the human brain 

proteome: application of liquid chromatography and mass spectrometry on biopsy and autopsy 
samples. Proteomics. 2006, 6(18), 4967-4977. 



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 199 

 
Figure 1: Number of peptides per identified protein in DLPFC. 
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Figure 2: A: Molecular weight distribution of DLPFC proteins identified with two or more 

peptides. B: Isoelectric point distribution of DLPFC proteins identified with two or more 

peptides. 
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Figure 3: Human Proteome Reference Database analysis of DLPFC proteins identified 
with two or more peptides. 

 

 

Biological Process

Cell communication;
Signal transduction 

53
13.7%

Cell growth and/or
maintenance 

68
17.6%

Immune
response 

4
1%

Metabolism;
Energy pathways 

64
16.5%

Other
14

3.6%

Protein
metabolism 

41
10.6%

Regulation of nucleobase, 
nucleoside, nucleotide and 

nucleic acid metabolism
27
7%

Biological
process
unknown

87
22.5%

Transport
29

7.5%



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 202 

Figure 4: Sub-cellular localization analysis of DLPFC proteins identified with two or more 
peptides. 
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Sample ID Age (years) Gender PMI (hours) pH Cause of Death Cigarettes Alcohol 

02/02 41 M 7 7.1 heart infarction No No 

43/01 91 F 16 6.8 cardio-pulmonary insuffiency No No 

50/02 69 F 96 6.4 lung emboly No No 

51/02 57 M 24 6.5 heart infarction No No 

57/02 53 M 18 7.1 heart infarction No No 

59/02 63 M 13 6.9 heart infarction No No 

61/01 66 M 16 6.5 heart infarction No No 

Table 1: Clinical data of DLPFC samples. 
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Supporting Information: List of proteins identified in DLPFC with pI, MW and biological process data organized according proteins 
abundances. 
Access name Protein name Peptides per protein pI (th) MW (th) Biological Process 

GFAP Glial fibrillary acidic protein 64 5.40 49880 Cell growth and/or maintenance  

MBP Myelin basic protein 32 9.79  33117 Immune response ; Neurogenesis  

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase 29 8.57 36053 Metabolism ; Energy pathways  

SPTAN1 Spectrin alpha chain, brain (Fodrin alpha) 28 5.22 284539 Cell growth and/or maintenance  

TUBA1A Tubulin alpha-1A chain 28 4.94 50136 Cell growth and/or maintenance  

PLEC1  Plectin-1 27 5.73  531733 Cytoskeletal anchoring  

SPTBN1 Beta-spectrin 2 isoform 2.- Homo sapiens (Human). 24 5.39 274609 Cell growth and/or maintenance  

HIST1H3B Histone H3/b 24 11.13 15404 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

ENO1 Alpha enolase 23 7.01 47169 Metabolism ; Energy pathways  

CKB Creatine kinase B-type 22 5.34  42644 Metabolism ; Energy pathways  

TPPP Tubulin polymerization-promoting protein 21 9.48 23694 Cell growth and/or maintenance  

STXBP1 Syntaxin-binding protein 1 20 6.50 67569 Neurotransmitter transport  

NEFM Neurofilament triplet M protein (160 kDa neurofilament protein) 19 4.90 102448 Cell growth and/or maintenance  

PEBP1 Phosphatidylethanolamine-binding protein 1 19 7.01 21057 Cell communication ; Signal transduction  

TUBB2B Tubulin beta-2B chain 19 4.78  49953 Cell growth and/or maintenance  

CNP 2',3'-cyclic-nucleotide 3'-phosphodiesterase 18 9.17 47579 Metabolism ; Energy pathways  

HSPA2 Heat shock-related 70 kDa protein 2 18 5.56  70021 Protein metabolism  

NEFL Neurofilament triplet L protein (68 kDa neurofilament protein) 18 4.64 61517 Cell growth and/or maintenance  

ALDOC fructose-bisphosphate aldolase C - human 17 6.41 39456 Metabolism ; Energy pathways  

CLTC Clathrin heavy chain 1 16 5.48 191615 Cell growth and/or maintenance  

DPYSL3 Dihydropyrimidinase-like 3 15 6.04  61979 Metabolism ; Energy pathways  

ATP5A1 ATP synthase subunit alpha, mitochondrial  14 9.16 59751 Metabolism ; Energy pathways  

ATP5B ATP synthase subunit beta, mitochondrial [Precursor] 13 5.26  56560 Metabolism ; Energy pathways 

HBB  Hemoglobin subunit beta 13 6.74  15998 Transport  

MAP1A Microtubule-associated protein 1A 13 4.86 306482 Cell growth and/or maintenance  

TUBB4 Tubulin beta-4 chain 13 5.55 88382 Cell growth and/or maintenance  

GPX1 Glutathione peroxidase 1 12 6.15 21899 Anti-apoptosis  

ACTG1 actin gamma 11 5.31 41792 Cell growth and/or maintenance  

GOT1 Aspartate aminotransferase, cytoplasmic 11 6.53 46248 Metabolism ; Energy pathways  

VAMP2 Vesicle-associated membrane protein 2 (Synaptobrevin 2) 11 7.84 12649 Transport  

DNM1 Dynamin 1.- Homo sapiens (Human). 10 6.73 97408 Cell communication ; Signal transduction  

RP11-631M21.2  Novel protein similar to beta-tubulin 4Q [Fragment] 10 4.95 48726 Biological_process unknown 

UBE2D4 Ubiquitin-conjugating enzyme E2 D4 10 6.88 16649 Protein metabolism  

MAP1B Microtubule-associated protein 1B 9 4.73  270620 Cell growth and/or maintenance  

DKFZp686L04275 Putative uncharacterized protein DKFZp686L04275 [Fragment] 9 9.21 53969 Biological_process unknown 

ATP4B ATPase, H+/K+ exchanging, beta polypeptide 8 6.98 33367 Metabolism ; Energy pathways  

CALM1 calmodulin 8 4.09 16838 Cell communication ; Signal transduction  

MAPT Microtubule-associated protein tau 8 6.25  78878 Cell growth and/or maintenance 

NEFH Neurofilament heavy polypeptide 8 5.89 112480 Cell growth and/or maintenance  

PRDX1 Peroxiredoxin-1 8 8.27 22110 Metabolism ; Energy pathways  

PACSIN1 Protein kinase C and casein kinase substrate in neurons 1 8 5.26  46146 Cell communication ; Signal transduction  

SYN1 Synapsin-1 8 9.84  74111 Transport  

ANXA6 Annexin A6 7 5.42 75873 Cell communication ; Signal transduction 

EPB41L3 Band 4.1-like protein 3 7 5.09 120678 Cell growth and/or maintenance  

CHCHD3 Coiled-coil-helix-coiled-coil-helix domain-containing protein 3 7 8.48  26152 Biological_process unknown  
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HSPA8 HSPA8 protein [Fragment] 7 5.36  64673 Protein metabolism  

KIF21A Kinesin-like protein KIF21A 7 6.05 187179 Cell growth and/or maintenance 

MAP2 Microtubule-associated protein 2 7 4.83 199539 Cell growth and/or maintenance  

NCAM1 Neural cell adhesion molecule 1 7 4.77 83770 Cell communication ; Signal transduction  

NFASC Neurofascin [Precursor] 7 6.24 150027 Cell communication ; Signal transduction  

Q9UCR6_HUMAN P60, 60-kDa heat shock protein, HSP60 [Fragment] 7 4.58 2991 Biological_process unknown 

PKM2 Pyruvate kinase isozymes M1/M2 7 7.96 57937 Metabolism ; Energy pathways  

TUBA1B TUBA1B protein 7 4.87  37218 Cell growth and/or maintenance  

CRYAB Alpha-crystallin B chain 6 6.76 20159 Protein metabolism  

GPI Glucose-6-phosphate isomerase 6 8.42  63147 Metabolism ; Energy pathways  

HK1 Hexokinase-1 6 6.36 102486 Metabolism ; Energy pathways  

LMNB2 Lamin-B2 6 5.29  67689 Cell growth and/or maintenance  

PPWD1 Peptidylprolyl isomerase domain and WD repeat-containing protein 1 6 6.70 73575 Biological_process unknown  

PCBD2 Pterin-4-alpha-carbinolamine dehydratase 2 6 6.97 11761 Metabolism ; Energy pathways   

PDHA1 Pyruvate dehydrogenase E1 component subunit alpha, somatic form, mitochondrial  6 8.35 43296 Metabolism ; Energy pathways  

PPP3CA Serine/threonine-protein phosphatase 2B catalytic subunit alpha isoform 6 5.58  58688 Cell communication ; Signal transduction  

VIM Vimentin 6 5.06 53652 Cell growth and/or maintenance  

AMPH Amphiphysin 5 4.58 76257 Cell communication ; Signal transduction  

ATP2B2 Ca2+-transporting ATPase (EC 3.6.3.8) 2, long splice form - human 5 5.66 136876 Transport  

Q7LDD5_HUMAN Calmodulin-dependent protein kinase II alpha 5 6.61  54088 Cell communication ; Signal transduction  

EFHD2 EF-hand domain-containing protein 2 5 5.15 26697 Biological_process unknown  

ENO2  Gamma-enolase 5 4.91 47269 Metabolism ; Energy pathways  

GNAO1 Guanine nucleotide-binding protein G(o) subunit alpha 1 5 5.34 40051 Cell communication ; Signal transduction 

HSPA8 Heat shock cognate 71 kDa protein 5 5.37 70898 Protein metabolism  

HSP90AB1  Heat shock protein 90kDa alpha (Cytosolic), class B member 1 [Fragment] 5 4.98  19135 Cell communication ; Signal transduction  

HNRPU Heterogeneous nuclear ribonucleoprotein U [Fragment] 5 8.06 79844 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism 

HIST1H4A Histone H4 5 11.36 11367 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

IDH2 Isocitrate dehydrogenase [NADP], mitochondrial [Precursor] 5 8.88  50909 Metabolism ; Energy pathways  

PGK1 Phosphoglycerate kinase 1 5 8.30  44615 Metabolism ; Energy pathways 

PSMB4 Proteasome subunit beta type 5 5.70  29190 Protein metabolism  

PARK7 Protein DJ-1 5 6.33 19891 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

Q96BE0_HUMAN Putative uncharacterized protein [Fragment] 5 4.80 29361 Biological_process unknown 

DKFZp564P0562 Putative uncharacterized protein DKFZp564P0562 [Fragment] 5 5.37  152088 Biological_process unknown 

DKFZp686B23205 Putative uncharacterized protein DKFZp686B23205 [Fragment] 5 5.12 33009 Biological_process unknown 

ARHGDIA Rho GDP-dissociation inhibitor 1 5 5.03 23207 Cell growth and/or maintenance  

RTN4  RNT4 5 4.52  108450 Biological_process unknown  

SFXN1 Sideroflexin-1 5 9.22 35619 Transport  

SIRPB1 Signal regulatory protein beta-1 [Precursor] 5 6.06  43255 Cell communication ; Signal transduction  

CCT8 T-complex protein 1 subunit theta 5 5.42 59621 Protein metabolism  

TPM4 Tropomyosin alpha-4 chain 5 4.67  28522 Cell growth and/or maintenance  

TUBA4A Tubulin alpha-4A chain 5 4.95  49924 Cell growth and/or maintenance  

INA Alpha-internexin 4 5.34 55391 Cell growth and/or maintenance  

ANKMY2 Ankyrin repeat and MYND domain-containing protein 2 4 5.88  49299 Biological_process unknown  

ATP1A1 ATPase, Na+/K+ transporting, alpha 1 polypeptide [Fragment] 4 8.48 18172 Transport  

CAMK2G Calcium/calmodulin-dependent protein kinase type II gamma chain 4 7.90 62609 Cell communication ; Signal transduction  

CANX Calnexin [Precursor] 4 4.47 67568 Protein folding 

Q7L9H8_HUMAN similar to HYPOTHETICAL GTP-BINDING PROTEIN IN SEH1-PRP20 4 5.58 73142 Biological_process unknown 

CUL3 Cullin-3 4 8.68  88930 Protein metabolism  

UQCRB Cytochrome b-c1 complex subunit 7 4 8.73 13530 Metabolism ; Energy pathways  
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OPA1 Dynamin-like 120 kDa protein, mitochondrial [Precursor] 4 7.87 111658 Cell communication ; Signal transduction 

GDI2 GDP dissociation inhibitor 2 [Fragment] 4 8.98 17783 Transport  

GLULD1 Glutamate-ammonia ligase (Glutamine synthetase) domain containing 1 4 5.96 57278 Metabolism ; Energy pathways  

GSTP1 Glutathione S-transferase P 4 5.43 23356 Metabolism ; Energy pathways  

HSPH1 Heat shock 105kDa/110kDa protein 1 4 5.29 92255 Protein metabolism  

Q9BWA9_HUMAN HNRPA2B1 protein 4 4.79 28412 Biological_process unknown  

LETM1 Leucine zipper-EF-hand-containing transmembrane protein 1, mitochondrial [Precursor] 4 6.30  83354 Cell communication ; Signal transduction  

MAP1LC3B Microtubule-associated proteins 1A/1B light chain 3B [Precursor] 4 8.89 14688 Biological_process unknown 

MFN2 Mitofusin-2 4 6.52  86402 Metabolism ; Energy pathways  

DDAH1 N(G),N(G)-dimethylarginine dimethylaminohydrolase 1 4 5.53 31122 Metabolism ; Energy pathways  

NDUFS5 NADH dehydrogenase [ubiquinone] iron-sulfur protein 5 4 9.27 12518 Metabolism ; Energy pathways  

OXCT OXCT protein 4 7.13  56192 Biological_process unknown 

PSAT1 Phosphoserine aminotransferase 4 7.56  40423 Metabolism ; Energy pathways  

PHB Prohibitin 4 5.57  29832 Cell communication ; Signal transduction  

PDIA3 Protein disulfide-isomerase A3 [Precursor] 4 5.98 56782 Protein Metabolism 

DKFZp547P162 Putative uncharacterized protein DKFZp547P162 [Fragment] 4 4.86 36247 Biological_process unknown 

RPH3A Rabphilin-3A 4 8.62 76872 Transport  

RPL26 RPL26 protein 4 10.55 17244 Protein metabolism  

ATP2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 4 5.23 114757 Transport  

Q7KYV2_HUMAN Septin [Fragment] 4 6.10 44158 Cell cycle  

ALB Serum albumin  4 5.92 69367 Transport 

ATP1A3 Sodium/potassium-transporting ATPase subunit alpha-3 4 5.22 111749 Transport  

SPTBN2 Spectrin beta chain, brain 2 4 5.79 271295 Cell growth and/or maintenance 

TPM3 Tropomyosin 3 4 4.81 26282 Cell growth and/or maintenance 

CAH05698 unnamed protein product  4 4.84 21801 Biological_process unknown 

NSF Vesicle-fusing ATPase 4 6.52 82560 Metabolism ; Energy pathways  

ACTN1 alpha-actinin 1 - human 3 5.25 103057 Cell growth and/or maintenance  

ADD1 Alpha-adducin 3 5.60 80955 Cell growth and/or maintenance 

ANK2 Ankyrin-2 3 5.03 430344 Cell growth and/or maintenance  

MTHFD2 Bifunctional methylenetetrahydrofolate dehydrogenase/cyclohydrolase, mitochondrial  3 8.86 37895 Metabolism ; Energy pathways  

CNTNAP1 Contactin-associated protein 1 [Precursor] 3 6.61 156267 Cell communication ; Signal transduction  

CRMP1 CRMP1 protein [Fragment] 3 8.94 43746 Cell growth and/or maintenance 

DLG4 Disks large homolog 4 3 5.58 80495 Cell communication ; Signal transduction 

O62493 DJ366N23.2 (Putative C. elegans UNC-93 (Protein 1, C46F11.1) 3 9.59 27457 Biological_process unknown  

EIF4A1 Eukaryotic initiation factor 4A-I 3 5.32 46154 Protein metabolism  

SLC9A3R1 Ezrin-radixin-moesin-binding phosphoprotein 50 3 5.55 38868 Cell communication ; Signal transduction  

GLUD1 glutamate dehydrogenase 1 precursor 3 7.66 61398 Metabolism ; Energy pathways  

MAP6 GTPase, IMAP family member 6 [Fragment] 3 9.34 77071 Cell growth and/or maintenance 

HEBP1 Heme-binding protein 1 3 5.71  21097 Biological_process unknown  

HNRPK Heterogeneous nuclear ribonucleoprotein K 3 5.46 47557 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

HSPA9 HSPA9 protein [Fragment] 3 6.04  73854 Protein metabolism 

HAPLN2 Hyaluronan and proteoglycan link protein 2 precursor  3 9.12 37775 Cell growth and/or maintenance  

LMNA Lamin-A/C 3 6.57 79397 Cell growth and/or maintenance  

NAALADL1 N-acetylated-alpha-linked acidic dipeptidase-like protein 3 5.28  80622 Biological_process unknown  

NDUFS1 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial  3 5.89 79468 Metabolism ; Energy pathways  

NRGN Neurogranin 3 7.72 7618 Cell communication ; Signal transduction  

PALM Paralemmin 3 4.94 42076 Biological_process unknown 

FKBP10 Peptidyl-prolyl cis-trans isomerase 3 5.36 64245 Cell communication ; Signal transduction  

PHF3 PHD finger protein 3 3 6.52 229481 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism 
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PGAM1 Phosphoglycerate Mutase 1 3 6.67 28804 Metabolism ; Energy pathways  

PRKCG Protein kinase C gamma type 3 7.27 78448 Cell communication ; Signal transduction 

JE0193 Putative uncharacterized protein 3 5.32  12618 Biological_process unknown 

DKFZp686A1195 Putative uncharacterized protein DKFZp686A1195 3 6.33 189618 Biological_process unknown 

WBSCR1 Putative uncharacterized protein WBSCR1 [Fragment] 3 5.19  14960 Biological_process unknown 

TPM1 Sarcomeric tropomyosin kappa 3 4.65 32650 Cell growth and/or maintenance 

SVIP Small VCP/p97-interacting protein 3 9.06  8443 Biological_process unknown 

STIP1 Stress-induced-phosphoprotein 1 3 6.40 62639 Cell communication ; Signal transduction 

SYNJ1 Synaptojanin-1 3 7.13 173346 Metabolism  

VCP Transitional endoplasmic reticulum ATPase 3 5.14 89322 Metabolism ; Energy pathways 

TKT Transketolase 3 7.58 67878 Metabolism ; Energy pathways  

TUBA1C Tubulin alpha-1C chain 3 4.96 49895 Cell growth and/or maintenance 

CAD61726 unnamed protein product  3 9.99 11466 Biological_process unknown  

CAE11694 unnamed protein product  3 5.90 35777 Biological_process unknown  

CAE99312 unnamed protein product  3 8.62 12182 Biological_process unknown 

CAF00100 unnamed protein product  3 8.79 12115 Biological_process unknown 

CAF06470 unnamed protein product  3 11.42 39586 Biological_process unknown 

ATP6V1A Vacuolar ATP synthase catalytic subunit A 3 5.35 68304 Metabolism ; Energy pathways 

RPS13 40S ribosomal protein S13 2 10.53 17222 Protein metabolism  

RPS18 40S ribosomal protein S18 2 10.99 17719 Protein metabolism  

RPS7 40S ribosomal protein S7 2 10.09 22127 Protein metabolism  

RPL27 60S ribosomal protein L27 2 10.56 15798 Protein metabolism  

DBI Acyl-CoA-binding protein 2 6.12 10044 Metabolism ; Energy pathways  

ALDH7A1 Alpha-aminoadipic semialdehyde dehydrogenase 2 6.44  55366 Metabolism ; Energy pathways  

AMPD2  AMP deaminase 2 2 6.46  100688 Metabolism ; Energy pathways  

AP1GBP1 AP1 subunit gamma-binding protein 1 2 4.90  140654 Transport  

APOE apolipoprotein E precursor 2 5.65 36154 Transport  

PEA15 Astrocytic phosphoprotein PEA-15 2 4.93  15040 Cell communication ; Signal transduction  

ATP6V1B1  ATPase, H+ transporting, lysosomal 56/58kDa, V1 subunit B1 2 5.44  56833 Transport  

HSPG2 Basement membrane-specific heparan sulfate proteoglycan core protein [Precursor] 2 6.06  468825 Cell growth and/or maintenance  

ADD2 Beta-adducin 2 5.67  80854 Cell growth and/or maintenance  

DEFB103A Beta-defensin 3 [Fragment] 2 10.08  5161 Immune response  

BYSL  Bystin 2 8.19  49601 Cell growth and/or maintenance  

KCNMA1  Calcium-activated potassium channel subunit alpha-1 2 6.66  137560 Transport  

CHP Calcium-binding protein p22 2 4.98  22456 Cell communication ; Signal transduction  

CAPN1 Calpain-1 catalytic subunit 2 5.49 81890 Protein metabolism  

CSNK2A1 Casein kinase II subunit alpha 2 7.29 45144 Signal transduction ; Protein modification  

CTNND2 Catenin delta-2 2 7.78  132656 Cell communication ; Signal transduction  

Q6LCG8_HUMAN Catenin-4 [Fragment] 2 9.40  68009 Cell growth and/or maintenance  

CTSB Cathepsin B 2 5.88 37822 Protein metabolism  

ATCAY Caytaxin 2 4.54  42120 Transport  

CDC37  CDC37 protein 2 5.17  44453 Protein metabolism  

CDC42EP1 Cdc42 effector protein 1 2 6.64  40295 Cell growth and/or maintenance   

Q6ZN96_HUMAN CDNA FLJ16308 fis, clone PUAEN2006335 2 8.84  63671 Biological_process unknown 

Q6ZP37_HUMAN similar to Galactokinase 2 6.81  42952 Biological_process unknown 

Q8NB80_HUMAN similar to SPLICING FACTOR, ARGININE/SERINE-RICH 7 2 9.96  15862 Biological_process unknown 

Q8N9K4_HUMAN similar to ALPHA-ADAPTIN A 2 5.72  52032 Biological_process unknown 

Q6ZTL0_HUMAN similar to Homo sapiens N-ethylmaleimide-sensitive factor attachment protein, alpha 2 5.02  15808 Biological_process unknown 

Q6ZTE7_HUMAN similar to Homo sapiens ring finger protein 22 2 9.40  62277 Biological_process unknown 
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Q6ZRA8_HUMAN similar to Focal adhesion kinase 2 2 5.47  68032 Biological_process unknown 

CADM3 Cell adhesion molecule 3 [Precursor] 2 5.71  43300 Immune response  

CEP290 Centrosomal protein Cep290 2 5.75  290386 Biological_process unknown 

CCT3 Chaperonin containing TCP1, subunit 3 2 6.46  57972 Protein metabolism  

CHMP5 Charged multivesicular body protein 5 2 4.68  24571 Transport  

SLC44A2  Choline transporter-like protein 2 2 8.93  80152 Cell communication ; Signal transduction  

CLTCL1 Clathrin heavy chain 2 2 5.57  187030 Cell growth and/or maintenance  

CLIP1 CLIP1 protein [Fragment] 2 7.20  71733 Cell growth and/or maintenance   

CLASP1 CLIP-associating protein 1 2 9.14 169451 Cell growth and/or maintenance 

Q9H4N1_HUMAN Clone CDABP0107 mRNA sequence 2 5.22 45665 Biological_process unknown 

COPA Coatomer subunit alpha 2 7.70 138332 Transport  

CFL1  Cofilin-1 2 8.22  18502 Cell growth and/or maintenance  

CCDC124 Coiled-coil domain-containing protein 124 2 9.54  25835 Biological_process unknown  

CHCHD6 Coiled-coil-helix-coiled-coil-helix domain-containing protein 6 2 9.01 26458 Biological_process unknown 

CNTN1 Contactin-1 2 5.62 113320 Cell growth and/or maintenance  

CORO1A Coronin-1A 2 6.25  51026 Cell growth and/or maintenance  

CORO2B Coronin-2B 2 8.39  54393 Cell growth and/or maintenance  

CTTNBP2 Cortactin-binding protein 2 2 8.23 181051 Biological_process unknown 

CSDE1 CSDE1 protein [Fragment] 2 5.31 30108 Regulation of gene expression, epigenetic  

CTBP2 C-terminal binding protein 2 2 6.50  56102 Signal transduction ; Cell communication  

CAND1  Cullin-associated NEDD8-dissociated protein 1 2 5.52  136376 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

COX6C Cytochrome c oxidase polypeptide Vic 2 10.38 8781 Metabolism ; Energy pathways  

COX5A Cytochrome c oxidase subunit 5A, mitochondrial 2 6.30 16774 Metabolism ; Energy pathways  

COX5B Cytochrome c oxidase subunit 5B, mitochondrial  2 9.07 13696 Metabolism ; Energy pathways  

DENR Density-regulated protein 2 5.21  22092 Cell communication ; Signal transduction  

DES Desmin 2 5.21  53536 Cell growth and/or maintenance  

NUDT10 Diphosphoinositol polyphosphate phosphohydrolase 3 alpha 2 5.52 18500 Metabolism ; Energy pathways 

APEX1 DNA-(apurinic or apyrimidinic site) lyase 2 8.33 35555 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism 

DNAJB1 DnaJ homolog subfamily B member 1 2 8.74 38044 Protein metabolism  

DNAJB2  DnaJ homolog subfamily B member 2 2 5.69  35580 Protein metabolism  

DNAJC11 DnaJ homolog subfamily C member 11 2 8.54  63278 Biological_process unknown  

STT3B Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3B 2 9.04 93674 Biological_process unknown  

DCAMKL1 Doublecortin and CaM kinase-like 1 2 5.52  47681 Cell communication ; Signal transduction  

DCTN2 Dynactin subunit 2 2 5.10  44231 Cell growth and/or maintenance   

DYNC1H1 Dynein heavy chain, cytosolic 2 6.01  532408 Metabolism ; Energy pathways 

EEA1 Early endosome antigen 1 2 5.53  162466 Transport  

EEF2K EEF2K protein 2 5.19 82191 Protein metabolism  

SLC4A4 Electrogenic sodium bicarbonate cotransporter 1 2 6.35  121461 Transport 

ELMOD1 ELMO domain-containing protein 1 2 8.78  39052 Biological_process unknown  

ERP29 Endoplasmic reticulum protein ERp29 [Precursor] 2 6.77 28993 Protein folding  

HSP90B1 endoplasmin precursor - human 2 4.76 92469 Protein metabolism  

KIAA1189 Ermin 2 4.75  32783 Cell motility ; Cytoskeleton organization and biogenesis  

EIF2S1 Eukaryotic translation initiation factor 2 subunit 1 2 5.02  36112 Protein metabolism  

EIF4B  Eukaryotic translation initiation factor 4B 2 5.55  69166 Protein metabolism  

FUBP1  Far upstream element-binding protein 1 2 7.18  67560 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

FASN Fatty acid synthase 2 5.99  273400 Metabolism ; Energy pathways  

FGA Fibrinogen alpha chain precursor  2 5.70 94973 Protein metabolism  

FLJ00128 FLJ00128 protein [Fragment] 2 6.00 167673 Biological_process unknown  

FMNL2  Formin-like protein 2 2 6.98  123400 Biological_process unknown  
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Q86TR5_HUMAN Full-length cDNA 5-PRIME 2 8.55  8963 Biological_process unknown 

FH Fumarate hydratase, mitochondrial [Precursor] 2 8.85 54637 Metabolism ; Energy pathways  

GSPT1 G1 to S phase transition 1 2 5.45  55657 Cell communication ; Signal transduction  

GLUD2 GLUD2 protein 2 6.72 29290 Metabolism ; Energy pathways 

PYGB  Glycogen phosphorylase, brain form 2 6.40  96696 Metabolism ; Energy pathways  

GNAI1  Guanine nucleotide-binding protein G(i), alpha-1 subunit 2 5.69  40361 Cell communication ; Signal transduction  

HBS1L HBS1-like protein 2 6.17 75473 Protein metabolism  

HSPA12A Heat shock 70 kDa protein 12A 2 6.32 74978 Protein folding 

HSPA4L  Heat shock 70 kDa protein 4L 2 5.63  94486 Protein metabolism  

HSPA1A Heat shock 70kDa protein 1A 2 5.35 70038 Protein Metabolism 

HP1BP3  Heterochromatin protein 1, binding protein 3 2 9.69  61207 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

HNRPA0 Heterogeneous nuclear ribonucleoprotein A0 2 9.34  30841 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

HNRPA1 Heterogeneous nuclear ribonucleoprotein A1 2 9.26 38846 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

HNRPH3 Heterogeneous nuclear ribonucleoprotein H3 2 6.37  36926 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

HIST1H2AE Histone H2A type 1-E 2 11.05 14135 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

HRBL HIV-1 Rev-binding protein-like protein 2 9.28  48963 Biological_process unknown  

HOMER1  Homer homolog 1 2 5.33  40275 Cell communication ; Signal transduction  

HUNK Hormonally up-regulated neu tumor-associated kinase 2 9.24  79686 Cell communication ; Signal transduction 

HSP90AA1 HSP90AA1 protein [Fragment] 2 5.08  73827 Protein metabolism  

TTC9C Hypothetical protein MGC29649.- Homo sapiens (Human). 2 9.02 20013 Biological_process unknown 

KPNB1 Importin subunit beta-1 2 4.68 97170 Transport  

INA  Internexin neuronal intermediate filament protein, alpha 2 5.34  55391 Cell growth and/or maintenance  

IQSEC1 IQ motif and Sec7 domain-containing protein 1 2 6.49  108314 Cell communication ; Signal transduction  

KIF17 Kinesin-like protein KIF17 2 5.38  115114 Cell growth and/or maintenance  

KIF2A Kinesin-like protein KIF2A 2 6.28  79955 Cell growth and/or maintenance  

L1CAM  L1 cell adhesion molecule [Fragment] 2 5.84  139772 Biological_process unknown  

GLO1  Lactoylglutathione lyase 2 5.12  20778 Metabolism ; Energy pathways  

LANCL2  LanC lantibiotic synthetase component C-like 2 2 7.18  50850 Biological_process unknown 

LSS Lanosterol synthase 2 6.16  83309 Metabolism ; Energy pathways  

CD47 Leukocyte surface antigen CD47 [Precursor] 2 6.82  35214 Immune response  

LMO7 LIM domain 7 2 7.90  153670 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

LIN7C Lin-7 homolog C 2 8.52  21834 Cell communication ; Signal transduction  

MDH2  Malate dehydrogenase 2 8.92  35559 Metabolism ; Energy pathways  

MTNR1B Melatonin receptor MEL1B [Fragment 2 9.54  14649 Cell communication ; Signal transduction  

ALDH6A1 Methylmalonate-semialdehyde dehydrogenase [acylating], mitochondrial [Precursor] 2 8.72  57840 Metabolism ; Energy pathways   

MAP1S Microtubule-associated protein 1S 2 7.21  112437 Cell growth and/or maintenance  

RHOT1 Mitochondrial Rho GTPase 1 2 5.87 70784 Apoptosis  

MSN Moesin 2 6.08  67820 Cell growth and/or maintenance  

CRYM Mu-crystallin homolog 2 5.06  33776 Osmoregulation ; Hormone metabolism  

MSH5 MutS protein homolog 5 2 5.95  92875 Cell growth and/or maintenance  

MYO1D  Myosin-Id 2 9.44  116202 Cell growth and/or maintenance  

NDUFB6 NADH dehydrogenase (Ubiquinone) 1 beta subcomplex, 6, 17kDa 2 9.52  13716 Energy pathways ; Metabolism  

NDUFB5 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 5, mitochondria 2 9.62 21750 Metabolism ; Energy pathways  

NDUFV2 NDUFV2 protein 2 8.22  27349 Metabolism ; Energy pathways   

PPP1R9B  Neurabin-2 2 4.91 89192 Cell communication ; Signal transduction  

NRXN1 Neurexin-1-alpha [Precursor] 2 5.61  161883 Cell recognition  

NF2 Neurofibromin-2 2 6.11 69690 Cell growth and/or maintenance 

FREQ  Neuronal calcium sensor 1 2 4.71  21879 Cell communication ; Signal transduction 

NRCAM Neuronal cell adhesion molecule [Precursor] 2 5.45  143894 Signal transduction  
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NONO Non-POU domain-containing octamer-binding protein 2 9.01 54232 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

NSFL1C  NSFL1 cofactor p47 2 4.99  40573 Cell growth and/or maintenance  

Rotavirus gene-7 NSP3 or NS34 2 5.32 36212 Biological_process unknown 

NUCKS NUCKS protein 2 4.75  18747 Biological_process unknown 

NUDC  Nuclear migration protein nudC 2 5.27  38243 Cell communication ; Signal transduction  

NUDCD3 NudC domain-containing protein 3 2 5.16  40822 Biological_process unknown  

OPTN Optineurin 2 5.12  65922 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

RP11-632C17__A.1-001 OTTHUMP00000017090 [Fragment] 2 11.00  18712 Biological_process unknown 

ODF1  Outer dense fiber protein 1 2 8.46  28366 Cell growth and/or maintenance  

OGDHL Oxoglutarate dehydrogenase-like 2 6.23  114496 Biological_process unknown 

P140  p130Cas-associated protein 2 9.32 112466 Biological_process unknown 

PPT1 Palmitoyl-protein thioesterase 1 [Fragment] 2 6.94  12131 Metabolism ; Energy pathways  

PCNT Pericentrin (Kendrin) 2 5.39 378081 Cell growth and/or maintenance  

PRDX2  Peroxiredoxin-2 2 5.66  21892 Metabolism ; Energy pathways  

FARSA  Phenylalanyl-tRNA synthetase alpha chain 2 7.31  57564 Protein metabolism  

PHACTR1 Phosphatase and actin regulator 1 2 6.51 66308 Metabolism ; Energy pathways  

ATP2B1 Plasma membrane calcium-transporting ATPase 1 2 5.73  138755 Transport  

PLXNB3  Plexin-B3 [Precursor] 2 5.96  206847 Cell communication ; Signal transduction  

PHB2 Prohibitin-2 2 9.83  33296 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

PCCA Propionyl-CoA carboxylase alpha subuni 2 7.24  80059 Metabolism ; Energy pathways  

BSN Protein bassoon 2 7.28  416499 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

GBAS Protein NipSnap2 2 9.42  33743 Cell communication ; Signal transduction  

RUFY3  Protein RUFY3 2 5.36  52965 Biological_process unknown  

SEC31A Protein transport protein Sec31A 2 6.43  133015 Transport 

PTK2B PTK2B protein tyrosine kinase 2 beta 2 5.91  115907 Signal transduction  

Q5U0P9_HUMAN Purine-rich element binding protein A 2 6.28  34911 Biological_process unknown 

NPEPPS Puromycin-sensitive aminopeptidase 2 5.49  103276 Protein metabolism  

GPCR Putative G-protein coupled receptor 2 9.14  23857 Biological_process unknown 

PHTF1 Putative homeodomain transcription factor 1 [Fragment] 2 9.99  12332 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism   

DNAJC6 Putative tyrosine-protein phosphatase auxilin 2 6.82  99997 Protein metabolism  

CJE0194  Putative uncharacterized protein 2 9.03  23159 Biological_process unknown 

Q6PG47_HUMAN Putative uncharacterized protein [Fragment] 2 9.05  36977 Biological_process unknown 

DKFZp451F1711 Putative uncharacterized protein DKFZp451F1711 [Fragment] 2 5.11  93414 Biological_process unknown 

DKFZp686D10126 Putative uncharacterized protein DKFZp686D10126 [Fragment] 2 4.77  14872 Biological_process unknown 

DKFZp686M09125 Putative uncharacterized protein DKFZp686M09125 [Fragment] 2 4.98  108618 Biological_process unknown 

DPP6  Putative uncharacterized protein DPP6 [Fragment] 2 6.11  64982 Transport  

RIMS1 Regulating synaptic membrane exocytosis protein 1 2 9.68  189073 Transport  

RLBP1 Retinaldehyde-binding protein 1 2 4.98 36474 Transport  

RNH1 Ribonuclease inhibitor 2 4.71  49973 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

RPS27  Ribosomal protein S27 2 6.71 7356 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

RBMXL1 RNA binding motif protein, X-linked-like 1 [Fragment] 2 10.30  16850 Biological_process unknown  

RSBN1L  Round spermatid basic protein 1-like protein 2 8.92  94368 Biological_process unknown  

Q8IWL4_HUMAN SCCA-PD variant 2 5.24  20161 Biological_process unknown  

DKFZp686F17268 Septin 2 8.76 50263 GTPase activity 

SEPT2  Septin-2 2 6.15  41487 Cell cycle  

SEPT4 Septin-4 2 5.77  55098 Cell cycle  

SEPT7 Septin-7 2 8.76 50680 Cell communication ; Signal transduction  

SARS Seryl-tRNA synthetase, cytoplasmic 2 6.05 58777 Metabolism ; Energy pathways  

SLC12A5 Solute carrier family 12 member 5 2 5.91  123511 Transport 
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SORBS1 Sorbin and SH3 domain containing 1 2 6.40  142513 Cytoskeleton organization and biogenesis ; Signal transduction   

SKP1A S-phase kinase-associated protein 1A 2 4.40  18658 Protein metabolism ; Regulation of cell cycle ; Chromosome segregation  

SFRS1 Splicing factor, arginine/serine-rich 1 2 10.37 27745 Protein metabolism 

SRGAP3 SRGAP3 protein 2 6.20  38869 Cell communication ; Signal transduction  

STMN1 Stathmin 1/oncoprotein 18 2 5.76 17337 Cell growth and/or maintenance ; Signal transduction  

SLK STE20-like serine/threonine-protein kinase 2 5.08 142695 Cell communication ; Signal transduction  

STUB1 STIP1 homology and U box-containing protein 1 2 5.61 34856 Metabolism ; Energy pathways  

STRN  Striatin 2 5.12  86132 Cell communication ; Signal transduction  

SAE2  SUMO-activating enzyme subunit 2 2 5.15  71224 Protein metabolism  

SOD1 Superoxide dismutase [Cu-Zn] 2 5.70 15936 Metabolism ; Energy pathways  

SUGT1 Suppressor of G2 allele of SKP1 homolog 2 5.07 41024 Cell communication ; Signal transduction  

SYBU Syntabulin 2 5.87  72388 Transport  

CCT1 T-complex protein 1 subunit alpha 2 5.80 60344 Protein metabolism  

TFAM TFAM protein [Fragment] 2 9.74  29083 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

TXNL1 Thioredoxin-like protein 1 2 4.84 32251 Metabolism ; Energy pathways  

TALDO1 Transaldolase 2 6.36  37540 Metabolism ; Energy pathways 

TCEAL3 Transcription elongation factor A protein-like 3 2 4.85 22502 Biological_process unknown  

PURA Transcriptional activator protein Pur-alpha 2 6.07 34911 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

GATAD2A  Transcriptional repressor p66 alpha 2 9.95  68063 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

TRIM2 Tripartite motif-containing protein 2 2 6.51 81530 Biological_process unknown 

TMOD2 Tropomodulin-2 2 5.21  39595 Cell growth and/or maintenance  

TSC22D4 TSC22 domain family protein 4 2 6.69  41026 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

TPPP3 Tubulin polymerization-promoting protein family member 3 2 9.19  18985 Cell growth and/or maintenance  

TBCA Tubulin-specific chaperone A 2 5.25 12855 Protein metabolism  

TBCE Tubulin-specific chaperone E 2 6.32  59346 Protein metabolism  

SIRPA Tyrosine-protein phosphatase non-receptor type substrate 1 2 6.29 54813 Cell communication ; Signal transduction  

YARS Tyrosyl-tRNA synthetase, cytoplasmic 2 6.61 59143 Metabolism ; Energy pathways  

LSM3 U6 snRNA-associated Sm-like protein LSm3 2 4.58  11845 Regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolism  

UNC45B UNC45 homolog B 2 8.03  103733 Cell growth and/or maintenance  

C2orf32 Uncharacterized protein C2orf32 2 7.72 18648 Biological_process unknown 

C6orf174 Uncharacterized protein C6orf174 [Precursor] 2 5.81  103199 Biological_process unknown 

CXorf23  Uncharacterized protein CXorf23 2 9.71  83871 Biological_process unknown 

KIAA1279 Uncharacterized protein KIAA1279 2 5.34 71814 Regulation of cell cycle ;Neurogenesis 

CAD34790 unnamed protein product  2 4.75 140303 Biological_process unknown  

CAD35032 unnamed protein product  2 5.42 44765 Biological_process unknown  

CAD35125 unnamed protein product  2 8.23 20711 Biological_process unknown  

CAD61740 unnamed protein product  2 9.03 8255 Biological_process unknown  

CAD69692 unnamed protein product  2 11.30 33126 Biological_process unknown  

CAE90141 unnamed protein product  2 5.09 37545 Biological_process unknown 

CAE99428 unnamed protein product  2 5.05 14510 Biological_process unknown 

CAF00110 unnamed protein product  2 9.78 17744 Biological_process unknown 

CAF01554 unnamed protein product  2 11.55 6642 Biological_process unknown 

CAF86112 unnamed protein product  2 5.95 102932 Biological_process unknown 

CAG29885 unnamed protein product  2 10.10 19494 Biological_process unknown 

C1orf128 UPF0424 protein C1orf128 2 5.47  24178 Biological_process unknown 

ATP6V0D1 Vacuolar ATP synthase subunit d 1 2 4.89  40329 Transport  

VSNL1 Visinin-like protein 1 2 5.01 22142 Cell communication ; Signal transduction  

WDR1  WD repeat-containing protein 1 2 6.17 66194 Biological_process unknown 
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Capítulo 7: 

Análise Comparat iva do Proteoma de Córtex Pré-Frontal 

Cerebral de Pacientes com Esquizofrenia e Cont roles 

Ut ilizando Shotgun Proteomics.  

Nest e capit ulo apresent amos prel iminarment e at ravés de uma t abela as 

prot eínas diferencialment e expressas do prot eoma de córt ex pré-f ront al de 

pacient es com esquizof renia e cont roles por Shot gun Prot eomics.  
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A rot ina de t rabalho por Shot gun Prot eomics descrit a na Figura 6 da 

int rodução dest a t ese foi apl icada às amost ras de córt ex pré-f ront al  de pacient es 

com SCZ e cont roles para comparação dos prot eomas.   

 Nest a anál ise pudemos ident if icar 1261 prot eínas,  sendo que 106 prot eínas 

apresent aram diferença signif icat iva de expressão.  Dest as 106 prot eínas,  11 t em 

expressão diminuída enquant o que 95 t êm expressão aument ada nos cérebros 

SCZ.  Part e dest as prot eínas (96) foram agrupadas em 11 classes biológicas 

funcionais diferent es,  sendo as mais represent at ivas as classes de t ransdução de 

sinal,  manut enção celular e met abol ismo de energia,  enquant o que 10 prot eínas 

ainda não se encaixam em grupos funcionais conhecidos.  A Tabela 1 most ra as 

prot eínas reguladas e suas classes funcionais.  

 Est es dados ainda est ão sendo t rabalhados e devem fazer part e de um 

out ro art igo,  ainda em fase de elaboração.  No ent ant o,  achamos relevant e 

apresent á-los brevement e,  devido a comparações que podem ser feit as com os 

demais dados de t ranscript oma e prot eoma most rados nos out ros capít ulos.  
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Tabela 1: Prot eínas diferencialment e expresssas ent re córt ex pré-f ront al  de pacient es com esquizof renia e cont roles obt idas por 
Shot gun Prot eomics divididas por seus processos biológicos.  

 
Processos Biológicos Reg.  em SCZ Razão H/ L and DP 

Nome do 
Gene 

Nome da Proteína (HPRD) MW (t ) Locus Cromos.  
Pepideos.  

Ident if icados 
MASCOT Score 

Signal  t ransduct ion/ Cel l  communicat ion ↓ 0.44  +/ - 0.00 NME2 Nucleoside diphosphat e kinase B * 30137 17q21.3 1 59.59 

** Prot ein modi f icat ion ↓ 0.59  +/ - 0.00 GPR37 G prot ein coupled recept or 37 67114 7q31 1 42.12 

 ↓ 0.32  +/ - 0.00 CDC42BPG CDC42 binding prot ein kinase gamma (DMPK-l ike) 172518 11q13.1 1 47.17 

 ↓ 0.39  +/ - 0.00 SIRPA SIRP alpha 1 54967 20p13 2 125.11 

 ↑ 2.20  +/ - 0.00 STRN St riat in calmodulin binding prot ein 86132 2p22-p21 2 44.18 

 ↑ 2.00  +/ - 0.00 CHP Calcium binding prot ein P22 22456 15q13.3 2 51.92 

 ↑ 1.98  +/ - 0.00 CSNK2A1 ** Casein kinase II,  alpha 1 45143 20p13 2 43.43 

 ↑ 1.65  +/ - 0.00 PRKCG Prot ein kinase C,  gamma 78448 19q13.4 3 61.91 

 ↑ 1.61  +/ - 0.00 SIRPB1 Signal regulat ory prot ein bet a 1 43254 20p13 3 106.8 

 ↑ 1.60  +/ - 0.00 HOMER1 Homer neuronal immediat e early gene 40277 5q14.2 2 73.93 

 ↑ 1.55  +/ - 0.00 SLC9A3R1 Solut e carrier family 9,  isoform A3,  regulat ory fact or 1 38868 17q25.1 3 38.88 

 ↑ 1.54  +/ - 0.00 MAPK4 Mit ogen act ivat ed prot ein kinase 4 62623 18q12-q21 1 47.23 

 ↑ 1.53  +/ - 0.00 SH3GL2 SH3 cont aining GRB2 l ike prot ein 2 39962 9p22 5 65.91 

 ↑ 1.52  +/ - 0.00 CTNND2 Delt a cat enin 132656 5p15.2 2 58.55 

 ↑ 1.52  +/ - 0.00 OPA1 Dynamin l ike 120 kDa prot ein,  mit ochondrial 117770 3q28-q29 4 73.1 

 ↑ 1.49  +/ - 0.00 GSPT1 G1 t o S phase t ransit ion 1 55756 16p13.1 2 65.64 

 ↑ 1.47  +/ - 0.00 TBC1D24 TBC1 domain family,  member 24 62318 16p13.3 1 44.93 

 ↑ 1.46  +/ - 0.00 PPP1R9B Prot ein phosphat ase 1,  regulat ory subunit  9B 89451 17q21.33 2 56.27 

 ↑ 1.43  +/ - 0.00 SORBS1 Sorbin and SH3 domain cont aining 1 142496 10q23.3-q24.1 2 42.14 

 ↑ 1.42  +/ - 0.00 PEBP1 Phosphat idylet hanolamine binding prot ein (Raf  kinase inhibit or prot ein) 21057 12q24.23 19 51.19 

 ↑ 1.41  +/ - 0.00 PRKCE Prot ein kinase C epsi lon 83674 2p21 1 120.52 

 ↑ 1.40  +/ - 0.00 GARNL4 GTPase act ivat ing Rap/ RanGAP domain l ike 4 80042 17p13.3 1 54.08 

         

Cel l  growt h/ maint enance ↓ 0.53  +/ - 0.00 MYO1D Myosin ID 116202 17q11-q12 2 76.37 

 ↑ 3.01  +/ - 0.00 KRT1 Kerat in 1 66067 12q12-q13 1 39.83 

 ↑ 1.86  +/ - 0.00 VIL2 Ezrin 69413 6q25.2-q26 1 58.52 

 ↑ 1.70  +/ - 0.00 NSFL1C NSFL1 (p97) cofact or (p47) 40573 20p13 2 44.69 

 ↑ 1.67  +/ - 0.00 VIM Viment in 53652 10p13 2 74.17 

 ↑ 1.64  +/ - 0.00 KIF21A Kinesin family member 21A 185510 12q12 2 47.63 

 ↑ 1.62  +/ - 0.00 LMNB2 Lamin B2 67689 19p13.3 4 47.66 

 ↑ 1.58  +/ - 0.00 MAP1A Microt ubule associat ed prot ein 1A 291964 15q13-qt er 5 50.55 

 ↑ 1.58  +/ - 0.00 TUBB2B Tubulin bet a polypept ide paralog 49953 6p25 7 98.31 

 ↑ 1.53  +/ - 0.00 MAP2 Microt ubule associat ed prot ein 2 202758 2q34-q35 7 94.94 

 ↑ 1.52  +/ - 0.00 TRIM3 Brain expressed RING f inger 80829 11p15.5 2 78.65 

 ↑ 1.52  +/ - 0.00 MAP6 Microt ubule associat ed prot ein 6 86505 11q13.3 3 41.03 

 ↑ 1.52  +/ - 0.00 MRLC2 Myosin regulat ory l ight  chain MRLC2 19779 18p11.31 2 65.91 

 ↑ 1.46  +/ - 0.00 EPB41L1 Neuron t ype noneryt hroid prot ein 4.1 98503 20q11.2-q12 2 59.57 

 ↑ 1.42  +/ - 0.00 DES Desmin 53536 2q35 2 75.79 

 ↑ 1.41  +/ - 0.00 EPB41L3 Band 4.1 l ike prot ein 3 120677 18p11.32 7 84.97 

 ↑ 1.40  +/ - 0.00 PKP4 Plakophil in 4 131868 2q23-q31 2 39.5 

         

Met abol ism/ Energy pat hways ↓ 0.60  +/ - 0.00 CS Cit rat e synt hase 51712 12q13.2-q13.3 1 93.17 

 ↓ 0.50  +/ - 0.00 CNP 2` ,3`  cycl ic nucleot ide,3` -phosphodiest erase 45099 17q21 18 93.81 

 ↑ 3.69  +/ - 0.00 PRDX6 Peroxiredoxin 6 25035 1q25.1 4 55.98 
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 ↑ 2.47  +/ - 0.00 AK1 Adenylat e kinase 1 21635 9q34.1 3 50.9 

 ↑ 1.78  +/ - 0.00 PPT1 Palmit oyl prot ein t hioest erase 1 34193 1p32 2 41.11 

 ↑ 1.71  +/ - 0.00 CKB Creat ine kinase brain t ype 42644 14q32 5 86.64 

 ↑ 1.68  +/ - 0.00 PFKM Phosphofruct okinase 85182 12q13.3 2 52.28 

 ↑ 1.56  +/ - 0.00 NDUFV2 NADH ubiquinone oxidoreduct ase f lavoprot ein 2 27363 18p11.31-p11.2 2 76.63 

 ↑ 1.55  +/ - 0.00 UQCRC1 Cyt ochrome bc1 52646 3p21.3 1 94.36 

 ↑ 1.53  +/ - 0.00 HK1 Hexokinase 1 102738 10q22 2 62.27 

 ↑ 1.44  +/ - 0.00 PRDX2 Peroxiredoxin 2 21892 19p13.2 2 90.83 

 ↑ 1.42  +/ - 0.00 STUB1 STIP1 homologous and U box cont aining prot ein 1 34856 16p13.3 2 86.17 

 ↑ 1.41  +/ - 0.00 GAPDH Glyceraldehyde 3 phosphat e dehydrogenase 36054 12p13 25 87.78 

 ↑ 1.40  +/ - 0.00 ADH5 Alcohol dehydrogenase 5,  chi polypept ide 39724 4q21-q25 2 57.78 

         

Regulat ion of  nucleobase,  nucleoside,  ↑ 1.96  +/ - 0.00 HNRPA0 Het erogeneous nuclear r ibonucleoprot ein A0 30841 5q31 2 62.9 

nucleot ide and nucleic acid met abol ism ↑ 1.92  +/ - 0.00 BSN Zinc f inger prot ein 231 416464 3p21.31 2 59.78 

*:also belongs t o t his class ↑ 1.90  +/ - 0.00 HP1BP3 HP1-BP74 61207 1p36.12 2 51.2 

 ↑ 1.83  +/ - 0.00 NUCKS1 Nuclear ubiquit ous casein kinase and cycl in dependent  kinase subst rat e 27296 1q32.1 2 144.54 

 ↑ 1.82  +/ - 0.00 THRAP3 TRAP150 (t hyroid hormone recept or associat ed prot ein 3) 108694 1p34.3 1 53.19 

 ↑ 1.69  +/ - 0.00 PurA Purine rich element  binding prot ein A 34911 5q31 2 54.29 

 ↑ 1.56  +/ - 0.00 HNRPK Het erogeneous nuclear r ibonucleoprot ein K 51028 9q21.32-q21.33 3 83.54 

 ↑ 1.53  +/ - 0.00 SFRS6 Splicing fact or,  arginine/ serine-rich 6 39587 20q12-q13.1 3 43.85 

 ↑ 1.49  +/ - 0.00 FUBP1 Far upst ream element  binding prot ein 68604 1p31.1 2 47.36 

 ↑ 1.46  +/ - 0.00 RBM9 RNA binding mot if  prot ein 9 47236 22q13.1 1 41.38 

 ↑ 1.45  +/ - 0.00 NONO Non pou domain cont aining oct amer binding prot ein 54231 Xq13.1 2 71.75 

 ↑ 1.44  +/ - 0.00 SFRS7 Splicing fact or,  arginine/ serine-rich 7,35kDa 27366 2p22.1 2 94.2 

 ↑ 1.42  +/ - 0.00 HNRPM Het erogeneous nuclear r ibonucleoprot ein M 77515 19p13.3-p13.2 1 51.78 

 ↑ 1.42  +/ - 0.00 HNRPU Het erogeneous nuclear r ibonucleoprot ein U 90584 1q44 5 45.76 

         

Prot ein met abol ism ↓ 0.54  +/ - 0.00 HSPA5 BIP 72333 9q33-q34.1 2 81.99 

 ↑ 1.84  +/ - 0.00 FGB Fibrinogen,  bet a chain 55928 4q28 1 38.49 

 ↑ 1.61  +/ - 0.00 UBE2N Ubiquit in conj ugat ing enzyme E2N 17138 12q22 3 97.82 

 ↑ 1.53  +/ - 0.00 CCT3 Chaperonin cont aining T complex polypept ide 1,  subunit  1 60534 1q23 2 93.78 

 ↑ 1.50  +/ - 0.00 DNAJC6 DnaJ (Hsp40) homolog subfamily C member 6 99996 1pt er-q31.3 2 76.4 

 ↑ 1.49  +/ - 0.00 FARSLA Phenylalanyl-t RNA synt het ase alpha chain 57563 19p13.2 2 44.11 

 ↑ 1.46  +/ - 0.00 SERPINA3 Alpha 1 ant ichymot rypsin 47651 14q32.1 2 41.1 

 ↑ 1.46  +/ - 0.00 HSPA1A Heat  shock 70 KD prot ein 1A 70038 6p21.3 10 94.04 

 ↑ 1.41  +/ - 0.00 CKAP1 Cyt oskelet on associat ed prot ein 1 27325 
19q13.11-

q13.12 
4 66.94 

         

Transpor t  ↓ 0.54  +/ - 0.00 HBB Hemoglobin bet a chain 15998 11p15.5 7 56.38 

 ↑ 1.72  +/ - 0.00 RLBP1 Ret inaldehyde binding prot ein 1 36474 15q26 2 51 

 ↑ 1.66  +/ - 0.00 ATP6V0D1 ATPase H+ t ransport ing lysosomal 38 KD V0 subunit  D,  isoform 1 40329 16q22 2 89.36 

 ↑ 1.51  +/ - 0.00 APOE Apolipoprot ein E 36154 19q13.2 2 43.33 

 ↑ 1.50  +/ - 0.00 VAPB VAMP associat ed prot ein B 27228 20q13.33 5 59.09 

 ↑ 1.47  +/ - 0.00 ATCAY Cayt axin 42120 19p13.3 2 53.87 

         

Immune response ↓ 0.31  +/ - 0.00 MOG Myelin ol igodendrocyt e glycoprot ein 28647 6p22.1 1 97.74 

 ↓ 0.57  +/ - 0.00 IGSF4B Immunoglobulin superfamily member 4B 47021 1q21.2-q22 2 66.04 

 ↑ 1.69  +/ - 0.00 KIR3DL2 NK associat ed t ranscript  4 50216 19q13.4 2 109.11 

         

Cyt oskelet al  anchor ing ↑ 1.68  +/ - 0.00 PLEC1 Plect in 1 531789 8q24 2 46.48 
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Osmoregulat ion/ Hormone met abol ism ↑ 1.56  +/ - 0.00 CRYM Cryst al l in mu 33775 16p13.11-p12.3 2 106.46 

         

DNA repair  ↑ 1.89  +/ - 0.00 APEX2 DNA-(apurinic or apyrimidinic sit e) lyase 2 57400 Xp11.22 2 56.43 

         

Biological_process unknown ↑ 2.92  +/ - 0.00 CGI-38 CGI-38 brain specif ic prot ein 18985 16q22.1 2 94.3 

 ↑ 1.88  +/ - 0.00 WDR1 WD repeat  prot ein 1 66193 4p16.1 2 55.84 

 ↑ 1.59  +/ - 0.00 EFHD2 EF hand domain family member D2 26697 1p36.21 5 53.89 

 ↑ 1.54  +/ - 0.00 RBMXL1 Similar t o RNA binding mot if  prot ein X l inked 42141 1p22.2 2 74.47 

 ↑ 1.51  +/ - 0.00 KIAA1189 Hypot het ical prot ein KIAA1189 (Ermin (myelinat ing ol igodendrocyt e-specif ic prot ein)) 34301 2q24.1 2 78. 22 

 ↑ 1.49  +/ - 0.00 LANCL2 LanC lant ibiot ic synt het ase component  C l ike 2 50854 7q31.1-q31.33 2 48.03 

 ↑ 1.45  +/ - 0.00 L1CAM L1 cel l  adhesion molecule 140002 Xq28 2 71.6 

 ↑ 1.43  +/ - 0.00 RTN4 Ret iculon 4 129931 2p16.3 5 40.83 

 ↑ 1.42  +/ - 0.00 TTC9C Hypot het ical prot ein MGC29649 20013 11q12.3 2 41.67 

 ↑ 1.41  +/ - 0.00 SEPT4 Sept in 4 55098 17q22-q23 2 53.71 
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Conclusões: 
 

O int uit o principal dest e proj et o,  ao real izar est udos comparat ivos de 

expressão global  gênica e prot éica em amost ras SCZ e CTRL,  foi ident if icar 

al t erações moleculares consist ent es que permit issem avançar no conheciment o 

da esquizof renia.   

 Apesar dest a idéia clara e bem def inida,  na prát ica a busca de um 

marcador molecular consist ent e para uma doença complexa como a 

esquizof renia não é uma t arefa simples,  por diversos mot ivos.  A princípio,  a 

maior l imit ação é a obt enção de mat erial  biológico út i l  para est as anál ises.  

Idealment e é necessário t rabalhar com amost ras cerebrais (obt idas por 

necrópsia),  de pacient es que geralment e foram diagnost icados há muit os anos 

(em geral na adolescência) e receberam t rat ament o crônico com ant i-psicót icos 

variados normalment e durant e t oda a vida adult a.  Dest e modo,  t orna-se 

ext remament e complexa a t arefa de,  ao ident if icar um marcador pot encial ,  

det erminar se est e é uma causa ou uma consequência da doença,  ou se est e é 

f rut o de al t erações causadas pelos medicament os usados pelos pacient es,  ou 

ainda se é result ado das variações individuais out ras,  não relacionadas com a 

doença.  Nest e cont ext o,  a obt enção de amost ras cerebrais de pacient es com 

pequena variação de sua hist ória cl ínica,  em quant idade adequada e qual idade 

suf icient e e ainda pareadas com amost ras da mesma região cerebral,  derivadas 

de indivíduos cont role,  pareados por sexo e idade,  mas sem ant ecedent es 

psiquiát ricos,  t orna o processo muit o desaf iador.  Dest e modo,  somos 

ext remament e grat os ao grupo da Dra.  Andrea Schmit t ,  que viabil izou a 

condução dest e proj et o,  ao nos permit ir acesso a um import ant e universo 

amost ral ,  adequadament e pareado.  

Ao passarmos por t odas est as l imit ações,  e f inalment e gerarmos os dados,  

é fundament el buscar uma val idação dos achados.  Após aval iarmos a expressão 

de mais de 20 mil  t ranscrit os,  usando SAGE,  ident if icamos diversos pot enciais 

marcadores t ranscricionais em SCZ.  Boa part e dos achados signif icat ivos de SAGE 

pôde ser conf irmada por dados de out ros grupos,  que apont aram alt erações nos 
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mesmos genes,  mesmo usando amost ras e t écnicas dist int as das que empregamos 

em nosso est udo.  Por out ro lado,  as anál ises de SAGE demonst raram um novo 

universo de marcadores,  ainda inédit os.  Uma f ração dest es foi aval iada por 

qPCR.  Dos 4 genes aval iados,  t rês demonst raram uma clara redução de expressão 

em SCZ,  de modo coerent e com o observado por SAGE.  Em dois dos 4 genes,  a 

diferença de expressão ent re cont roles e SCZ foi est at ist icament e signif icat iva.   

Os est udos de prot eoma conduzidos t ant o por elet roforese quant o por 

Shot gun possibil i t aram a ident if icação de aproximadament e 120 prot eínas 

diferencialment e expressas diferent es em duas regiões cerebrais dist int as 

inédit as em est udos de prot eoma de SCZ.  Nossos dados reforçaram a diferença 

de expressão de algumas prot eínas reveladas em t rabalhos ant eriores em 

diferent es regiões cerebrais,  além de apont ar inédit os pot enciais biomarcadores,  

que devem ser conf irmados em amost ras individuais.  

Apesar dos dados de t ranscript oma e prot eoma de córt ex pré-f ront al  

sugerirem a regulação diferencial  das mesmas vias bioquímicas e revelarem cert a 

correspondência ent re os dados como a diferença de expressão gênica e prot éica 

de MBP,  ALDO,  ATP5A1,  HSPC e DNM1,  não conseguimos observar um 

agrupament o coeso ent re os dois conj unt os de dados (t ranscript oma e 

prot eoma),  vist o que a correspondência de genes e prot eínas diferencialment e 

expressas não foi t ão evident e.  Ent ret ant o,  isso t em sido observado em diversos 

proj et os de t ranscript oma e prot eoma comparat ivos,  o que aument ou as 

discussões sobre o est abeleciment o de alvos moleculares1.  Por mais que a idéia 

do est abeleciment o de biomarcadores sej a simples e sust ent ável ,  a at ual prát ica 

dest a idéia t em most rado que:  

* I) Alt erações na expressão gênica nem sempre result am em alt erações da 

expressão da prot eína e al t erações prot éicas nem sempre são derivadas de 

al t erações t ranscricionais.  

* II) As diferenças ent re as t ecnologias disponíveis,  principalment e devido a 

diferença da est rut ura molecular de ácidos nucléicos e prot eína,  l imit am as 
                                                 
1 Mischak H,  Apweiler R,  Banks RE,  Conaway M, Coon J,  Dominiczak A,  Ehrich JHH,  Fl iser D,  Girolami M,  Hermj akob H,  
Hochst rasser D,  Jankowski J,  Jul ian BA,  Kolch W, Massy ZA,  Neusuess C,  Novak J,  Pet er K,  Rossing K,  Schanst ra J,  Semmes OJ,  
Theodorescu D,  Thongboonkerd V,  Weissinger EM,  Van Eyk JE,  Yamamot o T.   Clinical prot eomics:  A need t o def ine t he f ield and t o 
begin t o set  adequat e st andards.  Prot eomics Clin.  Appl.  Vol 1,  (2):  148-156.  
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comparações ent re t ranscript oma e prot eoma.  Enquant o as anál ises de ácidos 

nucléicos t êm plat aformas mais bem est abelecidas e maior sensibil idade 

permit indo uma anál ise de quase t odo o t ranscript oma,  além de um banco de 

dados mais amplo por cont a dos proj et os de sequenciament o em larga-escala,  a 

prot eômica ainda encont ra-se l imit ada a uma anál ise da f ração mais abundant e 

das prot eínas expressas,  mesmo considerando t écnicas mais recent es como 

Shot gun Prot eomics que visam aument ar a sensibil idade.  Os mét odos ut i l izados 

nest e t rabalho (SAGE,  qPCR,  2-DE,  MS e Shot gun) são bem dist int os,  com vieses 

part iculares que devem,  de fat o,  apont ar universos diferent es de marcadores 

moleculares.  

* III) A complexidade bioquímica dos organismos nos impossibil i t a acredit ar que 

exist a um marcador único para det erminada doença.  Se uma dada via met aból ica 

encont ra-se def icit ária,  é plausível supor que al t erações de out ros pont os dest a 

via gerem os mesmos efeit os,  e result em no desenvolviment o da mesma doença.  

É possível  ainda que uma coleção de pequenas al t erações,  em genes ou 

prot eínas,  t ais como variações de expressão que não t enha signif icado 

est at íst ico,  em conj unt o result em em uma pat ologia.  Ainda,  há os que defendem 

que não exist e um marcador molecular específ ico para cada doença,  vist o a 

complexidade de int erações ent re genes e prot eínas.  

* IV) as diferenças int rínsecas de cada indivíduo anal isado (sej a ele um cont role 

ou um pacient e),  principalment e em se t rat ando de amost ras de t ecido humano,  

podem revelar t ambém diferenças de expressão gênica e prot éica não 

relacionadas à doença e sim a fat ores ambient ais.  Ainda,  as diferenças 

moleculares pecul iares a cada pessoa provinda de sua individual idade genômica 

podem int erferir na expressão de seus genes e prot eínas,  de modo independent e 

da exist ência ou não de uma dada condição pat ológica.  

Reduzir as diferenças apont adas no ult imo parágrafo foi um dos mot ivos 

principais para a confecção de pools:  a rigor,  o est udo de pools de amost ra 

reduziria as diferenças de expressão gênica e prot éica int rínsecas de cada 

amost ra,  result ado das int erferências do ambient e e das pecul iaridades 

bioquímicas dos pacient es,  ressalt ando as diferenças de expressão gênica e 
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prot éica que se referem a uma caract eríst ica comum a t odos os indivíduos do 

pool :  seu st at us como cont role ou pacient e.  Cont udo,  como pudemos observar 

em nossos experiment os de SAGE e qPCR,  al t erações muit o grandes de expressão 

gênica (ou prot éica) como a ocorrida em 2 das 9 amost ras para o gene MALAT1 

podem parecer ser comuns às amost ras do pool ,  quando na verdade não são.  

Nossos result ados nos f izeram repensar os prós e cont ras do est udo de pool  e a 

val idade dos seus achados.  

Apesar de t oda a problemát ica abordada em relação ao est abeleciment o 

de marcadores moleculares,  as anál ises globais como desenvolvidas nest e proj et o 

puderam apont ar para pelo menos uma via consist ent ement e al t erada na SCZ;  

nossos dados de t ranscript oma e prot eoma foram sól idos e conf irmaram 

alt erações signif icat ivas no met abol ismo de ol igodendrócit os.  No ent ant o,  o 

conceit o de que os sint omas da SCZ podem ser result ado da decomposição ou da 

regulação diferencial  de ol igodendrócit os devem ser vist o com caut ela.  O uso 

crônico de haloperidol,  uma das drogas mais usadas no t rat ament o da SCZ,  

parece levar a uma redução na expressão de genes relacionados a 

ol igodendrócit os2.  Porém,  fort es evidências a part ir de diversas l inhas de 

pesquisa como dados robust os de expressão gênica e t écnicas de imagem revisado em 

3 apont am o pot encial  envolviment o diret o dos ol igodendrócit os na SCZ.   

Nossos dados puderam conf irmar t ambém,  at ravés da expressão prot éica 

diferencial  de diversas prot eínas do complexo I mit ocondrial  e at ravés da 

expressão gênica diferencial  de subunidades de ATPase mit ocondrial  que o 

déf icit  do met abol ismo energét ico pode causar (ou ser conseqüência) da SCZ.  No 

ent ant o,  cabe uma not a de caut ela,  pois j á foi observado que enzimas 

met aból icas como a malat o desidrogenase foram encont radas reguladas no 

hipocampo de rat os t rat ados com clorpromazina e clozapina4.  

Nossos dados ressalt aram consist ent ement e que a homeost ase do íon 

cálcio est á al t erada t ant o no lobo t emporal  ant erior quant o no córt ex pré-f ront al  

                                                 
2 Narayan S,  Kass KE,  Thomas EA.  Chronic haloperidol t reat ment  result s in a decrease in t he expression of  
myel in/ ol igodendrocyt e-relat ed genes in t he mouse brain.  J Neurosci Res.  2007;  85(4):757-765.    
3 Segal D,  Koschnick JR,  Slegers LH,  Hof  PR.  Oligodendrocyt e pat hophysiology:  a new view of  schizophrenia. Int  J 
Neuropsychopharmacol.  2007 Aug;10(4):503-11.  
4 La Y,  Wan C,  Zhu H,  Yang Y,  Chen Y,  Pan Y,  Ji B,  Feng G,  He L.  Hippocampus prot ein prof i l ing reveals aberrat ion of  malat e 
dehydrogenase in chlorpromazine/ clozapine t reat ed rat s.  Neurosci Let t .  2006 Nov 6;408(1):29-34. ).  



                                                                                Tese de Dout orado - Daniel  Mar t ins de Souza 

 221 

dos pacient es SCZ.  Acredit a-se que alguns dos sint omas da SCZ podem ser 

consequência de uma comunicação debil i t ada ent re diferent es regiões cerebrais.  

Est a comunicação def icit ária pode ser causa ou consequência não soment e de 

fat ores de neurodesenvoviment o,  mas t ambém de neurot ransmissão,  que t em 

l igação diret a com a geração e t ransmissão do impulso nervoso,  e port ant o com a 

homeost ase do íon cálcio.  Além disso,  o íon cálcio t em vit al  import ância para a 

função dos recept ores de dopamina5,  além de inf luenciar na at ividade de 

diversas enzimas relacionadas à função da membrana neuronal,  t ais como as 

fosfol ipases do t ipo A2 (PLA2),  que foram consist ent ement e encont radas 

alt eradas em amost ras de pacient es com SCZ6,7.   

Ainda,  nossos dados most raram que genes codif icadores de prot eínas cuj a 

classe funcional ainda é desconhecida (Tabela 2 do Capít ulo 1),  além de 

prot eínas hipot ét icas (Tabelas das prot eínas al t eradas dos Capít ulos 4,  5 e 6) 

podem est ar envolvidas com est a pat ologia.   

Dest e modo,  ao gerarmos est es dados,  acredit amos t er cont ribuído com o 

melhor conheciment o dos mecanismos moleculares envolvidos com a 

esquizof renia e esperamos t er apont ado novos marcadores moleculares 

consist ent es.  

 

 

                                                 
5 Bergson C,  Levenson R,  Goldman-Rakic PS,  Lidow MS.  Dopamine recept or-int eract ing prot eins:  t he Ca(2+) connect ion in 
dopamine signal ing.  Trends Pharmacol Sci.  2003;  24(9):486-492.    
6 Gat t az WF,  Kol l isch M,  Thuren T,  Virt anen JA,  Kinnunen PK.  Increased plasma phosphol ipase-A2 act ivit y in schizophrenic 
pat ient s:  reduct ion af t er neurolept ic t herapy.  Biol  Psychiat ry.  1987;22(4):421-426.  
7 Barbosa NR,  Junqueira RM, Val lada HP,  Gat t az WF.  Associat ion bet ween BanI genot ype and increased phosphol ipase A2 act ivit y 
in schizophrenia.Eur Arch Psychiat ry Cl in Neurosci.  2007 Sep;257(6):340-3.  
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Perspectivas: 
 

Os dados result ant es de nosso t rabalho represent am nosso esforço no sent ido de 

cont ribuir para a maior compreensão da SCZ,  gerando uma l ist a de pot enciais 

marcadores moleculares – t ranscricionais e prot éicos - para est a doença.  A val idação de 

nossos achados dependerá de anál ises subsequent es em amost ras individual izadas e 

oriundas de um maior número de pacient es,  de modo a cobrir os import ant es aspect os 

de variações individuais e endofenót ipos.   

Genes diferencialment e expressos de classes funcionais desconhecidas e prot eínas 

hipot ét icas diferencialment e expressas em SCZ,  assim como genes e prot eínas j á 

conhecidas mas nunca relacionadas à doença merecem at enção especial ,  devido seu 

pot encial  de desvendar caminhos f isiológicos ainda não imaginados durant e a evolução 

pat ológica da SCZ.  Est es novos marcadores,  se robust ament e conf irmados,  podem 

sinal izar para o t rat ament o e diagnóst ico dest a neuropat ologia,  a part ir de abordagens 

ainda não invest igadas.  

Esperamos que a publ icação dos dados de expressão gênica e prot éica global por nós 

obt idos sirva de al icerce para t rabalhos post eriores em diversas áreas do conheciment o 

como est udos de imagem,  além de out ros est udos de expressão gênica e prot éica.  Diant e 

da het erogeneidade funcional das diferent es áreas cerebrais,  na SCZ,  seria import ant e 

def inirmos a expressão de marcadores em diferent es áreas do cérebro,  val idando sua 

consist ência ou mesmo a sua diversidade.  A expl icação da expressão diferencial  que 

observamos poderá ser obj et o de fut uros est udos,  onde invest igaríamos desde al t erações 

envolvendo pol imorf ismos de DNA,  passando por experiment os in vit ro e in vivo para 

aval iar o papel funcional dos marcadores observados,  at é o est udo de microRNAs,  

moléculas regulat órias que poderiam t er um papel import ant e e poderiam expl icar a 

origem da expressão diferencial  observada,  aj udando no ent endiment o da complexidade 

das vias bioquímicas envolvidas.  

Somos diariament e quest ionados pelas famíl ias de pacient es com SCZ sobre a 

proximidade que nossa pesquisa est á da cura da SCZ.  Por mais que não sej a fácil  dizer 

para est as pessoas,  que conf iam a nós est a t arefa,  que na verdade o nosso t rabalho 

cont ribui com uma pequena f ração dest a esperada cura ou mesmo um melhor 

t rat ament o para os pacient es,  cremos que nossos dados colaboram para uma melhor 

perspect iva da SCZ.  
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