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RESUMO 

A Leucemia Linfoide Aguda (LLA) é a principal neoplasia que acomete crianças 

e adolescentes. Embora as taxas de cura atingiram 90% na última década, 20 a 30% 

dos pacientes ainda apresentam recaída da doença e alguns apresentarão sequelas 

ao longo prazo, incluindo uma segunda malignidade. Logo, a descoberta de novos 

alvos e estratégias terapêuticas são ainda necessárias. Insulina e os fatores de 

crescimento semelhantes à insulina (IGFs) são fatores mitogênicos e de pró-

sobrevivência para muitos tipos celulares, incluindo LLA. IGFs circulantes são ligados 

por IGF Binding Proteins (IGFBPs) que regulam sua ação. IGFBP7 é uma proteína 

relacionada ao IGFBP (IGFBP-rP) que, em contraste com outros IGFBPs/IGFBP-rPs, 

apresenta alta afinidade pela insulina comparada aos IGFs e demonstrou ligar-se 

também ao receptor de IGF1 (IGF1R). O papel do IGFBP7 no câncer é controverso: 

em alguns tumores ele foi relatado como um oncogene, enquanto em outros como um 

supressor de tumor. Na LLA infantil, alta expressão de IGFBP7 foi associada a um pior 

prognóstico. Aqui, primeiramente mostramos que IGFBP7 exerce efeitos mitogênicos 

autócrinos na LLA, que foram dependentes de insulina/IGF. O knockdown de IGFBP7 

ou a neutralização mediada por anticorpo resultou em atenuação significativa da 

viabilidade celular da LLA in vitro e na progressão da leucemia in vivo. Ainda, 

mostramos que IGFBP7 prolonga a retenção de IGF1R na superfície das células sob 

estimulação com insulina/IGF1, resultando na fosforilação sustentada de IGF1R, IRS, 

AKT e ERK1/2. Em segundo lugar, comprovamos que a ativação sustentada do eixo 

IGF1R-PI3K-Akt, mediada por IGFBP7, coincide com a regulação positiva de GLUT1, 

melhorando o metabolismo glicolítico da LLA. A neutralização de IGFBP7 com um 

anticorpo monoclonal (clone C311) ou a inibição farmacológica da via PI3K-Akt 

demonstraram anular esse efeito, restaurando os níveis fisiológicos de GLUT1 na 

superfície celular. Em conclusão, destacamos que IGFBP7 desempenha um papel 

oncogênico na LLA, promovendo a permanência do IGF1R na superfície celular, 

prolongando a estimulação da insulina/IGFs e aumentando o metabolismo glicolítico 

através do eixo IGF1R-Akt-GLUT1. Os efeitos celulares e metabólicos descritos aqui 

revelam um papel até então desconhecido para IGFBP7 na LLA, abrindo portas para 

investigações futuras. 
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ABSTRACT 

Acute Lymphoblastic Leukemia (ALL) is the most common childhood cancer. 

Although survival rates for pediatric ALL have reached around 90% in the last decade, 

still approximately 20 to 30% of patient’s relapse, and some experiencing long-term 

sequelae of therapy including a second malignancy. Therefore, new targets and 

therapeutic strategies are needed. Insulin and insulin-like growth factors (IGFs) are 

mitogenic and pro-survival factors for many different cell types, including ALL. 

Circulating IGFs are bound by IGF Binding Proteins (IGFBP) that regulate their action. 

IGFBP7 is an IGFBP-related protein (IGFBP-rP) that in contrast to other 

IGFBPs/IGFBP-rPs features higher affinity for insulin than IGFs and has been shown 

to bind the IGF1 receptor (IGF1R). The role of IGFBP7 in cancer is controversial: in 

some tumors it was related to oncogene while in others as a tumor suppressor. In 

childhood ALL, higher IGFBP7 expression levels were associated with worse 

prognosis. Here we first show that IGFBP7 exerts mitogenic and pro-survival autocrine 

effects on ALL, which is dependent on insulin/IGF. IGFBP7 knockdown or antibody-

mediated neutralization resulted in significant attenuation of ALL cell viability in vitro 

and leukemia progression in vivo. Our data reveals that IGFBP7 prolongs the surface 

retention of the IGF1R under insulin/IGF1 stimulation, resulting in sustained 

phosphorylation of IGF1R, IRS, AKT, and ERK1/2. Second, we also show that 

sustained activation of the IGF1R-PI3K-Akt axis, mediated by IGFBP7, concurs to 

GLUT1 upregulation, which enhance energy metabolism and increases glycolytic 

metabolism in B-cell precursor ALL (BCP-ALL). Both IGFBP7 neutralization with a 

monoclonal antibody (clone C311) as well as pharmacological inhibition of PI3K-Akt 

pathway abrogates this effect, restoring the physiological levels of GLUT1 on the cell 

surface. In conclusion, IGFBP7 plays an oncogenic role in ALL by promoting the 

perdurance of IGF1R at the cell surface, prolonging insulin/IGFs stimulation and 

enhancing glycolytic metabolism through the IGF1R-Akt-GLUT1 axis. The cellular and 

metabolic effects described here may offer an additional mechanistic explanation for 

the strong negative impact seen in ALL cells in vitro and in vivo after the knockdown or 

antibody neutralization of IGFBP7, revealing a hitherto unknown role for IGFBP7 in 

ALL, and opening doors for future investigations. 
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1. INTRODUCTION 

1.1 Cancer: a global health challenge and its hallmarks 

Cancer is a broad term used to describe a multitude of diseases that result from 

abnormal and uncontrolled cell growth, mainly caused by genetic and epigenetic 

alterations. These changes lead to unique genetic profiles and morphological 

characteristics that vary among cancers, making universal clinical treatments 

difficult.1,2 According to the World Health Organization, cancer is the second most 

common cause of death in the world, responsible for almost 10 million deaths in 20203 

with about 70% of these deaths occurring in underdeveloped countries.4 

During normal growth and development, cells undergo tightly regulated 

processes such as proliferation, differentiation, and apoptosis, which are controlled by 

complex signaling pathways. However, cancer cells have altered signaling pathways 

that allow them to bypass these regulatory mechanisms, leading to uncontrolled growth 

and progression.5,6 Neoplastic transformation is directly related to lesions or genetic 

modifications that drive malignant cellular development. This complex process involves 

a set of characteristics that can be described as “Hallmarks of Cancer”.7 

The Hallmarks of Cancer are a set of functional capabilities that human cells 

acquire as they transition from normal to malignant states. These capabilities were first 

defined over 20 years ago by Hanahan and Weinberg and are constantly being 

updated due to the advent of advanced genomic technologies.7-9 The current set of 

Hallmarks of Cancer comprises 14 different sessions described below and shown in 

Figure 1.  

● Resisting cell death: Cancer cells evade apoptosis or programmed cell 

death, which allows them to survive and accumulate genetic 

abnormalities. 

● Sustaining proliferative signaling: Cancer cells acquire the ability to 

proliferate uncontrollably by activating oncogenes and inhibiting tumor 

suppressor genes. 

● Evading growth suppressors: Cancer cells can evade the inhibitory 

signals from surrounding normal cells and escape growth control 

mechanisms. 
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● Inducing angiogenesis: Cancer cells secrete factors that promote the 

growth of new blood vessels, which supply the tumor with nutrients and 

oxygen. 

● Enabling replicative immortality: Cancer cells maintain their telomeres, 

which are protective caps at the end of chromosomes, allowing them to 

divide indefinitely. 

● Activating invasion and metastasis: Cancer cells acquire the ability to 

migrate and invade surrounding tissues, allowing them to spread to 

distant sites and form secondary tumors. 

● Reprogramming cellular metabolism: Cancer cells alter their metabolism 

to support their growth and proliferation, even in conditions of nutrient 

deprivation. 

● Avoiding immune destruction: Cancer cells can evade immune 

surveillance and attack by the immune system, allowing them to 

proliferate unchecked. 

● Genome instability and mutation: Cancer cells accumulate genetic 

alterations that drive tumor progression and evolution. 

● Tumor-promoting inflammation: Cancer cells can promote inflammation, 

which can contribute to tumor growth and progression. 

● Unlocking phenotypic plasticity: Cancer cells can switch between 

different cell types or states, allowing them to adapt to changing 

environments and therapies. 

● Nonmutational epigenetic reprogramming: Cancer cells can alter the 

expression of genes without changing their underlying DNA sequence, 

allowing them to regulate their behavior and promote tumor growth. 

● Polymorphic microbiomes: The diverse communities of microorganisms 

in the tumor microenvironment can affect tumor growth and response to 

therapy. 

● Senescent cells: Senescent cells accumulate in aging tissues and can 

promote inflammation and other cellular changes that contribute to 

cancer development. 
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Figure 1. Hallmarks of Cancer: New Dimensions. The latest publication summarizing the 

Hallmarks of Cancer by Hanahan.9 

The field of cancer biology has greatly contributed to the understanding of the 

genetics, specificities and variability of the disease. The development of precision 

medicine, which combines knowledge from basic sciences and clinical research with 

advances in diagnostic techniques, has led to a significant improvement in the 

diagnosis, treatment, management, prevention, survival and life quality of cancer 

patients. Childhood cancer, however, has distinct characteristics and differences when 

compared to adult cancers. 

Pediatric cancer primarily affects undifferentiated embryonic cells, whereas in 

adult cancers differentiated cells are mostly affected. Leukemias, central nervous 

system tumors, lymphomas, neuroblastoma, sarcomas and Wilms' tumor are some of 

the most common pediatric cancers. Most childhood cancers have fewer genetic 

alterations when compared to adult cancers, and often do not benefit from target-

specific drugs that have already been developed and approved for adult cancers. This 

presents a crucial need for the development of new therapies and treatment protocols 

that are less toxic and cause fewer adverse effects in children. Furthermore, the 

genetic heterogeneity of pediatric tumors presents another challenge in the 
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development of target-specific therapies. Genetic alterations that drive the growth of 

pediatric tumors include copy number alterations (CNAs), gene fusions, complex DNA 

rearrangements and chromosomal alterations.10,11 A number of molecular studies and 

initiatives are underway with the objective of unraveling the genetic peculiarities and 

providing other treatment options for children.12-15 In Brazil, childhood cancer is already 

the leading cause of death (8% of the total) among children and adolescents aged 1 to 

19 years. According to data from the National Cancer Institute (INCA), it is estimated 

that more than 12,500 new cases of childhood cancer will be diagnosed in Brazil in 

2022. Childhood cancer accounts for about 3% of all cancers in the country, and the 

most prevalent pediatric cancers in Brazil are leukemias, brain tumors, and 

lymphomas.16 

Pediatric Acute Lymphoid Leukemia (ALL) is the most common type of 

childhood cancer worldwide.17 In Brazil, pediatric ALL also represents the most 

frequent type of childhood cancer, comprising about 30% of all cases. According to the 

Brazilian National Cancer Register, between 2014 and 2018, 11,252 new cases of 

childhood ALL were diagnosed in Brazil, with an estimated incidence rate of 51.6 cases 

per million children per year. The survival rate for pediatric ALL in Brazil has      

improved in recent years with a five-year survival rate of around 80%, although the 

mortality rate remains significant, with an estimated 1,326 deaths due to childhood ALL 

in Brazil between 2014 and 2018.16 

Therefore, the pursuit of novel target-specific therapeutics and the 

establishment of treatment regimens that exhibit reduced toxicity and minimal adverse 

effects in pediatric ALL still represent a foremost predicament in this field of research. 

1.2 Pediatric ALL: classification and molecular mechanisms 

As described earlier, pediatric ALL is the most frequent hematological 

malignancy affecting children (<15 years old), accounting for 80% of all leukemias and 

25% of cancer cases within this age group. ALL can be classified into two phenotypes 

based on the affected cell lineage: T-cell ALL, where the affected cells originate from 

T lymphocytes (15% of cases), and B-cell precursor ALL (BCP-ALL), which represents 

most cases (approximately 85%). Both phenotypes can be further subdivided based 

on chromosomal abnormalities, including aneuploidies and chromosomal 

translocations. Distinguishing and understanding these characteristics is essential for 

appropriate treatment and risk stratification of patients, as the prognosis varies 
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significantly among ALL subtypes (Figure 2). Prognosis can additionally be correlated 

to patient specific clinical and biological features, such as age, leukocyte count at 

diagnosis, and response to initial treatment.18-22 

 

Figure 2. Estimated frequency of specific genotypes in ALL. The genetic lesions that are 

exclusively seen in cases of T-cell ALL are indicated in gold and those commonly associated 

with BCP-ALL in blue. The darker gold or blue color indicates those subtypes generally 

associated with poor prognosis. Adapted from Piu et al.18 

Despite significant progress in the treatment of ALL, which has led to an 80% 

cure rate with combined drug therapy,23,24 approximately 20% of patients still have 

leukemic cells resistant to chemotherapy, resulting in disease recurrence.24,25 

However, in the last two decades, advances have been made in understanding the 

molecular pathophysiology of ALL. For example, the identification and characterization 

of chromosomal translocations have revealed critical genes involved in the 

maintenance of this disease. Moreover, the occurrence of specific chromosomal 

translocations also plays a critical role in stratifying patients for more or less intensive 

therapies.26 
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In addition to chromosomal translocations, there are other molecular 

mechanisms that contribute to the development of pediatric ALL and disease 

maintenance. This includes the inhibition of tumor suppressor genes, upregulation of 

proto-oncogenes, ALL cells interactions with the tumor microenvironment, and 

autocrine interactions between leukemic cells.24,27 Several studies suggest that ALL 

blasts' interaction with bone marrow stromal cells (BMSCs) enhances leukemic cell 

survival and chemotherapy resistance.28-32 Interestingly, leukemic blasts can also 

function in an autocrine manner by secreting growth factors that enhance survival  

chances of the producer cells. Autocrine signaling is a cellular mechanism whereby a 

cell secretes signaling molecules that targets itself or cells of the same type.33 In the 

context of tumor biology in ALL, autocrine signaling can have a pivotal role in leukemia 

cell growth and survival.34-37 

The secretion of signaling molecules for ALL cells triggers the activation of 

multiple intracellular signaling pathways, predominantly including the Ras-MAPK 

pathway38 the PI3K-Akt pathway39 and the JAK-STAT pathway.40 Cytokines and 

growth factors are the most important classes of signaling molecules secreted by 

leukemic cells that act through an autocrine mechanism, binding to specific receptors 

on the cells surface for self-advantageous purposes. Interleukin-3 (IL-3), interleukin-7 

(IL-7) and insulin-like growth factors (IGFs) are prime examples of these molecules.41 

Although it is noteworthy to mention that the secretion or production of cytokines and 

growth factors are not exclusive to ALL cells. It has been previously elucidated that 

other cells, including BMSCs, can also secrete signaling molecules and gain benefits 

from leukemia cells via a paracrine mechanism.30,42,43 

Overall, these signaling cascades facilitated by paracrine or autocrine 

mechanisms are crucial in triggering, promoting, and maintaining the leukemogenic 

process, which originates in the bone marrow microenvironment by leukemia-initiating 

cells (LICs).44 Comprehending the autocrine and paracrine processes, discerning and 

characterizing signaling molecules, and interpreting the function of the ALL tumor 

microenvironment are essential steps in gaining a better understanding of the disease 

and developing more efficacious treatments. 

1.3 Understanding the bone marrow microenvironment and leukemogenic 
process  
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The bone marrow (BM) is a complex, vascularized, and innervated organ 

located within the bone. It hosts various hematopoietic and non-hematopoietic cell 

types, including osteoblasts, osteoclasts, adipocytes, reticular cells, endothelial cells, 

smooth muscle cells, mesenchymal stromal cells (MSCs), and cells of the sympathetic 

nervous system. These cells not only physically surround hematopoietic cells but also 

actively regulate hematopoietic processes through the secretion of cytokines, 

hormones, and growth factors, as well as the expression of receptors and adhesion 

molecules. The extracellular matrix, which comprises more than 200 proteins, is 

another critical factor in the BM microenvironment. Continuously secreted by the 

different cells, extracellular matrix proteins provide anchorage and regulate BM cellular 

functions.41 

Furthermore, the BM microenvironment regulates the properties of healthy 

hematopoietic stem cells (HSCs) localized in specific niches. The fundamental 

understanding of the HSC niche was initially proposed in 1978 by Schofield, defining 

the microenvironment surrounding the HSCs.45 The HSC niche provides critical 

signaling cues, growth factors, and extracellular matrix components that regulate HSC 

self-renewal and differentiation, allowing them to maintain their undifferentiated state. 

Since then, extensive research has been conducted to determine the anatomical 

location of the HSC niche. Until today, three distinct HSC niches have been widely 

described: endosteal, arteriolar, and sinusoidal (Figure 3).41,44,46,47  

 

Figure 3. BM microenvironment and HSC niches. Graphical overview of the bone marrow 

components and cellular interactions taking place in the HSC niches: endosteal, arteriolar, and 

sinusoidal. SCF: stem cell factor. FGF1: fibroblast growth factor 1. OPN: osteopontin. EPO: 

erythropoietin. Image adapted from Congrains et al.47 
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The inner surface of the bone, called the endosteum, is lined by a thin cellular 

layer of osteoblasts and osteoclasts. The endosteal “osteoblastic” niche was the first 

putative HSC niche;48 however, recent evidence has disputed the common assumption 

of HSCs’ direct contact with osteoblasts.49,50 The endosteum is an important 

lymphopoietic site, and osteoblast secretion of CXCL12 (C-X-C motif chemokine ligand 

12) is crucial for lymphoid differentiation. While CXCL12 expressed by osteoblasts 

seems to be responsible for early lymphoid progenitor maintenance, CXCL12 

expressed by endothelial and stromal cells influences the maintenance of HSCs.55 

Osteoblasts are known to regulate HSC proliferation and erythroid differentiation by 

osteopontin52 and erythropoietin53 production. However, evidence shows that less than 

20% of HSCs are in direct contact to the endosteum49 and most recent studies      

suggest that the niche of HSCs is primarily perivascular, remarkably around the 

arterioles and sinusoids.50,51,54,56 

Arterioles, which are close to the endosteum50 are important HSC sites and are 

essential for HSC quiescence and maintenance.50,56 The arteriole niche harbors 

several populations of stromal cells (particularly important, CXCL12-abundant reticular 

(CAR) perivascular stromal cells and neural–glial antigen 2 (NG2) periarteriolar cells), 

endothelial cells, sympathetic nervous system (SNS) nerves and non-myelinating 

Schwann cells. They all contribute with chemical signals to HSC homeostasis. CAR 

cells are the main sources of CXCL12, where they localize to surrounding endothelial 

cells in the sinusoids and arterioles and are in direct contact to HSCs.57 Schwann cells 

together with sympathetic nerves in the arteriole induce quiescence of HSCs through      

growth factor beta (TGF-b) activation and direct contact with a considerable number of 

HSCs.58 In line with these findings, NG2+ stromal cells in the arteriole niche have been 

associated with lymphoid biased HSCs and megakaryocytes in the sinusoids have 

been linked to myeloid-biased HSCs.59 

     The sinusoidal niche, located near sinusoidal vessels, also plays a role in 

regulating HSC proliferation and differentiation through the secretion of cytokines and 

chemokines. Sinusoidal vessels promote HSC activation and serve as the location      

for the trafficking of leukocytes in and out of the BM. Megakaryocytes in the sinusoidal 

niche have been shown to regulate HSC quiescence through C-X-C motif ligand 4 

(CXCL4), TGF-b and expansion under stress through fibroblast growth factor 1 (FGF1). 

Arterial blood vessel endothelial cells maintain HSCs in a low reactive oxygen species 
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(ROS) state, promoting HSC quiescence and protecting them against genotoxic 

insults.60,61 

Based on all of the described mechanisms above that are directly related to 

maintaining homeostasis in the BM microenvironment, we can postulate the following 

questions: What effects are caused by disruptions in the BM microenvironment? What 

are the impacts of these genetic and functional disturbances, and how do they 

contribute to a leukemogenic scenario? 

It is known that the maintenance of HSCs in quiescence is crucial for their self-

renewal and differentiation capacity, but also to prevent the accumulation of mutations 

that can lead to the development of hematologic malignancies, such as ALL. A key 

hallmark of ALL is the abnormal proliferation and accumulation of hematopoietic 

progenitor cells in the BM.41,47 However, it is now known that the initiation of the 

leukemogenic process is mediated by leukemia-initiating cells (LIC).62 LIC are a 

subpopulation of cells with stem-like properties that can initiate and sustain leukemia. 

In ALL, for example, these stem-like cell subsets have been described to have the 

ability of (i) propagating the tumor after transplantation into secondary mice, (ii) 

recreating the immunophenotypic heterogeneity of primary leukemia, and (iii) 

maintaining their self-renewing activity after serial transplantation.63,64 

The molecular mechanisms that induce LIC outgrowth in the BM are not fully 

understood, but several factors have been implicated. One possible mechanism is the 

aberrant activation of signaling pathways that regulate HSC self-renewal and 

differentiation. For example, mutations in genes such as NOTCH1, IKZF1, and PTEN 

may impact LIC development and are known to affect signaling pathways involved in 

HSC homeostasis.62 

Additionally, BM microenvironment also plays a critical role in LIC outgrowth. 

We know that BMSCs provide growth factors and cytokines to support normal 

hematopoiesis, but in the presence of LIC, they can provide a supportive niche for LIC 

to proliferate and establish disease. In the case of acute myeloid leukemia (AML), the 

identification of molecular pathways linked to LIC biology has led to the development 

of therapeutic strategies and compounds, including STAT3 inhibitors, which are 

currently in clinical trials.65,66 On the other hand, PI3K/Akt/mTOR, IGFs, Wnt, and Notch 

signaling pathways have been recently reported as relevant pathways that functionally 

modulate LIC activity in ALL and may have a direct impact on disease maintenance.62 

Despite the numerous molecular pathways involved in pediatric ALL, our knowledge 
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regarding the involvement of the IGFs system in this disease remains limited. The 

signaling of this axis is governed by a diverse range of proteins and receptors, which 

add an additional level of complexity in comprehending the underlying mechanisms 

and identifying molecular targets capable of inhibiting the pathway, without eliciting 

adverse effects. The scientific community has recently developed a growing interest in 

understanding and characterizing specific aspects of the IGF system, as  new proteins 

that control this pathway have been identified and present advantages when compared 

to the traditional molecular targets of the system. 

1.4 The intersection of insulin and IGFs signaling pathways in cancer biology 

The insulin-like growth factor (IGF) system comprises two polypeptides (IGF1 

and IGF2), six high-affinity IGF binding proteins (IGFBP1 to -6), ten low-affinity IGF 

binding related proteins (IGFBP-rP1 to -10) and three cell surface tyrosine kinase 

receptors (RTKs): insulin receptor (INSR), IGF1 receptor (IGF1R) and IGF2 receptor 

(IGF2R).67,68 Insulin, IGF1 and IGF2 are well-characterized mitogenic factors that 

promote cell survival in various cell types, including pediatric ALL.69 Although these 

proteins have specific transmembrane tyrosine kinase receptors – RTKs (INSR, IGF1R 

and IGF2R, respectively), they can also share and/or compete for the same receptor, 

depending on the intended metabolic function.  

It has been widely reported that upon activation and subsequent 

autophosphorylation, RTKs undergo swift internalization, predominantly through 

clathrin-mediated endocytosis. In addition to this mechanism, various other modulators 

may contribute to the internalization, recycling, and degradation of INSR, IGF1R and 

IGF2R, which have been extensively investigated and meticulously described by 

Girnita et al.70 In brief, INSR harbors a C-terminal motif responsible for MAD2 binding, 

which, in turn, recruits BUBR1 and the clathrin adapter protein complex AP2. This 

recruitment facilitates clathrin-coated vesicle formation and subsequent endocytosis 

upon receptor activation.71 Conversely, IGF1R lacks a MAD2-binding motif, leading to 

its prolonged retention on the cell surface, seemingly mediated by its interaction with 

insulin receptor substrate 1 (IRS-1) and the blockade of AP2.72 

Insulin and IGFs proteins are involved in the regulation of cell proliferation and 

apoptosis. Studies have shown that high levels of circulating IGF1 is associated with 

an increased risk of several common cancers.73 IGF1 is a 70 amino acid peptide 

encoded by a gene on chromosome 12q22-24.1.74 Fetal growth is directly influenced 
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by the IGFs. However in children, the levels of IGFs are regulated by growth hormone, 

which controls liver IGF1 production.75 High serum levels of IGF1 are associated with 

high birth weight and are correlated with the occurrence of pediatric ALL, a hypothesis 

that is termed Big Babies.76 

Previous studies have demonstrated that insulin and IGF1, acting via INSR and 

IGF1R, promote the growth and proliferation of ALL cells in both an autocrine and 

paracrine manner.77-83 IGF1 and insulin are both ligands for the IGF1R, activating 

intracellular signaling pathways that promote cell proliferation and survival. Upon 

binding to IGF1R, insulin receptor substrate proteins (IRS1-4) are phosphorylated, 

leading to downstream signaling of the PI3K/Akt/mTOR and Ras/Raf/MAPK pathways, 

which are involved in neoplastic cell mitogenic signals (see more in section 1.6).84 

Initially thought to be a redundant receptor used only in the absence of insulin 

signaling, IGF1R has unique characteristics that distinguish it from INSR. IGF1R has 

an important role in cancer biology, including mitogenesis, transformation, and 

protection against apoptosis, ultimately contributing to sustained cell proliferation, a 

hallmark of cancer cells. Additionally, IGF1R contributes to cell adhesion and 

longevity.85 IGF1R is a receptor tyrosine kinase with 70% homology to INSR. It is 

derived from a highly preserved ancestral gene in both vertebrates and invertebrates,86 

possessing 45-65% homology in the ligand binding site and 60-85% homology in the 

domains of tyrosine kinase and substrate recruitment.87 

Both INSR and IGF1R are ligands for insulin, IGF1, and IGF2 (although IGF2 

binds with the least affinity). The INSR gene is located on chromosome 19p13.2 and       

encodes INSR, a protein of 1370 amino acids with a molecular mass of ~100 kDa and 

includes 22 exons. Alternative splicing of exon 11 generates two structurally different 

isoforms, INSR-A and INSR-B. INSR-B, the mature isoform, contains the 12 amino 

acids derived from exon 11, whereas INSR-A, the fetal isoform, does not.88,89 The two 

isoforms are differentially  expressed: INSR-A is predominantly expressed in 

embryonic and fetal tissues, central nervous system, hematopoietic cells, and cancer 

cells, whereas INSR-B is expressed in insulin sensitive tissues (e.g., liver, fat, and 

muscle).89-92 

INSR-B has a high affinity for insulin and low affinity for IGF1 and IGF2, whereas 

INSR-A has a high affinity for insulin and IGF2 and an approximately 10 times lower 

affinity for IGF1 (Figure 4).91-94  
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Figure 4. Simplified diagram of insulin, IGF1 and IGF2 signaling pathways and their receptors. 

The insulin receptor (INSR), the insulin-like growth factor 1 receptor (IGF1R), the insulin-like 

growth factor 2 receptor (IGF2R), and the hybrid receptors (HR-A and HR-B) are part of the 

RTKs family. The diagram demonstrates a certain level of functional overlap among them. 

Upon ligand binding, these receptors initiate the phosphorylation of tyrosine residues, 

subsequently leading to the phosphorylation of the insulin receptor substrate (IRS) and SHC. 

These proteins serve as docking points for activating the phosphatidylinositol 3-kinase (PI3K-

Akt-mTOR) pathway or the Ras/Raf/MAPK pathway, respectively. The PI3K-Akt-mTOR 

pathway primarily participates in metabolic actions such as glucose uptake and insulin 

sensitivity, as well as cell proliferation. On the other hand, the Ras/Raf/MAPK pathway primarily 

contributes to mitogenic effects, including proliferation and growth. Modified from Genua et 

al.95 

In addition to the classical isoforms of the INSR, hybrid receptors (HR) can also 

form through heterodimerization with IGF1R (Figure 4).96,97 Two types of HR have been 

identified, INSR-A plus IGF1R (HR-A) and INSR-B plus IGF1R (HR-B), which have 

different affinities for insulin and IGFs (Figure 4). HR-A exhibits higher affinity for IGF1, 

IGF2, and insulin, whereas HR-B binds mainly to IGF1, but also has low affinity for 

IGF2. Notably, IGFs bind less efficiently to HR-B than to IGF1R and HR-A, which 

"attenuates" the mitogenic potential of IGF1R upon HR-B formation. Conversely, HR-

A expression enhances sensitivity to the mitogenic effects of IGFs and insulin.98 

INSR overexpression is commonly observed in several malignancies that exhibit 

abnormal responses to insulin and IGFs, and typically results in mitogenic effects.92,97-
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99 The biological role of overexpressed INSR in cancer remains poorly understood, 

although several studies have highlighted the significance of INSR-A isoform 

expression in cell proliferation and cancer.89,91,92 Our microarray analyses of primary 

ALL samples corroborate these studies, since in ALL, INSR exon 11 is not expressed, 

indicating the prevalence of IR-A in these cell types (Figure 5).100 

 
Figure 5. Expression of the different exons of the INSR gene in 93 samples of pediatric ALL. 

Each point corresponds to one patient’s ALL. Results demonstrate that ALL cells 

predominantly express isoform A of the INSR (isoform that lacks exon 11). Modified from 

Laranjeira.100 

IGF2 expression and regulation is complex, involving an untranslated mRNA 

called H19 and the silencing of one allele through gene imprinting.88 The loss of 

imprinting or other regulatory failures that lead to increased H19 expression are the 

primary factors that confer an advantage to IGF2-dependent cell growth. 

Physiologically, IGF2 exhibits high affinity for IGF2R and lower affinity for IGF1R and 

INSR. Most studies suggest that IGF2R does not produce a metabolic signal when 

bound to IGF2; rather, its primary function is to sequester IGF2, as IGF2's biological 

effects (mitogenic and anti-apoptotic) occur through interactions with IGF1R. In this 

model, the reduction of IGF2R expression is related to an increase in IGF2-mediated 

activation of IGF1R.73 

IGFs are distinguished from insulin by their interactions with high-affinity IGF 

binding proteins (IGFBP1 to -6) or low-affinity IGF binding related proteins (IGFBP-rP1 

to -10), which modulate IGFs bioavailability and signaling by regulating their tissue 

distribution and receptor accessibility. Some preclinical studies suggest that IGFBPs 

may function as oncogenes depending on the cellular context, and there is evidence 
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that these proteins may serve as tissue biomarkers for assessing tumor progression 

and/or therapeutic resistance.101 

1.5 IGF binding proteins 

Circulating IGFs are bound by IGF binding proteins (IGFBPs), of which there 

are six different types (IGFBP1 to -6).102 IGFBPs have a high affinity for IGFs and can 

either inhibit or potentiate the IGF signaling pathway. They do not bind to insulin but 

have a better affinity for IGFs than the IGF1Rs. In most cases, IGFBPs inhibit IGF 

action by preventing their binding to IGF receptors. This inhibition leads to 

downregulation of cellular proliferation, survival, differentiation and metabolism. 

However, in some instances, IGFBPs can increase IGF signaling through a process 

called proteolytic cleavage, which is one of the primary mechanisms involved in the 

release of IGFs from IGFBPs.103,104 

IGFBPs are cysteine-rich proteins that share a high degree of similarity in their 

primary amino acid sequences. Structurally, IGFBPs have cysteines clustered at both 

the conserved N-terminal third (12 cysteines in IGFBP1 to 5; and 10 in IGFBP6) and 

the conserved C-terminal third (6 cysteines) of the proteins. Furthermore, 10 other 

extracellular proteins known as the IGFBP-related proteins (IGFBP-rP1 - 10) share the 

IGF-binding domain of IGFBPs. IGFBP-rPs carry the N-terminal domain of IGFBPs, as 

shown in Figure 6 with a blue box, but differ from IGFBPs mostly in the C-terminus 

region. While IGFBP-rPs can bind IGFs, its affinity is 100-1000 times lower than binding 

observed with IGFBPs. IGFBP-rPs also have multiple IGF-independent roles, and their 

physiological significance in the IGF pathway remains undefined.103-108 

IGFBP-rP1, best known as IGFBP7, but also known as TAF (tumor-derived 

adhesion factor), mac25 (meningioma-associated cDNA 25), PSF (prostacyclin-

stimulating factor) and AGM (angiomodulin), is a special exception of IGFBP-rPs 

because of its high affinity for insulin and IGFs. Unlike other IGFBPs, IGFBP7 does not 

act by sequestering insulin and IGFs preventing their binding to receptors, but it acts 

by increasing the half-life of these factors through direct interactions with them and 

may promote mitogenic actions depending on the target tissue.109 

IGFBP7 is a protein that plays an essential role in cell proliferation and has been 

implicated in the adhesion and migration of different tumor types.30,110-112 IGFBP7 has 

been shown to interact with various components of the extracellular matrix, including 

collagen types II, IV, and V, heparin sulfate, and glycosaminoglycans. It has been 
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suggested that IGFBP7 contributes to cell/cell adhesion and extracellular cell/matrix 

adhesion.108 Additionally, IGFBP7 has been found to accumulate in tumor blood 

vessels and secondary lymphoid tissues, and it interacts with chemokines such as 

SLC, CCL21, IP-10, CXCL10, and RANTES.82,113,114 In the context of cancer, IGFBP7 

has been shown to regulate cell proliferation, adhesion, and senescence in various 

neoplastic tissues.115-116 Moreover, IGFBP7 has been associated with a poor prognosis 

in several types of cancer, including inflammatory breast cancer,117 mesothelioma,118 

prostate cancer119 and colorectal cancer.120 In leukemia, IGFBP7 was identified as a 

negative prognostic factor. High expression of IGFBP7 mRNA is associated with 

resistance to primary therapy and a worse prognosis in patients with T-ALL,121 primary 

acute myeloid leukemia (AML) and Philadelphia negative BCP-ALL samples.30,122 

Therefore, IGFBP7 have been considered a negative prognostic factor in leukemia and 

is currently being studied as a new therapeutic target. 

Despite numerous studies highlighting the varied roles of IGFBP7 in diverse 

pathological conditions, the underlying molecular mechanisms responsible for these 

effects remain largely unknown. Elucidating the physiological significance of IGFBP7 

could provide crucial insights into various aspects of the IGF system. Since IGFBP7 

has been associated with the precise regulation of insulin and IGFs signaling, 

comprehending its role within this context, particularly regarding the INSR and IGF1R 

receptors, may uncover novel pathways yet to be explored in biological systems and, 

therefore, contribute to a greater understanding of complex diseases such as ALL. 

In this context, some studies have investigated the effects of IGFBP7 on INSR 

and IGF1R signaling, however, they generated contradictory results. On the one hand, 

some authors have demonstrated that IGFBP7 can decrease the signaling of INSR 

and IGF1R by sequestering insulin and IGFs103,106,122 or by acting as an antagonist to 

IGF1R.123,124 For instance, Evdokimova et al.123 reported that the N-terminus of 

IGFBP7 can bind to the extracellular domain of IGF1R, inhibiting its activation. This 

suggests that IGFBP7 binding to unoccupied IGF1R may hinder the subsequent 

binding of insulin or IGF1.  
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Figure 6. Amino acid sequence alignment of the N-terminal domains from human IGFBP1 to 

6 and human IGFBP-rP1 to 10. Alignment was performed using Align approach by UniProt 

databases (www.uniprot.org). Signal peptides were not included in the analysis. Small gaps 

were introduced to optimize alignment. Consensus amino acid residues are shaded orange. 

Blue box indicates the IGF-binding domain of IGFBPs (GCGCCxxC sequence, where x is any 

amino acid residue). Red box shows the heparin-binding site in IGFBP-rP1/IGFBP7. 

However, on the other hand, different groups have shown that IGFBP7 can 

improve insulin signaling through INSR or IGF1R.30,109,125 Morgantini et al.125 showed 

that under insulin-sensitive conditions, IGFBP7 produced by liver macrophages binds 

to hepatic INSR and enhances the activation of Akt (Ser473) by insulin in hepatocytes, 

enhancing glycolytic activity. In insulin-resistant conditions where Akt does not respond 

to insulin, IGFBP7 binds to INSR with lower affinity but still activates the MAPK 

pathway, leading to gluconeogenesis and lipogenesis. However, this study did not fully 
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explore the relationship between IGFBP7, insulin and its receptors, but provides 

concrete evidence that IGFBP7 at physiological levels can contribute to glycolytic 

metabolism by mediating responses through INSR and downstream pathways such as 

PI3K-Akt and MAPK. 

It is important to consider that the differences in INSR/IGF1R signaling and 

internalization complexes among the biological models used in these studies should 

not be overlooked. However, in our own work, we have shown that the amount of 

IGFBP7 protein available to cells may contribute to the discrepancies in the results. As 

an example, Evdokimova et al.123 used a concentration of 20 μg/ml of IGFBP7, while 

Morgantini et al.125 used 20 ng/ml. It is plausible that at high concentrations, IGFBP7 

may indeed restrict or prevent the binding of IGF1/insulin to IGF1R. Notably, 20 μg/ml 

exceeds the physiological levels of IGFBP7 in human adult serum (21-35 ng/ml).126 

Moreover, the findings reported by Morgantini et al.125 highlight the significance 

of IGFBP7 as a crucial regulator of the insulin pathway, facilitating metabolic 

parameters and enhancing sensitivity to this hormone. When considering cancer, 

specifically ALL, it is well-established that the glycolytic metabolism of leukemic cells 

profoundly impacts disease treatment and chemotherapy response.127 Given the 

potential of IGFBP7 to regulate the activity of insulin and IGFs towards their respective 

receptors, it is reasonable to consider the potential contribution of IGFBP7 (through the 

PI3K-Akt pathway) to the glycolytic metabolism in ALL. However, before postulating 

this hypothesis, it is crucial to comprehend the intricacies of glycolytic metabolism in 

ALL and the proteins that orchestrate this machinery. 

1.6 PI3K-Akt pathway and glycolytic metabolism 

Phosphatidylinositol 3-kinase (PI3K)-Akt pathway stands as the most activated 

pathway in human cancers, exerting significant control over key metabolic processes, 

such as glucose metabolism. Activation of PI3K-Akt signaling plays a vital role in 

maintaining systemic metabolic homeostasis and regulating the growth and 

metabolism of individual cells in response to insulin, growth factors, and cytokines 

under physiological conditions. However, in cancer cells, especially in ALL, oncogenic 

activation of this pathway leads to a reprogramming of cellular metabolism, resulting in 

enhanced activity of nutrient transporters and metabolic enzymes that support the 

anabolic demands of rapidly proliferating cells.127 
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The PI3K-AKT signaling network occupies a central role in promoting cell 

survival and growth and is activated downstream of receptor tyrosine kinases (RTKs, 

main signaling regulator), cytokine receptors, integrins, and G protein-coupled 

receptors (GPCRs).128 The class Ia PI3K exists as heterodimers consisting of a 

catalytic subunit (p110α, p110β, or p110δ) and a regulatory subunit (p85α, p85β, or 

shorter variants). Class Ib, on the other hand, comprises the catalytic subunit p110γ 

associated with the regulatory subunit p101.129 Class Ia PI3K is activated when the 

SH2 domains within the regulatory subunits interact with phospho-tyrosine residues on 

activated receptors or adaptor proteins, while class Ib is activated by GPCRs. 

As previously discussed, activation INSR and IGF1R in ALL is mediated by 

insulin and IGFs (Figure 7). After ligand coupling, its receptors are auto phosphorylated 

inducing recruitment of insulin receptor substrate proteins (IRS1-4) and SHC. IRS and 

SHC proteins are recognized by various signaling molecules that contain a Src 

homology 2 (SH2) domain, such as Grb2 and PI3K. Activation of PI3K at the plasma 

membrane leads to the phosphorylation of its phospholipid substrate, 

phosphatidylinositol 4,5-bisphosphate (PIP2), generating the second messenger, 

phosphatidylinositol 3,4,5-trisphosphate (PIP3).127-129 Phosphatase and tensin 

homologue (PTEN) attenuate PI3K signaling by dephosphorylating PIP3 to regenerate 

PIP2. Accumulation of PIP3 at the plasma membrane creates docking sites for 

downstream effector proteins containing a pleckstrin homology (PH) domain that 

specifically interacts with this lipid species. One of these effector proteins is the serine-

threonine kinase Akt. Upon binding to PIP3, Akt is phosphorylated by 

phosphoinositide-dependent protein kinase 1 (PDK1) at Thr308, which is crucial for its 

activation, and by mechanistic target of rapamycin (mTOR) complex 2 (mTORC2) at 

Ser473, further enhancing Akt activity. Activated Akt phosphorylates an extensive array 

of downstream substrates, many of which are redundantly regulated by the three Akt 

isoforms (Akt1, Akt2 and Akt3). This phosphorylation cascade influences various 

cellular functions, including protein synthesis and growth, glucose metabolism, cell 

cycle, cell proliferation, cell survival, and apoptosis. Akt-mediated phosphorylation of 

these protein targets exerts a profound impact on cellular metabolism, contributing to 

the regulation of diverse metabolic pathways, such as glycolytic metabolism.130-134 

The altered glucose metabolism represents a characteristic metabolic 

modification that distinguishes cancer cells from their normal counterparts. This 

metabolic phenotype, commonly referred to as aerobic glycolysis or the Warburg 
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effect,136 was initially described by Otto Warburg137 almost a century ago. It is 

characterized by an augmented uptake of glucose and its conversion into lactate, even 

in the presence of sufficient oxygen levels. Glycolysis, besides generating ATP, 

provides metabolic intermediates that serve as substrates for branching metabolic 

pathways, supporting the biosynthesis of essential macromolecules such as proteins, 

lipids, and nucleotides required for cell proliferation and growth.136 

 

Figure 7. PI3K-Akt signaling pathway. Insulin/IGFs functions as a ligand to interact with RTKs 

in the cellular membrane, which leads to autophosphorylation and recruitment of the adaptor 

proteins IRS1, IRS2, and Shc. The interaction of IRS1/2 with β-subunit of the cognate receptor 

induces the activation of PI3K. PI3K converts PIP2 to the lipid second messenger PIP3. Akt 

family of kinases is activated by PDK1 and by mTORC2 complex resulting in the 

phosphorylation at Thr308 and Ser473, respectively. Activated Akt then regulates downstream 

signaling molecules including Tuberous sclerosis protein 1/2 (TSC1/2) which inhibit mTORC1 

complex and regulate S6K and 4EB-P1 phosphorylation, FoxO transcription factors, GSK-3β, 

p27, BAD, and BCL-2. These downstream molecules are involved in several cellular processes 
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including protein synthesis, glucose metabolism and cell survival. In parallel, SHC activation 

induces the activation of the MAPK pathway, which results in increased cell proliferation, 

mediated by RAS activation. Adapted from Jung and Suh.135 

Akt activation has been demonstrated to be sufficient to stimulate aerobic 

glycolysis.138,139 Persistent activation of Akt can trigger a growth factor-independent 

elevation in glucose uptake in addition to promoting glycolysis. This Akt-mediated 

induction of aerobic glycolysis renders cancer cells reliant on glucose for their survival, 

thereby highlighting the glycolytic pathway as a potential therapeutic target for 

combating cancer. PI3K-Akt signaling exerts control over multiple regulatory 

checkpoints within glycolysis. This includes acute post-translational modifications as 

well as longer-term transcriptional effects on key components such as glucose 

transporters (GLUTs) and glycolytic enzymes.138-143 

Intracellular glucose uptake dependent on PI3K-Akt pathway signaling is 

facilitated by a family of transporters known as GLUTs.144 Among these, GLUT1 

exhibits ubiquitous expression and is frequently upregulated in cancer cells. 

Conversely, GLUT4 is primarily expressed in insulin-responsive muscle and adipose 

tissue, where it plays a pivotal role in facilitating the clearance of glucose from the 

bloodstream following food consumption.144,145 

As anticipated, glucose uptake through both GLUT1 and GLUT4 is attributed to 

the activation of Akt. Studies investigating insulin-stimulated glucose uptake have 

demonstrated that Akt2 associates with vesicles containing GLUT4, thereby 

stimulating the translocation of GLUT4 from these vesicles to the cell's plasma 

membrane.146,147 This regulatory process primarily involves the Akt-mediated 

phosphorylation and inhibition of TBC1D4 (also known as AS160), a GTPase-

activating protein (GAP) responsible for facilitating GLUT4 trafficking. However, this 

mechanism appears to be specific to GLUT4 and is unlikely to significantly impact 

glucose uptake in cancer cells, which predominantly rely on GLUT1.148,149 

Recent investigations have highlighted the role of thioredoxin-interacting protein 

(TXNIP) as a direct substrate of Akt in the regulation of both GLUT1 and GLUT4 

trafficking.150 Notably, TXNIP has been found to promote GLUT1 endocytosis and 

inhibit glucose uptake. However, Akt phosphorylation of TXNIP leads to its inhibition, 

resulting in a rapid increase in the presence of GLUT1 and GLUT4 at the plasma 

membrane and subsequently enhanced glucose uptake across various cell types, 
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including mouse embryonic fibroblasts, 3T3-L1 adipocytes, and different mouse 

tissues such as skeletal muscle, white adipose tissue, and liver.150-152 

In the context of ALL, fine-tuning the glycolytic pathway is a crucial step in the 

malignant transformation of immune cell progenitors.153,154 Among immune cells, 

including those involved in ALL, GLUT1 is primarily responsible for coordinating 

glucose uptake.155-157 Transcriptional regulation, increased plasma membrane 

targeting and recycling of GLUT1 are directly regulated by insulin, growth factors and 

cytokines. It is well established that in ALL cells, activation of the PI3K-Akt axis by 

RTKs or oncogenic lesions (gain-of-function mutations) induces GLUT1 accumulation 

at the cell surface and increases aerobic glycolysis.127,158,159 These observations 

underscore the pivotal significance of the PI3K-Akt pathway in governing glucose 

metabolism in cancer, particularly in ALL. 
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2. JUSTIFICATION 

Pediatric ALL is a complex and heterogeneous malignancy characterized by 

abnormal proliferation and differentiation of lymphoid progenitor cells.18-22 As 

anticipated, the dysregulation of growth factor signaling pathways, such as the IGF 

system, plays a critical role in the pathogenesis and progression of ALL.77-83 

Understanding the IGF system and its associated signaling pathways, particularly the 

INSR and IGF1R as well as downstream signaling via the PI3K-Akt pathway, hold      

significant scientific and therapeutic importance in the context of ALL. 

IGFBP7, a member of the insulin-like growth factor-binding protein family, has 

been identified as a key regulator of the IGF system, primarily triggering activation in 

the majority of instances.30,110-112 Due to its non-classical nature as a protein associated 

with the PI3K-Akt pathway, scant evidence exists pertaining to the precise regulation 

of IGFBP7 within this pathway. Moreover, given the documented capacity of IGFBP7 

to enhance glycolytic metabolism in hepatocytes,125 its interaction with RTKs123,125 and 

its association with unfavorable prognosis in ALL30,121,160 it is reasonable to hypothesize 

that targeting IGFBP7 could emerge as a novel therapeutic approach for pediatric ALL. 
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3. OBJECTIVES 

3.1 General aim 

The general aim of this thesis was to examine the involvement of IGFBP7 in the 

insulin/IGF axis and elucidate the consequences of its modulation in pediatric Acute 

Lymphoblastic Leukemia. 

3.2 Specific aims 

3.2.1 Chapter 1: manuscript ''Physiologic IGFBP7 levels prolong IGF1R activation in 

Acute Lymphoblastic Leukemia.'' 

● Assess the impact of IGFBP7 knockdown or protein neutralization utilizing an 

anti-IGFBP7 monoclonal antibody on ALL survival in vitro. 

● Investigate the contribution of IGFBP7 in the insulin/IGFs axis through functional 

assays employing ALL cell lines and primary ALL cells. 

● Elucidate the molecular pathways involved in ALL proliferation and progression 

responses, specifically focusing on the interplay between IGFBP7, the 

insulin/IGFs axis, and associated signaling pathways. 

● Quantify the activity of IGF1R and INSR receptors in ALL, dependent or not on 

IGFBP7 and its ligands. 

● Assess the therapeutic effectiveness of the anti-IGFBP7 monoclonal antibody 

in ALL by utilizing patient-derived xenograft (PDX) models. 

3.2.2 Chapter 2: manuscript ''IGFBP7 fuels the glycolytic metabolism in B-cell 

Precursor Acute Lymphoblastic Leukemia by sustaining activation of the IGF1R-Akt-

GLUT1 axis.'' 

● Validate IGF1R as a target of IGFBP7 in ALL through loss-of-function assays. 

● Identify signatures genes in ALL modulated by insulin/IGF1+IGFBP7. 

● Establish the contribution of IGFBP7 in stimulating glycolytic metabolism in ALL, 

particularly through the IGF1R-Akt-GLUT1 axis. 
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4. CHAPTER I - MANUSCRIPT 
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5. SUPPLEMENTARY MATERIAL 

5.1 Supplementary figures 

 
 

Supplementary Figure 1. Validation of IGFBP7 knockdown. (A) Downregulation of IGFBP7 

secretion in conditioned culture media of BCP-ALL (REH, RS4;11, 697) and T-ALL (Jurkat, 

TALL-1, HPB-ALL and CCRF-CEM) cell lines stably transduced with lentiviral shRNA 

constructs against IGFBP7 (sh.959) or a non-coding random sequence, Scrambled (Scr). 

Conditioned media were collected after 24 h of culture in RPMI-10% FBS. IGFBP7 levels were 

measured by ELISA assay. Bars represent means ± SE for triplicate wells. Statistical analysis 

was done by Two-way ANOVA and Bonferroni post-tests (*** = P≤0.001). (B) Western blot 

analysis showing lower IGFBP7 protein expression in RS4;11, 697, REH and Jurkat cell lines 

stably transduced with lentiviral shRNA constructs against IGFBP7 (sh.959 and sh.812) in 
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comparison to a non-coding random sequence, Scramble (Scr). The β-tubulin antibody was 

used as loading control. (C) Proliferation of REH, RS4;11, 697 and Jurkat cell lines stably 

transduced with lentivirus expressing two different shRNA against IGFBP7 (sh.959 in orange 

and sh.812 in green) or Scramble control (Scr in blue) analyzed by the trypan blue exclusion 

technique. Results from a single experiment run in triplicate wells, using RPMI-3%FBS. 
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Supplementary Figure 2. Effect of IGFBP7 knockdown or neutralization on ALL 
proliferation and viability. (A) Cell cycle analysis of sh.959 or Scramble (Scr) ALL cells was 

evaluated by the BrdU incorporation assay. Percentage means ± SE of cells in G0/G1, S-

phase, G2/M and in apoptosis (Sub-G0/G1) (see Fig 1B for gates used) are shown for three 

independent experiments run in triplicate wells. (B) Cell viability of sh.959 or Scr ALL cells 

cultured in RPMI-3%FBS for 24 h. Viable cells were quantified by the MTT assay. Bars 

represent means ± SE for three independent experiments run in triplicate wells. (C) Apoptosis 

assay for sh.959 or Scr cells after 24 h of culture in RPMI-3%FBS. Dot plot graphs of a 

representative experiment are shown. (D) Effect of a commercially available anti-IGFBP7 

antibody (20 µg/ml) or an anti-PSA control (20 µg/ml) against different ALL cell lines cultured 
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in RPMI-10%FBS for 48 h. Viable cells were quantified by the MTT assay. Bars represent 

means ± SE for two independent experiments run in triplicate wells. (E) Dot blot test carried 

out with our mouse anti-IGFBP7 antibody (clone C311) produced by hybridoma cell culture 

and protein G purification. For comparison, we used the mouse IGFBP-rp1/IGFBP-7 antibody 

MAB21201, obtained from the R&D Systems. Increasing amounts of the recombinant human 

or mouse IGFBP7 protein were deposited on a nitrocellulose membrane. Membranes were 

immunoblotted overnight at 4°C with 0.2 mg/ml of antibodies. Immunodetection was performed 

by incubation with horseradish peroxidase-conjugated anti-mouse IgG (1:1000 – clone 7076, 

Cell Signaling Technology) in 5% non-fat dry milk in TBST, for 1 h at room temperature, and 

developed by using the Super Signal West Pico Chemiluminescent Substrate detection 

reagent (Thermo Fisher Scientific) and images were acquired with an ChemiDoc equipment 

(Bio-Rad). Statistical analysis was done by Two-way ANOVA and Bonferroni post-tests 

(**P⩽0.01 ***P⩽0.001 and ****P⩽0.0001). 

  



 

 

53 

 
Supplementary Figure 3. Treatment of IGFBP7 knockdown cell lines with insulin or 
IGFBP7 alone did not induce proliferation. Proliferation of RS4;11 and Jurkat cell lines 

stably transduced with lentivirus expressing shRNA against IGFBP7 (sh.959) or Scramble 

control (Scr) analyzed by the trypan blue exclusion technique after insulin (500 ng/ml) and/or 

IGFBP7 (100 ng/ml) treatment. Results from a single experiment run in triplicate wells, using 

RPMI-3%FBS. Results of the same experiment are shown in Fig. 2B. 
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Supplementary Figure 4. IGFBP7 potentiates the pro-survival effects of insulin on 
primary ALL cells. (A) Representative dot plot graphs of apoptosis in primary BCP-ALL 

(B1874) and T-ALL (T1004) cells at 48 h and 24 h, respectively, after culture in AIM-V serum-

free medium alone (control) or with insulin (500 ng/ml) and/or IGFBP7 (100 ng/ml). (B) Results 

from three independent cell viability experiments with primary BCP- (B1421, B1874, B1530) or 

T-ALL (T1235, T1493, T1238) cells cultured for 48 h or 24 h, respectively, on AIM-V serum-

free medium (Control) supplemented with anti-PSA control antibody (20 µg/ml) or anti-IGFBP7 

antibody (clone C311, 20 µg/ml). Bars correspond to the mean ± SE percentage of viable cells 
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(Annexin-V/7AAD negative cell fraction). (C) High IGFBP7 concentrations (20 µg/ml) induce a 

drastic reduction in the viability of primary BCP- and T-ALL cells after 24 h of culture in AIM-V 

serum-free medium. The AIM-V medium AIM-V medium is a HEPES-buffered (pH 6.7 to 6.9), 

low-endotoxin (<0.1 ng/ml) basal medium consisting of an equal volume mixture of Dulbecco’s 

Modified Eagle Medium (DMEM) and Ham’s Nutrient Mixture F-12 (F-12). It contains purified 

human albumin, human transferrin, and human recombinant insulin and is further 

supplemented with a proprietary mixture of purified noncytokine factors.1 Statistical analysis 

was done by One-way ANOVA and Bonferroni post-tests (* = P⩽0.05 and ** = P⩽0.01).  
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Supplementary Figure 5. Expression levels (mRNA) of IGFBP7, INSR, and IGF1R did not 
correlate with primary ALL cell survival under IGFBP7/insulin stimulation. Gene 

expressions were measured by microarray (Gene 1.0 ST, Affymetrix) analysis. Expression 

values were obtained using the Bioconductor platform and the Plier16 algorithm and are 

expressed in a log2 scale.2 Each point corresponds to data from one patient sample. Spearman 

correlation was performed using the average survival percentage (Annexin-V/7AAD negative 

fraction) of primary cells after 48 h (BCP-ALL; A) or 24 h (T-ALL; B) of culture in AIM-V serum-

free medium supplemented with insulin (500 ng/ml) and IGFBP7 (100 ng/ml) (See Figure 2A 

and B). All P-values were nonsignificant (P>0.05). 
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Supplementary Figure 6. IGFBP7 prolongs AKT activation by insulin in primary ALL 
cells. Phospho-AKT (Ser473) ELISA results for the individual primary BCP- and T-ALL 

samples after treatment with insulin (500 ng/ml), IGFBP7 (100 ng/ml), or a combination of both, 

for the indicated periods of times. Representative graphs of two independent experiments 

performed in duplicate wells are shown. These data are shown in Fig 3A.  



 

 

58 

 
Supplementary Figure 7. IGFBP7 prolongs INSR activation by insulin in primary ALL 
cells. Phospho-INSRβ (Tyr1150/1151) ELISA results for the individual primary BCP- and T-

ALL samples after treatment with insulin (500 ng/ml), IGFBP7 (100 ng/ml), or a combination of 

both, for the indicated periods of times. Representative graphs of two independent experiments 

performed in duplicate wells are shown. These data are shown in Fig 3B. 
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Supplementary Figure 8. IGFBP7 prolongs IGF1R activation by insulin in primary ALL 
cells. Phospho-IGF1Rβ (Tyr1131) ELISA results for the individual primary BCP- and T-ALL 

samples after treatment with insulin (500 ng/ml), IGFBP7 (100 ng/ml), or a combination of both, 

for the indicated periods of times. Representative graphs of two independent experiments 

performed in duplicate wells are shown. These data are shown in Fig 3C. 
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Supplementary Figure 9. Conditional knockdown of IGF1R in the REH and Jurkat cell 
lines. The REH and Jurkat cell lines were stably transduced with the pLKO.1 MISSION LacO 

shRNA lentiviral vector NM_000208 (Sigma-Aldrich) for inducible expression of a shRNA 

against IGF1R (sh.IGF1R). As negative control, cells were transduced with the MISSION LacO 

Non-Target shRNA Control Vector (Scr). Transduced cells were cultured under puromycin 

selection for 10 days. (A) Downregulation of IGF1Rβ, but not INSRβ, at different time points of 

IPTG (1 µg/ml) treatment, as measured by ELISA of cell extracts. (B) Representative dot plots 

of the apoptosis assay of sh.IGF1R or Scramble (Scr) cells after IPTG (1 µg/ml) stimulation. 

Results are part of those shown in Fig 3E. 
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Supplementary Figure 10. IGFBP7 inhibits IGF1R internalization upon insulin 
stimulation in cell lines and primary ALL cells. Cell surface expression of the INSR and 

IGF1R in serum-starved primary ALLs or the Jurkat and REH cell lines, after 15 min or 4 h of 

treatment with insulin (500 ng/ml), IGFBP7 (100 ng/ml), anti-IGFBP7 (clone C311, 20 µg/mL) 

or associations, as measured by flow cytometry analysis. The anti-IGFBP7 antibody (clone 

C311) was added 30 min before IGFBP7/insulin addition. Histogram graphs for a forth primary 

BCP-ALL (B1042 ) is shown in Fig 4A. These data are shown in Fig 4B. 
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Supplementary Figure 11. The mouse IGFBP7 is functional on human IGF1R. Cell surface 

expression of the INSR and IGF1R in serum starved RS4;11 cell line, after 4 h of treatment 

with insulin (500 ng/ml), mouse IGFBP7 (mIGFBP7; 100 ng/ml) or both, as measured by flow 

cytometry analysis. The mIGFBP7 was obtained from R&D Systems (catalog # 2120-B7). 
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Supplementary Figure 12. mRNA expression levels of INSR, IGF1R, and IGFBP7 in 
primary ALL. Gene expressions were measured by microarray (Gene 1.0 ST, Affymetrix) 

analysis. Expression values were obtained using the Bioconductor platform and the Plier16 

algorithm and are expressed in a log2 scale.2 (A) Expression of the different exons of the INSR 

gene in 93 samples of pediatric ALL. Each point corresponds to one patient’s ALL. Results 

demonstrate that ALL cells predominantly express isoform A of the INSR (isoform that lacks 

exon 11). (B) Expression of IGFBP7, INSR, and IGF1R transcripts in different BCP- (n=90) 

and T-ALL (n: 49). T-ALLs seem to express lower levels of IGFBP7 and INSR than BCP-ALLs. 

  



 

 

64 

 
Supplementary Figure 13. IGFBP7 potentiates the pro-survival effects of both insulin, 
IGF1, and IGF2 in primary ALL. Primary BCP-ALL cells were cultured in AIM-V serum-free 

medium supplemented with different combinations of insulin (500 ng/ml), IGF1 (200 ng/ml), 

IGF2 (200 ng/ml) and IGFBP7 (100 ng/ml). After 48 h, cell viability was measured by the MTT 

assay. Bars represent means ± SE for duplicate wells. For patient’s information please see 

Supplementary Table 2. Statistical analysis was done by One-way ANOVA and Bonferroni 

post-tests (* = P⩽0.05, ** = P⩽0.01, *** = P⩽0.001 and **** = P⩽0.0001). 
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Supplementary Figure 14. Short term insulin stimulation of ALL cells is independent of 
IGFBP7. Western blot results for Phospho-Akt (Ser473) on the B1530 and T1238 primary ALLs 

(BCP- and T-ALL, respectively) after 15 min of insulin (500 ng/ml) treatment in serum free AIM-

V medium. Primary ALL cells were thawed, centrifuged through a Ficoll-Hypaque gradient, and 

then were incubated at 37ºC, 5% CO2, during 4 h in AIM-V medium before insulin stimulation. 

Anti-IGFBP7 (clone C311; 20µg/ml) was added 30 min before insulin stimulation, as a mean 

of neutralizing the IGFBP7 protein produced and secreted by ALL cells.
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5.2 Supplementary tables  

Supplementary Table 1. Clinical and biological features of Primary BCP- ant T-ALL samples used in the functional studies showed in Figure 2A 

and B.  

ID Gender Age WBC 
per µL CALLA Chromosome 

translocation 
Follow up 

(years) 
Status at last follow 

up 

B1373  M 11.9 73,400 pos na 4,1 in remission 

B1042 F 5.14 33,200 pos neg 7,3 in remission 

B1105 F 4.12 13,400 pos neg 13 days dead 

B1108 M 3.30 76,400 pos neg 6,9 lost to follow up 

B1421 M 4.82 10,280 pos neg 8,1 in remission 

B1508 M 4.56 145,810 pos neg 6,6 in remission 

B1530 F 11.24 76,370 pos neg 13,3 in remission 

B1622 M 16.20 47,500 pos neg 2,11 in remission 

B1632 F 7.87 55,707 neg t(1;12) (p36;q13) 3,5 in remission 

B1849 F 11.07 63,277 pos neg 4,6 in remission 

B1874 M 4,28 16,140 pos neg 2,5 in remission 

T974 M 11.12 230,550 pos t(9;15) (q34;q22) 1,7 lost to follow up 

T1001 M 10.05 934,000 neg neg 0,3 dead 

T1004 F 2.62 950,000 neg neg 7,9 in remission 
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T1235 M 5,50 196,000 pos neg 10,11 in remission 

T1493 M 12.36 391,200 neg neg 7,0 in remission 

T1508 M 4.30 112,200 neg neg 0,8 in remission 

T1693 F 1.96 63,560 pos t(7;14) 
(q11.2;q32) 

4,11 in remission 

T979 M 9,40 76,400 neg neg 12,2 in remission 

ID: patient’s identification; F: female; M: male; Age: age in years; na: not available; pos: positive; neg: negative; WBC: withe blood cells; CALLA: 

common acute lymphoblastic leukemia antigen. 
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Supplementary Table 2. Clinical and biological features of Primary BCP-ALL samples used in the functional studies showed in Supplementary 

Figure 13. 

ID Gende
r Age WBC 

per µL CALLA Chromosome 
translocation 

Follow 
up 

(years) 

Status at last follow up 

P1  F 5.39 34,900 pos na 19.5 in remission 

P2 M 9.25 134,000 pos t(9;22) p190 2.5 died 

P3 M 2.44 48,700 pos na 1.7 lost to follow up 

P4  F 6.40 52,000 neg na 20.8 in remission 

P5  F 2.59 77,500 na na 23.5 in remission 

P6 M 10.57 149,600 pos na 0.7 died 

P7  F 10.25 45,000 pos neg 1.3 died 

P8  M 3.92 34,500 pos na 23.2 in remission 

ID: patient’s identification; F: female; M: male; Age: age in years; na: not available; pos: positive; neg: negative; WBC: withe blood cells; CALLA: 

common acute lymphoblastic leukemia antigen.
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6. CHAPTER II - MANUSCRIPT  
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7. SUPPLMENTARY MATERIAL 

7.1 Supplementary figures 

 
Figure S1. Time course of IGF1R/Akt phosphorylation and generation of IGF1R knockout 

BCP-ALL cell lines. (A) Normalized ELISA results for phospho-INSRβ (Tyr1150/1151), 

phospho-IGF1Rβ (Tyr1131) and phospho-Akt (Ser473) in RS4;11 and 697 BCP-ALL cell lines. 

Time-lapse experiments were performed after treatment with rIGF1+rIGFBP7 (50 and 100 

ng/mL, respectively) or vehicle (light lines). Curves represent means ± SEM for two 

independent experiments. (B) IGF1R (left) or INSR (right) surface expression measured by 

flow cytometry in RS4;11 and 697 BCP-ALL cell lines (NTC, no target control and IGF1R 

knockout) 48 h after doxycycline activation of the CRISPR-mediated knockout. Gray 

histograms represents cells staining with respective isotype control antibody. (C) IGF1R, INSR 
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and β-tubulin expression in total cell lysates measured by western blot in RS4;11 and 697 

BCP-ALL cell lines (NTC, no target control and IGF1R knockout) 48 h after doxycycline 

activation of CRISPR knockout. Western blot protocol has been previously described.1 Briefly, 

membranes were immunoblotted overnight at 4 °C with anti-Insulin Receptor β (clone L55B10, 

#3020 Cell Signaling Technology), anti-IGF1 Receptor β (clone D23H3, #9750 Cell Signaling 

Technology) and β-tubulin (clone 9F3 #2128 Cell Signaling Technology). Images were 

acquired with a ChemiDoc equipment (Bio-Rad). (D) ELISA results for phospho-INSRβ 

(Tyr1150/1151) in RS4;11 and 697 BCP-ALL cell lines (NTC, no target control and IGF1R 

knockout) after 4 h of treatment with rIGF1 (50 ng/mL) and/or rIGFBP7 (100 ng/mL). Bars 

represent means ± SEM for four independents experiments; ns = not significant.  
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Figure S2. (A-B) One representative oxygen consumption rate (OCR) traces in RS4;11 cell 

line after 4 h of treatment with rIGF1+rIGFBP7 (50 ng/mL and 100 ng/mL, respectively) or 

control (vehicle). (A) Arrows indicate sequential injections of CCCP (total amount of 1.2 µM) 

to reach maximal OCR. (B) Arrows indicate oligomycin (Oligo, 1 μg/mL) and 

antimycin+rotenone (AA/Rot, 1 μM each) injections to evaluate fractions of OCR linked to ATP 

synthesis and non-mitochondrial OCR, respectively. (C) One representative extracellular 

acidification rate (ECAR) traces in RS4;11 cell line after 4 h of treatment with rIGF1+rIGFBP7 

(50 ng/mL and 100 ng/mL, respectively) or control (vehicle). Arrows indicate glucose (Glu, 10 

mM), antimycin+rotenone (AA/Rot, 1 μM each) and monensin+CCCP (Mon, 200 μM; CCCP, 

1 μM) injections. 
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Figure S3. Sustained IGF1R/Akt phosphorylation in normal and IGF1R knockout BCP-ALL 

cells. ELISA results for (A) phospho-IGF1Rβ (Tyr1131) and (B) phospho-Akt (Ser473) in 

RS4;11 and 697 BCP-ALL cell lines (NTC, no target control and IGF1R knockout) 4 h after 

rIGF1+ rIGFBP7 treatment (50 and 100 ng/mL, respectively). Where indicated, cells were 

pretreated with an anti-IGFBP7 antibody (clone C311, 20 µg/mL) or Ly294002 (30 µM) which 

were added 30 min before rIGF1+rIGFBP7. Bars represent means ± SEM for four wells. 

Statistical analyses were done by 2-way ANOVA and Bonferroni posttests (****P≤0.0001); ns 

= not significant. 
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Figure S4. Sustained IGF1R/Akt phosphorylation in primary BCP-ALL cells. ELISA results for 

(A) phospho-IGF1Rβ (Tyr1131) and (B) phospho-Akt (Ser473) in four different primary BCP-

ALL samples 4 h after treatment with rIGF1+rIGFBP7 (50 and 100 ng/mL, respectively) or 

vehicle. Where indicated, cells were also treated with an anti-IGFBP7 antibody (clone C311, 

20 µg/mL) or Ly294002 (30 µM) which were added 30 min before rIGF1+rIGFBP7. Bars 

represent means ± SEM for four wells. Statistical analyses were done by 2-way ANOVA and 

Bonferroni posttests (****P≤0.0001). 
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Figure S5. Calcein AM cell viability assays on BCP-ALL cells exposed to lethal doses of 2-

deoxy-D-glucose (2-DG). Cell viability results for the (A) RS4;11 BCP-ALL cell line (NTC: no 

target control and IGF1R knockout) and (B) BCP1 primary BCP-ALL sample. For all conditions 

(except for the “no 2-DG” control group, black lines) cells were pretreated with rIGF1 (50 

ng/mL) and/or rIGFBP7 (100 ng/mL) for 4 h and then subjected to 2-DG treatment (40 mM) for 

up to 12 h. Where indicated, cells were also pretreated with an anti-IGFBP7 antibody (20 

µg/mL) or Ly294002 (30 µM) which were added 30 min before rIGF1+rIGFBP7. Viable cells 

(Calcein+) were determined by flow cytometry at each indicated time point. Curves represent 

means ± SEM for three independents experiments. Statistical analyses correspond to 

differences between areas under the curves (AUC) (***P≤0.001). 
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7.2 Supplementary Table  

Clinical and biological features of primary BCP-ALL samples used in the functional studies. 

ID Gender Age WBC per 
mm3 CALLA Karyotype 

Follow 
up 

(years) 

Status at 
last 

follow up 

BCP1 M 9.06 4,230 Pos 57, XXYY, +4, +6, +8, +10, +15, 
+17, +18, +21, +21 6.732 Alive 

BCP2 M 15.3
3 37,690 Pos 49, XXY, +17, +22 3.789 Death 

BCP3 M 4.10 34,450 Pos 54, XXY, +6, +14, +17, +18, +21, 
+22 6.590 Alive 

BCP4 F 3.78 6,800 Pos 
58,XX, der(4) t(1;4) (p13;16), 

+4,+5,+6,+9,+10,+12,+14,+17,+1
8,+19 

5.347 Alive 

ID: patient’s identification; F: female; M: male; Age: age in years; Pos: positive (>20%); WBC: 

withe blood cells; CALLA: common acute lymphoblastic leukemia antigen (CD10). 
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8. GENERAL DISCUSSION 

 Insulin and IGFs are well-known as mitogenic and pro-survival factors for 

various cell types, including those of pediatric ALL.67-69,73 The actions of circulating 

insulin and IGFs are carefully regulated by IGFBPs. Among these binding proteins, 

IGFBP7 stands out as an IGFBP-related protein (IGFBP-rP) that demonstrates high      

affinity for insulin and moderate affinity for IGFs. Additionally, IGFBP7 has been found 

to bind to both IGF1R and INSR, further expanding its potential mechanisms of 

action.102-104 

 In pediatric ALL, elevated levels of IGFBP7 expression have been linked to a 

poorer prognosis and resistance to chemotherapy.30,121,160 A previous research by our 

group has revealed that ALL cells are the primary source of IGFBP7 within the BM 

microenvironment, suggesting a paracrine model of action. In that study we 

demonstrated that association of IGFBP7+insulin/IGF1/IGF2 leads to the upregulation 

of ASNS (asparagine synthetase) expression and increased secretion of asparagine 

by BMSCs. This observation, made within a co-culture system, indicates that IGFBP7 

shields ALL cells from the effects of the L-asparaginase. Furthermore, at that time we 

discovered that the knockdown of IGFBP7 in two ALL cell lines resulted in diminished 

proliferation, suggesting that IGFBP7 may also exert an autocrine influence on 

leukemia cells. Thus, in this thesis we present important findings that prove and 

characterize the autocrine role of IGFBP7 in pediatric ALL. 

 The data presented in the first chapter provides compelling evidence that 

IGFBP7 knockdown or protein neutralization using an anti-IGFBP7 monoclonal 

antibody (clone C311) results in reduced cell viability, migration and proliferation, while 

simultaneously inducing apoptosis in both cell lines and primary ALL cells. To address 

the leukemogenic potential of autocrine IGFBP7 secreted by ALL cells under 

physiologic paracrine/endocrine IGFBP7 levels and under the interaction/competition 

with other cells and molecules, we transplanted the IGFBP7 knockdown cell lines 

(REH, RS4;11, Jurkat and TALL-1) into immunocompromised NOD/SCID mice. 

Downregulation of IGFBP7 resulted in significant attenuation of leukemia progression 

in vivo as evaluated by the percentage of leukemia cells (human CD45+) in the 

peripheral blood, bone marrow, liver, and spleen, in relation to mice transplanted with 

Scramble (control) cells. Additionally, mice transplanted with two patient-derived 

xenografts or the RS4;11 cell line and subsequently treated with our anti-IGFBP7 
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antibody showed decreased leukemic progression and survived longer than animals 

treated with an isotype antibody control. After confirming by orthogonal approaches 

that IGFBP7 exerts an autocrine effect in pediatric ALL, we further investigated 

whether this effect was dependent on the presence of its ligand, insulin/IGFs. 

 By utilizing approaches such as flow cytometry, ELISA, and western blot, we 

successfully demonstrated that IGFBP7 exerts a significant effect on the surface 

retention of IGF1R upon insulin/IGF1 stimulation. This leads to sustained activation of 

IGF1R, IRS, AKT, and ERK proteins in ALL cell lines, a result that was further validated 

in 18 primary ALL samples. Our findings also challenge the notion that INSR plays a 

prolonged action in ALL mediated by IGFBP7, as its activation was limited to 15 min in 

our experiments. Interestingly, while the affinity of homodimeric IGF1R for insulin is 

reportedly over 200 times lower compared to IGF1,161 the presence of IGFBP7 

facilitated equivalent levels of IGF1R activation at 25 ng/mL insulin as compared to 5 

ng/mL IGF1.  

 It is worth noting that all of our findings were based on the utilization of 

physiological doses of IGFBP7, specifically at 100 ng/mL. Previous studies have 

demonstrated that IGFBP7 possesses anti-cancer properties, as high concentrations 

of recombinant protein were shown to induce cell death in cancer cell lines.103,106,122-

124 In our experiments, we also observed an inhibitory effect on ALL cells at a 

concentration of 20 μg/mL. However, it is important to acknowledge that this high 

concentration of IGFBP7 might potentially hinder or prevent the binding of IGF1/insulin 

to IGF1R. Nevertheless, it should be noted that 20 μg/mL is significantly higher than 

the physiological levels of IGFBP7 typically found in adult serum (21-35 ng/mL)126 or 

childhood ALL bone marrow plasma (49 ng/mL).100 Regrettably, the use of 

supraphysiological amounts of IGFBP7 has been the rule rather than the exception in 

the literature.  

 All together, these cumulative findings establish that physiologic IGFBP7 serves 

as an autocrine oncogenic factor in pediatric ALL by promoting the perdurance of 

IGF1R at the cell surface, thereby prolonging insulin/IGF1 stimulation and ultimately 

enhancing signaling pathways such as PI3K-AKT-mTOR and Ras/Raf/MAPK. 

 To confirm the importance of IGF1R to IGFBP7-mediated pro-survival effects in 

pediatric ALL, we interrogated whether IGF1R is indispensable for the transduction of 

the insulin/IGF1+IGFBP7 stimulus to downstream effects such as sustained Akt 

phosphorylation in chapter two of this thesis. To answer this question, we knocked out 
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IGF1R on two different BCP-ALL cell lines (RS4;11 and 697). As expected, NTC cells 

(no target control) maintained detectable levels of IGF1R and Akt phosphorylation after 

prolonged exposure (4 h) to rIGF1+rIGFBP7 co-treatment, while no such sustained 

signaling was seen in IGF1R-KO cells or when rIGF1 or rIGFBP7 were used 

separately. This data provides confirmation that IGF1R serves as the primary mediator 

of the signaling pathway facilitated by IGFBP7 and its ligands in BCP-ALL. 

 To better understand the cellular consequences of prolonged IGF1R/Akt 

signaling in BCP-ALL, we performed microarray gene expression analysis followed by 

Gene Set Enrichment Analysis (GSEA). Hallmark gene sets characteristic of cell 

growth (PI3K/Akt/mTOR, mTORC1, MYC targets, E2F targets, and mitotic spindle) and 

metabolism (oxidative phosphorylation-OXPHOS, adipogenesis, fatty acid 

metabolism, and glycolysis) were upregulated upon rIGF1+rIGFBP7 treatment in BCP-

ALL cell lines. We confirmed the impact of rIGF1+rIGFBP7 co-treatment on energy 

metabolism by Seahorse analysis. Both the basal and maximal OCR were increased 

upon rIGF1+rIGFBP7 treatment, along with the OCR coupled to ATP synthesis. When 

mitochondrial OXPHOS was chemically inhibited, treated BCP-ALL cells showed a 

significantly increased glycolytic metabolism, supporting the notion that IGFBP7 can 

improve metabolism through IGF1R-Akt signaling in pediatric BCP-ALL. 

 To evaluate the effects of IGFBP7 on glycolytic metabolism by orthogonal 

methods, we cultured BCP-ALL cells in medium supplemented with 2-deoxy-D-glucose 

(2-DG). Sensitivity to lethal 2-DG supplementation was markedly more pronounced 

when cells were pretreated with rIGF1+rIGFBP7 than by these factors individually. No 

such additive effect was seen with the IGF1R-KO cells, indicating that IGF1R is 

indispensable for increasing glucose uptake triggered by IGFBP7. Likewise, IGFBP7 

neutralization with an anti-IGFBP7 monoclonal antibody or PI3K inhibition with 

Ly294002 protected rIGF1+rIGFBP7-stimulated BCP-ALL cells from the lethal effects 

of 2-DG.  

 As anticipated, chronic Akt activation has been shown to improve glycolytic 

metabolism in ALL by stabilizing GLUT1 at the cell surface. This effect is caused by 

blocking the GLUT1 endocytic machinery.139,150,162-164 Accordingly, 24 h after 

rIGF1+rIGFBP7 treatment (which promotes sustained activation of Akt), BCP-ALL cells 

showed ~60% more GLUT1 on their cell surface compared to untreated cells. This 

effect was completely abrogated when the cells were pretreated with anti-IGFBP7 

antibody or Ly294002. Moreover, IGF1R-KO cells showed no changes in GLUT1 
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surface expression under any conditions tested, confirming the role of IGFBP7 in 

enhancing glycolytic metabolism in ALL through the IGF1R-Akt-GLUT1 axis. 

 In general, the cellular and metabolic effect described here may offer an 

additional mechanistic explanation for the strong negative impact seen in ALL cells in 

vitro and in vivo after the knockdown or antibody neutralization of IGFBP7, while 

reinforcing the notion that it is a valid target for future therapeutic interventions. In 

conclusion, our observations reveal a hitherto unknown role for IGFBP7 in pediatric 

ALL, opening doors for future investigations.  
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9. CONCLUSIONS 

● IGFBP7 knockdown or protein neutralization leads to reduced proliferation, 

migration and survival of cell lines and primary ALL cells in vitro. 

● Physiologic IGFBP7 potentiates insulin/IGF1-mediated molecular signaling via 

IGF1R in pediatric ALL, by prolonging the phosphorylation of IRS-1 (Ser302 and 

pan-Tyr), Akt (Ser473) and Erk1/2, which activates the downstream 

PI3K/Akt/mTOR and Ras/Raf/MAPK pathways responsible for mitogenic 

effects. 

● The sustained activation of the PI3K-AKT-mTOR and Ras/Raf/MAPK pathways 

by IGFBP7 was found to be associated with the retention of IGF1R on the cell 

surface. 

● IGFBP7 knockdown or protein neutralization using an anti-IGFBP7 monoclonal 

antibody (clone C311) attenuates ALL progression in vivo, improving the 

survival of NOD/SCID mice transplanted with cell lines (IGFBP7 knockdown) or 

primary ALL cells. 

● IGF1R is the target of IGFBP7 action in ALL cells, as IGF1R knockout 

completely abolished the cell signaling triggered by insulin/IGF1+IGFBP7 

stimulus 

● IGFBP7 enhances the glycolytic metabolism of BCP-ALL cells in an 

insulin/IGF1-dependent manner by upregulating GLUT1 on the cell surface.  



 

 

96 

10. FINAL CONSIDERATIONS AND FUTURE DIRECTIONS  

 Providing a general overview of the data and information shared in this thesis, 

we propose two distinct areas that warrant further investigation due to the limited 

understanding surrounding them. Considering the role of IGFBP7 in ALL progression 

and, in turn, the important effects mediated by IGFBP7 in the glycolytic pathway, we 

hypothesize that IGFBP7 could (1) serve as a vital target for studying leukemogenesis 

process in the BM microenvironment and, in the other hand, (2) IGFBP7 may also hold 

potential as a strong candidate in the context of metabolic syndromes, which 

commonly exhibit insulin resistance. 

IGFBP7 and BM microenvironment - implications for leukemogenesis: as 

previously established, the distinguishing characteristic of ALL is the abnormal 

proliferation and accumulation of hematopoietic progenitor cells within the BM.41,47 

However, it is now recognized that the initiation of the leukemogenic process is 

mediated by leukemia-initiating cells (LICs).62 These LICs possessing stem-like 

properties are capable of initiating and sustaining leukemia.63,64 The molecular 

mechanisms that induce LICs outgrowth in the BM are not fully understood, but several 

factors have been implicated. BMSCs play a vital role in providing growth factors, 

including IGFs and IGFBPs, as well as cytokines to support normal hematopoiesis. In 

the presence of LICs, BMSCs can create a supportive niche facilitating LICs 

proliferation and the establishment of ALL. Therefore, characterizing the growth factors 

secreted by the various cell types comprising the BM microenvironment, with specific 

emphasis on IGFBP7 and IGFs, holds immense value in comprehending the early 

stages of ALL development, since the PI3K/Akt/mTOR, IGFs, Wnt, and Notch have 

recently been reported as relevant pathways that functionally modulate LICs activity 

and may have a direct impact on disease maintenance.62 

IGFBP7 signaling in metabolic diseases: in the context of oncogenesis, 

downstream signaling of IGF1R/INSR, facilitated by insulin/IGF1+IGFBP7 contributes 

to the activation of the PI3K and MAPK pathways, promoting cell proliferation and 

survival - a counterproductive dynamic against cancer eradication. However, in 

metabolic diseases, particularly obesity and type 2 diabetes, insulin/IGF1 signaling is 

compromised. The sustained signaling of the IGF1R-PI3K-Akt-GLUT1 axis mediated 

by insulin/IGF1+IGFBP7, could yield favorable metabolic outcomes and offer 

therapeutic prospects for managing these diseases. The pathogenesis of insulin 
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resistance and hyperinsulinemia in obesity is complex and multifactorial. But, it is 

known that a key factor underlying the development of insulin resistance and metabolic 

dysregulation in obesity is closely related to the dysfunction of hepatic and adipose 

tissue, leading to disruption of the endocrine function of these tissues.165,166 Given the 

role of IGFBP7 on the potentiation of INSR125 and IGF1R signaling,167,168 we have 

raised the hypothesis that IGFBP7 could exert a positive impact on 

hepatocyte/adipocyte insulin/IGF signaling, resulting in an improvement of function and 

intracellular homeostasis. To address this hypothesis, an investigation was initiated 

under the BEPE-FAPESP fellowship conducted at the University of California-Berkeley 

in collaboration with Dr Ana Paula Arruda from the Department of Nutritional Sciences 

and Toxicology. The preliminary data of this speculation are presented in this thesis as 

an attachment. 
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Insulin signaling in metabolic diseases: the role of IGFBP7 in hepatic and 
adipose tissue metabolic function 

1. Background 

Insulin and insulin-like growth factors (IGF1 and IGF2) are well-known mitogenic 

and pro-survival factors in many different cell types.1 Insulin has a very similar structure 

to IGFs (mainly IGF1), but its functions/actions have substantial differences in cellular 

physiology. Insulin predominantly regulates metabolic activity, such as anabolic 

pathways, including glucose and amino acid transport, induction of glycogen, lipid and 

protein biosynthesis and inhibition of gluconeogenesis, lipolysis, and protein 

degradation.2 In short-term, metabolic effect of IGFs is insulin-like. However, in the 

long term, IGFs may also control cell growth, differentiation, and cell death.3,4 

In general, insulin and IGF1 act by binding to receptors formed by homo- or 

heterodimeric insulin receptor (INSR) and IGF1 receptor (IGF1R) chains, on a target 

cell membrane, followed by activation of tyrosine kinase in the β-subunit of the cognate 

receptor. After activation, INSR and IGF1R recruit and phosphorylate insulin receptor 

substrate proteins (IRS1-4) and SHC. IRS1, IRS2 and SHC are recognized by various 

signaling molecules that contain a Src homology 2 (SH2) domain, such as Grb2 and 

the 85kDa regulatory subunit of phosphatidylinositol 3-kinase (PI3K), thus initiating the 

downstream activation of PI3K (PI3K/Akt/mTOR) and MAP kinase (Ras/Raf/Mek/Erk) 

pathways (Figure 1).2,5 

Circulating IGFs are normally bound by 1 of the 6 IGF binding proteins (IGFBPs) 

that can both inhibit or potentiate IGF signaling pathway.7 IGFBPs bind IGFs with high 

affinity, but do not bind to insulin; they also have a better affinity for IGFs than for 

IGF1R (∼100 times higher).8 In most circumstances, IGFBPs inhibit IGF actions by 
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preventing its binding to IGF receptors and, consequently, promoting downregulation 

of cellular proliferation, survival, differentiation, and metabolism. However, IGFBPs can 

also increase IGF signaling, which occurs through proteolytic cleavage, one of the 

main mechanisms involved in the IGF release from IGFBPs.9 

 

Figure 1: The insulin/IGFs signaling pathway. Insulin/IGF1 functions as a ligand to interact 

with INSR or IGF1R in the cellular membrane, which leads to autophosphorylation and 

recruitment of the adaptor proteins IRS1, IRS2, and Shc. The interaction of IRS1/2 with β-

subunit of the cognate receptor induces the activation of PI3K. PI3K converts PIP2 to the lipid 

second messenger PIP3. Akt family of kinases is activated by PDK1 and by mTORC2 complex 

resulting in the phosphorylation at Threonine 308 (Thr308) and Serine 473 (Ser473), 

respectively. Activated Akt then regulates downstream signaling molecules including Tuberous 

sclerosis protein 1/2 (TSC1/2) which inhibit mTORC1 complex and regulate S6K and 4EB-P1 

phosphorylation, FoxO transcription factors, GSK-3β, p27, BAD, and BCL-2. These 

downstream molecules are involved in several cellular processes including protein synthesis, 

glucose metabolism and cell survival., In parallel, SHC activation induces the activation of the 



 

 

118 

MAPK pathway, which results in increased cell proliferation, mediated by RAS activation. 

Adapted from Jung and Suh.6 

IGFBPs are cysteine-rich proteins sharing high similarity in their primary amino 

acid sequences. Structurally, the cysteines are clustered at the conserved N-terminal 

third (12 cysteines in IGFBP1 to 5; and 10 in IGFBP6) and at the conserved C-terminal 

third (6 cysteines) of the proteins. In addition, the IGF-binding domain of IGFBPs 

(GCGCCxxC sequence, where x is any amino acid residue) is also shared by other 10 

extracellular proteins, collectively called IGFBP-related proteins (IGFBP-rP1 - 10) 

superfamily. IGFBP-rPs carry the N-terminal domain of IGFBPs (Figure 2 – blue box) 

but discern from the common IGFBP structure mostly in the C-terminus region. 

Functionally, these proteins can bind IGFs, albeit with lower affinity (100-1000 times) 

than that observed with IGFBPs and have multiple IGF-independent roles. Therefore, 

their physiologic significance in the IGFs pathway remains undefined.8,10 
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Figure 2. Amino acid sequence alignment of the N-terminal domains from human 
IGFBP1 to 6 and human IGFBP-rP1 to 10. Alignment was performed using Align approach 

by UniProt databases (www.uniprot.org). Signal peptides were not included in the analysis. 

Small gaps were introduced to optimize alignment. Consensus amino acid residues are 

shaded orange. Blue box indicates the IGF-binding domain of IGFBPs (GCGCCxxC sequence, 

where x is any amino acid residue). Red box shows the heparin-binding site in IGFBP-

rP1/IGFBP7.  

IGFBP-rP1, best known as IGFBP7, is a special case among IGFBP-rPs or 

IGFBPs. IGFBP7 was the first member of the IGFBP-rPs superfamily to be identified 

(Figure 3). Structurally, at the N-terminus of the IGFBP7 molecule there is an IGFBP 

motif (A30CGCCPMCA38) in a domain including 12 conserved amino acids 

(cysteines)11 followed by a heparin-binding site K89SRKRRKGK97, which interacts with 

heparin sulfates on the cell surface12 (Figures 2 and 3). The C-terminus of IGFBP7 

differs substantially from the other IGFBPs because it lacks the conserved cysteines 

and in fact has only one cysteine. Also, while it has a 200-fold lower affinity for IGF-1 

than the other IGFBPs, it binds insulin with relatively high affinity, although with lower 

affinity than that exhibited by the INSR.13 

 

Figure 3. Structure of IGFBP7. IGFBP7 showing the three distinct domains: a N-terminal 

domain, a C-terminal domain and a linker domain. The N-terminal domain is responsible for 

binding to IGFs/insulin/IGF1R. The C-terminal domain has a lesser similarity to other members 

of the IGFBP superfamily. The motifs and domains are shown in the figure (from left to right): 

IGFBP motif; heparin binding motif; Kazal-type serine proteinase inhibitor domain; and 

immunoglobulin-like domain. The red arrow indicates the proteolytic site at K(Lys)97 and 

A(Ala)98. Adapted from Zhu et al.14 

Some studies have shown that IGFBP7 decreases INSR and IGF1R signaling 

by sequestering insulin and IGFs,8,13,15 or being an IGF1R antagonist.16,17 For example, 

http://www.uniprot.org/
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Evdokimova et al.16 reported that N-terminus of the IGFBP7 molecule can bind to the 

extracellular domain of IGF1R and inhibit its activation. Hypothetically, the authors 

argue that IGFBP7 binding to unoccupied IGF1R sterically restricts or allosterically 

prevents subsequent binding of insulin/IGF1. However, other studies have shown that 

IGFBP7 enhance insulin/IGF1 activities.18,19 For example, an important study 

published by Morgantini et al.20 shows that in mice under insulin-sensitive conditions, 

the IGFBP7 produced by liver macrophages binds to the hepatic INSR and enhances 

Akt (Ser473) activation by insulin. Under insulin-resistant conditions, in which Akt does 

not respond to insulin, IGFBP7 binds to the INSR with lower affinity but can still activate 

the MAPK pathway and induce gluconeogenesis and lipogenesis.20 However, the 

relationship between IGFBP7, insulin and IGF1R signaling in hepatocyte metabolism 

was not fully addressed in this study. 

Although differences in the INSR/IGF1R signaling and/or internalization 

complexes between the biological models used in the studies mentioned above should 

not be undervalued, we suspect that the amount of IGFBP7 protein available to cells 

likely contributes to the discrepancy of the results presented in these studies. 

Evdokimova et al.16 used IGFBP7 at 20 µg/ml, while Morgantini et al.20 used 20 ng/ml. 

It is plausible that in high concentrations, IGFBP7 may indeed restrict or prevent 

IGF1/insulin binding to the IGF1R. In fact, 20 µg/ml is far above the physiologic levels 

of IGFBP7 in adult serum (21-35 ng/ml)21 or childhood ALL bone marrow plasma (49 

ng/ml).19 

Using ALL models, we recently reported that insulin and IGF1 trigger mitogenic 

action in leukemia, which is prolonged by the addition of physiological levels of 

IGFBP7.22 Association of insulin/IGF1 plus IGFBP7 boosts the primary ALL survival in 

vitro. For example, the treatment of ALL cells with insulin plus IGFBP7 (100 ng/ml), 

sustains the IGF1Rβ (Tyr1131) phosphorylation, but not INSRβ (Tyr1151/1151), for up 

to 4 h. Besides IGF1Rβ, sustained Akt (Ser473) phosphorylation was also confirmed 

in 18 retrospective primary ALL samples. Mechanistically, we demonstrated that 

IGFBP7 inhibits IGF1R internalization (but not INSR), and this effect appears to be 

insulin/IGF1 dependent. Cell surface retention of IGF1R has been linked to sustained 

activation of IRS1, Akt and Erk in ALL, mediated by insulin/IGF1 plus IGFBP7 

treatment. IGFBP7 neutralization by anti-IGFBP7 monoclonal antibody (clone C311) 

restored IGF1R signaling and attenuated ALL progression in vivo. Interestingly, using 

IGFBP7 at 20 µg/ml we also found an inhibitory effect on ALL cells, like Evdokimova 
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et al.16 found in breast cancer. Therefore, at supraphysiological concentrations, 

IGFBP7 may have adverse effects when compared to physiological levels, which could 

justify the inconsistent data present in the literature (To read more about this 

discussion, access: Artico et al.).22 We also confirm the significance of IGF1R in the 

pro-survival effects mediated by IGFBP7 in pediatric ALL, while highlighting the impact 

of IGFBP7 on glycolytic metabolism through the IGF1R-Akt-GLUT1 axis.23 Our findings 

demonstrate that IGFBP7 enhances glycolytic metabolism by stabilizing glucose 

transporter 1 (GLUT1) on the cell surface, leading to increased glucose uptake. This 

effect is achieved through sustained Akt activation, which is a downstream target of 

IGF1R. Gene expression analysis and metabolic assays further support the idea that 

IGFBP7 promotes energy metabolism by activating signaling pathways associated with 

cell growth and proliferation. In summary, our studies shed light on the significant role 

of IGFBP7 in pediatric ALL. It influences the response to chemotherapy, activates 

IGF1R signaling, modulates glucose metabolism, and impacts leukemia progression. 

In the oncogenic context, downstream signaling of IGF1R/INSR, supported by 

insulin/IGF1 plus IGFBP7, is unfavorable because it contributes to the activation of the 

PI3K and MAPK pathways, and induction of cell proliferation and survival, creating a 

opposite dynamic to cancer eradication. However, in metabolic diseases (especially 

obesity and type 2 diabetes), insulin/IGF1 signaling are defective. The enhanced 

IGF1R/INSR signaling by IGFBP7 could have beneficial metabolic outcomes and offer 

therapeutical opportunities to treat those diseases. 

The pathogenesis of insulin resistance and hyperinsulinemia in obesity is 

complex and multifactorial. But, it is known that a key factor underlying the 

development of insulin resistance and metabolic dysregulation in obesity is closely 

related to the dysfunction of hepatic and adipose tissue, leading to disruption of the 

endocrine function of these tissues.24,25 Given the role of IGFBP7 on the potentiation 

of INSR20 and IGF1R signaling,22,23 we have raised the hypothesis that IGFBP7 could 

exert a positive impact on hepatocyte/adipocyte insulin/IGF signaling, resulting in an 

improvement of function and intracellular homeostasis. In order to answer this 

hypothesis, we performed a series of experiments in different models of insulin 

resistance in hepatocytes and adipocytes from lean and obese mice. Below, we will 

present the key findings obtained in this project. Overall, we obtained significant 

evidence that IGFBP7 potentiate insulin signaling increasing insulin sensitivity in 

different models of insulin resistance.   
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2. Data presentation 

2.1 Mice liver perfusion and primary hepatocytes isolation 

In the field of oncology, genetically modified or altered biological models are 

commonly used, where these genetic alterations typically promote cell proliferation, 

activation of oncogenes, secretion of growth factors, and activation of molecular 

pathways associated with cell division and invasiveness.26,27 Together, these 

characteristics promotes lifelong cell multiplication capacity and immortality. However, 

when studying metabolic diseases such as obesity and type 2 diabetes, it is crucial to 

work with biological models that closely reflect physiological scenarios with minimal 

genetic disturbances related to oncogenes. This approach enhances the reliability of 

the data and ensures a more accurate representation of the study environment. 

In the past, it was common and sufficient to use cell lines and less complex 

biological models to study metabolic diseases. However, contradictory results often 

arise when these models are compared to more physiological scenarios involving 

primary cells and in vivo models.28 In light of these discrepancies, we have chosen to 

initiate our investigation using primary hepatocytes isolated from mice, which offer a 

more physiologically relevant model compared to cell lines.29 

However, obtaining primary hepatocytes is challenging due to the intricate 

nature of these cells and their limited lifespan in cell culture. Furthermore, the quality 

of the cells obtained is closely tied to the liver perfusion process and the handling of 

the organ during the primary hepatocyte isolation procedure. Therefore, I invested a 

significant amount of time to perfect the protocol to isolate high quality primary 

hepatocytes from lean and obese mice. Briefly, primary hepatocytes were obtained by 

perfusing the liver of mice through the portal vein with digestive enzymes. This method 

allows for the removal of blood cells and contaminants while preserving the structural 

and functional integrity of the hepatocytes (Figure 4). The following description outlines 

the steps involved in the perfusion process: 

1) Surgical preparation: the mouse is anesthetized and placed in a supine 

position. The abdominal region is carefully sterilized, and a midline incision 

is made to expose the peritoneal cavity (Figure 4A). 

2) Catheterization of the portal vein: the portal vein, which carries blood from 

the digestive organs to the liver, is located. A catheter is inserted into the 
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portal vein and secured in place using super glue or clamp. The catheter 

serves as an access point for the perfusion solution (Figure 4A). 

3) Perfusion solution: typically, the liver is perfused with two different solutions, 

the first consisting of a buffered saline solution supplemented with calcium 

and magnesium ions to maintain cell viability and functionality. The second 

contains enzymes such as collagenase or liberase to help digest liver tissue 

and release hepatocytes from the hepatic extracellular matrix (Figure 4B). 

4) Initiation of perfusion: the perfusion solution is then introduced into the portal 

vein through the catheter. The solution is delivered using a peristaltic pump. 

The flow rate is carefully controlled to ensure efficient and uniform 

distribution throughout the liver (Figure 4B). 

5) Hepatocyte disruption and collection: as the perfusion solution circulates 

through the liver, it enzymatically digests the extracellular matrix and breaks 

down the liver tissue. This process facilitates the release of individual 

hepatocytes. The digested liver tissue containing the released hepatocytes 

are collected and filtered to separate the hepatocytes from the remaining 

tissue debris (Figure 4C, D). 

6) Hepatocyte purification: the collected hepatocytes are then subjected to 

additional purification steps to eliminate non-hepatocyte cell types and 

further enhance the purity of the isolated hepatocyte population. This may 

involve density gradient centrifugation or differential plating techniques to 

separate hepatocytes from non-parenchymal cells (Figure 4E). 

In summary, liver perfusion through the portal vein provides an efficient method 

for the isolation of primary hepatocytes from mice livers. The detailed protocol can be 

requested through the website: https://arrudalab.org/contact-arruda-lab/  

https://arrudalab.org/contact-arruda-lab/
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Figure 4. Mice liver perfusion and primary hepatocytes isolation. (A) Mouse is 

anesthetized and placed in a supine position. The abdominal area is sterilized, and a midline 

incision is made to expose the peritoneal cavity. A catheter is then inserted into the portal vein. 

The catheter is securely held in place using super glue or clamp, providing an entry point for 

the perfusion solution. (B) The liver is perfused with two solutions. The first is a buffered saline 

solution and the second solution contain liberase enzyme to aid in the digestion of liver tissue 

and release hepatocytes from the extracellular matrix. The perfusion solution is introduced into 

the portal vein through the cannula using a peristaltic pump. After perfusion, the hepatic 

peritoneum is removed (C) to release the primary hepatocytes in the culture medium (D). After 

cell purification and percoll gradient centrifugation, primary hepatocytes are distributed in 

culture plates (collagenase coating) for future analysis and treatment (E). 

2.2 IGFBP7 potentiates insulin signaling in primary hepatocytes 

As mentioned earlier, IGFBP7 (at physiological levels) plays a significant role in 

ALL by stimulating the PI3K-Akt pathway and the glycolytic pathway regulated by 
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insulin/IGF1.22 In the context of ALL, these effects are specifically mediated through 

IGF1R.23 This is evident from the fact that when the IGF1R is knocked out in ALL cell 

lines, these cells become insensitive to treatment with insulin/IGF1+IGFBP7.  

The combination of insulin/IGF1+IGFBP7 in ALL leads to sustained 

phosphorylation of IGF1R and Akt (Ser473), lasting up to 4 h post-stimulation. 

Consequently, our initial objective was to determine whether primary hepatocytes 

would similarly exhibit prolonged activation of the PI3K-Akt pathway following 

treatment with insulin (3nM), IGFBP7 (100 ng/mL), or their combination. To replicate 

the findings observed in ALL, we added the treatments to primary hepatocytes at two 

distinct time points: 3 min and 4 h. Additionally, in order to minimize interference from 

physiological factors (such as food intake) on insulin signaling, we conducted the 

experiments under two separate conditions: FED (with freely available food) and FAST 

state (following a 16-hour fast). In both conditions, after isolating the primary 

hepatocytes, cells were cultured in serum-free William's medium for 12 h prior to 

initiating the stimulation with insulin, IGFBP7, or associations (Figure 5A). 

The western blot analyses presented in Figure 5B and 5C indicate that the 

association of insulin+IGFBP7 did not contribute to the sustained phosphorylation of 

Akt (Ser473) and S6 (Ser 235/236) in primary hepatocytes isolated from fasted mice. 

However, when primary hepatocytes isolated from fed mouse were stimulated, they 

exhibited enhanced phosphorylation of both Akt (Ser473) and S6 (Ser235/236) (Figure 

5D). Distinct differences in phosphorylation levels were observed after 3 min of 

stimulation, indicating a potentiation of the insulin effect. Similar to previous findings in 

ALL, even after 4 h of stimulation, the signaling of these proteins remained higher 

compared to cells stimulated with insulin alone, as demonstrated by the statistical 

analyses (Figure 5E). Together, these data suggest that IGFBP7 may potentiate insulin 

effects on primary hepatocytes, which is in line with Morgantini’s findings20. 
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Figure 5. IGFBP7 potentiates insulin signaling in primary hepatocytes isolated from fed 
state mouse. (A) The schematic diagram illustrates the experimental treatments conducted. 
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Primary hepatocytes were isolated following the procedure described in Figure 4. Two mice, 

one in a fasted state (16 h) and another in a fed state, were utilized. Once isolated, primary 

hepatocytes were plated on collagen-coated plates and cultured overnight in serum-free 

William’s medium. Subsequently, cells were stimulated with insulin (3nM), recombinant mouse 

IGFBP7 protein (100 ng/mL), or associations for 3 min and 4 h. Following stimulation, the 

plates were rapidly frozen in liquid nitrogen and stored at -80°C. Subsequently, the cells were 

lysed using NP-40 lysis buffer, the proteins concentration were normalized using BCA kit, and 

the lysates were subjected to western blot analysis. Western blot analysis for primary 

hepatocytes isolated from fasting (B) or fed mouse (D) after 3 min (left) and 4 h (right) of 

stimulation with insulin, IGFBP7, or their combinations. For each experimental condition, three 

wells containing primary hepatocytes were treated separately and loaded onto the gels. (C-E) 

Band densitometries were quantified using Image J software and statistical analysis were 

performed using GraphPad Prism 9.0. (*p≥0.05; **p≥0.01; ***p≥0.001; ****p≥0.0001). 

We subsequently conducted a second independent experiment to validate our 

findings, however from now on, using only the 4 h time point (Figure 6A-C). It is 

important to note that primary hepatocytes do not express IGF1R, despite the liver 

being a major source of IGF1 secretion.30 Instead, the INSR is the predominant 

receptor of the IGF system in hepatocytes and liver tissue. The expression of IGF1R 

in hepatocytes is limited to the fetal liver, where it plays a critical role in fetal 

development and growth. However, following birth, hepatocytes undergo a transition 

and cease to express IGF1R, favoring the presence of INSR.30-32 Accordingly, in 

primary hepatocytes isolated from the liver of fed mouse, the endogenous levels of 

IGF1R are undetectable, in contrast to the abundant expression of INSR (Figure 6D).  

To confirm the importance of INSR for the sustained signaling of the PI3K-Akt 

pathway mediated by insulin+IGFBP7 in primary hepatocytes, we chose to use the 

"liver-specific insulin receptor knockout (LIRKO) mice model.33 To obtain mice with 

hepatocyte specific deletion of insulin receptor we used transgenic mice where the 

INSR gene was flanked by the lox P system. Deletion of the insulin receptor in this 

model were obtained by administering an adeno-associated virus (AAV) encoding the 

enzyme Cre recombinase (AAV Cre) under the control of albumin promoter.33 The Cre 

recombinase enzyme recognizes and interacts with the lox P sites triggering a 

recombination event, resulting in the removal of the lox P-flanked region containing 

INSR. Consequently, the insulin receptor gene in hepatocytes undergoes permanent 

deletion or inactivation after 25 days of injection. As a negative control, we inject AAV 
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LacZ in another group of LIRKO mice. After 25 days of injection, primary hepatocytes 

from LIRKO mice (AAV Cre vs. AAV LacZ) were isolated and treated with insulin or 

insulin+IGFBP7 for 4 h (Figure 7A). 

 

Figure 6. Confirming the role of IGFBP7 in insulin signaling on primary hepatocytes via 
INSR. (A) The schematic diagram illustrates the experimental treatments conducted. Primary 

hepatocytes were isolated following the procedure described in Figure 4 from fed state mouse. 

Once isolated, primary hepatocytes were plated on collagen-coated plates and cultured 

overnight in serum-free William’s medium. Afterwards, cells were stimulated with insulin (3nM), 

recombinant mouse IGFBP7 protein (100 ng/mL), or associations for 4 h. Following 

stimulation, the plates were rapidly frozen in liquid nitrogen and stored at -80°C. Subsequently, 

the cells were lysed using NP-40 lysis buffer, the proteins concentration were normalized using 

BCA kit, and the lysates were subjected to western blot analysis. (B-C) Western blot analysis 

for primary hepatocytes isolated from fed mouse after 4 h of stimulation with insulin, IGFBP7, 
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or associations. For each experimental condition, three wells containing primary hepatocytes 

were treated separately and loaded onto the gels. (D) Band densitometries were quantified 

using Image J software and statistical analysis were performed using GraphPad Prism 9.0. 

(*p≥0.05; *****p≥0.0001). Red square indicates correct molecular weight for INSR and IGF1R 

(between 90 and 100kDa). 

 

Figure 7. Knockout of INSR on primary hepatocytes suppresses the improvement of 
insulin signaling mediated by IGFBP7. (A) The schematic diagram illustrates the 

experimental treatments conducted. LIRKO mice (8 weeks old) were injected with AAV Cre 

(Addgene 107787) or AAV LacZ (Addgene CS1164L) (1.5x1011 genome particles per mouse) 

at day zero (D0).  After 25 days (D25) of injection, primary hepatocytes were isolated following 

the procedure described in Figure 4. Once isolated, primary hepatocytes were plated on 

collagen-coated plates and cultured overnight in serum-free William’s medium. Afterwards, 

cells were stimulated with insulin (3nM) and/or recombinant mouse IGFBP7 protein (100 

ng/mL) for 4 h. Following stimulation, the plates were rapidly frozen in liquid nitrogen and stored 

at -80°C. Subsequently, the cells were lysed using NP-40 lysis buffer, the proteins 

concentration were normalized using BCA kit, and the lysates were subjected to western blot 

analysis. (B) Western blot analysis for primary hepatocytes isolated from LIRKO mice (AAV 

Cre vs. AAV LacZ) after 4 h of stimulation with insulin and/or IGFBP7. (C) Band densitometries 

were quantified using Image J software and statistical analysis were performed using 

GraphPad Prism 9.0. (****p≥0.0001).  
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As depicted in Figure 7B, primary hepatocytes expressing AAV Cre lack INSR 

expression, confirming the successful deletion of INSR gene. In contrast, primary 

hepatocytes expressing AAV LacZ displayed abundant levels of INSR, aligning with 

our expectations. Notably, the combination of insulin+IGFBP7 demonstrated a 

significant ability to sustain phosphorylation of Akt (Ser473) and S6 (Ser235/236) 

compared to treatment with insulin alone (Figure 7C) or the negative control (no 

treatment). Importantly, the knockout of INSR completely abolished all the observed 

effects in hepatocytes overexpressing LacZ. Together, these findings provide strong 

evidence that IGFBP7 enhance insulin signaling in primary hepatocytes and that this 

effect is dependent on the presence of INSR. 

2.3 IGFBP7 improves insulin response in primary hepatocytes from 
obese mice. 

To explore the broader implications of the data presented above, we 

investigated whether the combination of insulin+IGFBP7 could enhance insulin 

response in cellular models of insulin resistance. Prior to addressing this question, we 

determined the physiologic levels of circulating IGFBP7 in obese mice compared to 

lean counterparts. To achieve this, we employed two different approaches. The first 

involved the use of ob/ob mice, while the second involved lean mice maintained on a 

high-fat diet (HFD) for 9 weeks. IGFBP7 levels of lean, ob/ob and mice on HFD were 

measured using the Mouse IGFBP7 ELISA Kit (Abcam - ab245712) following the 

manufacturer's recommendations (Figure 8A). 

The results illustrated in Figure 8B demonstrate that the serum levels of IGFBP7 

in lean mice are approximately 14 ng/mL. Intriguingly, the circulating levels of IGFBP7 

in obese mice, including ob/ob mice and those maintained on a HFD were significantly 

reduced (Figure 8B). 

Both diet induced and genetic induced obesity leads to heightened susceptibility 

to insulin resistance. Hepatocytes derived from these mice demonstrate impaired 

insulin signaling pathways and dysregulated glucose metabolism. Insulin resistance in 

obesity is caused at least in part by elevated levels of circulating free fatty acids and 

proinflammatory cytokines. Perturbations in critical molecular mediators, including 

insulin receptor substrate-1 (IRS-1), PI3K-Akt, and peroxisome proliferator-activated 

receptor gamma coactivator-1 alpha (PGC-1α), disrupt insulin signaling cascades, 
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resulting in decreased glucose uptake, impaired glycogen synthesis, and augmented 

hepatic gluconeogenesis.34 

 

Figure 8. IGFBP7 improves insulin response in primary hepatocytes from obese mice 
(A) The schematic diagram illustrates the experimental procedure conducted to collect blood 

serum and measurements of the levels of IGFBP7 using mouse IGFBP7 ELISA kit (Abcam - 

ab245712), following the manufacturer's recommendations. (B) ELISA results for IGFBP7 

levels in the serum of lean (n=8), ob/ob (n=8) and mice on a HFD for 9 weeks (n=7). (C) The 

schematic diagram illustrates the experimental treatments conducted to isolate primary 

hepatocytes from ob/ob mouse (8 weeks old). Once isolated, primary hepatocytes were plated 

on collagen-coated plates and cultured overnight in serum-free William’s medium. Afterwards, 

cells were stimulated with insulin (3nM) and/or recombinant mouse IGFBP7 protein (100 
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ng/mL) for 4 h. Following stimulation, the plates were rapidly frozen in liquid nitrogen and stored 

at -80°C. Subsequently, the cells were lysed using NP-40 lysis buffer, the proteins 

concentration were normalized using BCA kit, and the lysates were subjected to western blot 

analysis. (D) Western blot analysis for primary hepatocytes isolated from ob/ob mouse after 4 

h of stimulation with insulin and/or IGFBP7. (E) Band densitometries were quantified using 

Image J software and statistical analysis were performed using GraphPad Prism 9.0. (*p≥0.05; 

***p≥0.001; ****p≥0.0001). 

Based on the well-documented insulin resistance observed in hepatocytes from 

ob/ob mice, we sought to investigate the impact of the insulin+IGFBP7 association on 

these cells and how it would influence downstream signaling mediated by INSR. To 

achieve this, we isolated primary hepatocytes from an 8-week-old ob/ob mouse and 

subjected them to insulin and/or IGFBP7 treatment (Figure 8C). Surprisingly, we 

observed a strong increase in the phosphorylation of Akt (Ser473) and S6 (Ser 

235/236) in cells treated with both insulin+IGFBP7 after 4 h of stimulation (Figure 8D-

E). In summary, this finding highlights the activation of a sustained signaling axis 

involving INSR, PI3K-Akt and S6, suggesting that even in models of insulin resistance 

such as obesity, IGFBP7 is able to increase insulin sensitivity and improve insulin 

signaling.  

2.5 IGFBP7 enhance IGF1R>PI3K-Akt axis in 3T3L1 pre-adipocytes and 
sustain insulin signaling after TNF-a treatment 

As established in the literature and demonstrated by our data, it is known that 

mouse hepatocytes lack the expression of IGF1R,30-32 thereby directing the effects of 

insulin+IGFBP7 towards INSR. Conversely, in ALL, which expresses both INSR and 

IGF1R, the signaling support of the PI3K-Akt pathway occurs through IGF1R. This is 

evident from the fact that the disruption of IGF1R hampers the signaling induced by 

insulin/IGF1+IGFBP7. Based on this information, we formulated a hypothesis that 

utilizing a biological model that plays a crucial role in metabolic homeostasis and 

possesses both receptors (INSR and IGF1R) would provide a more comprehensive 

understanding of the effects of insulin+IGFBP7 on the signaling of the PI3K-Akt 

pathway.  

Additionally, we sought to investigate a model that could replicate the scenario 

of insulin resistance and metabolic syndrome. To achieve this, we opted to employ the 

3T3L1 cell line differentiated into pre-adipocytes. To induce insulin resistance, we used 
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a widely accepted and validated protocol that involves the pre-treatment of these 

differentiated cells with tumor necrosis factor α (TNF-α).36 

Initially, our objective was to investigate whether the combination of 

insulin+IGFBP7 could activate the PI3K-Akt pathway signaling in 3T3L1 pre-

adipocytes. The process of cell differentiation is briefly depicted in Figure 9A. For a 

comprehensive understanding of the differentiation protocol and the reagents used, 

please refer to Guney et al.36 Following the completion of cell differentiation, the cells 

were subjected to treatment with insulin, IGFBP7, or their combination, as also 

illustrated in Figure 9A. In general, our findings indicate that the combined treatment 

of insulin+IGFBP7 sustains the phosphorylation of Akt (Ser473) and S6 (Ser235/236) 

as anticipated in primary hepatocytes and ALL cells (Figure 9B and C). However, after 

4 h of insulin+IGFBP7 treatment, only IGF1R exhibited phosphorylation, suggesting a 

preference for this receptor (similar to the observed pattern in ALL cells), since we did 

not detect sustained INSR phosphorylation (Figure 9B and D). 

To investigate the potential role of IGFBP7 in mitigating insulin resistance in 

adipocytes, we examined the effects of combining insulin+IGFBP7 in insulin-resistant 

adipocytes. Insulin resistance was induced using the in vitro system described by 

Guney et al.36 In brief, insulin resistance was induced in 3T3L1 pre-adipocytes by 

exposing them to a low dose (4 ng/mL) of TNF-α, a pro-inflammatory cytokine known 

to promote insulin resistance in both mice and humans in the context of obesity.37 After 

96 h of TNF-α exposition, the adipocytes were subsequently treated with insulin alone 

or in combination with IGFBP7 (Figure 10A). The results showed in Figure 10B and C 

points to an increased insulin resistance, as indicated by reduced phosphorylation of 

IGF1R after 4 h of insulin treatment. Interestingly, the combined treatment of 

insulin+IGFBP7 demonstrated a previously unidentified ability of IGFBP7 to enhance 

IGF1R phosphorylation compared to insulin treatment alone, suggesting a potential 

role for IGFBP7 in reversing insulin resistance in adipocytes.  
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Figure 9: IGFBP7 enhance IGF1R>PI3K-Akt axis in 3T3L1 pre-adipocytes. (A) 3T3L1 cell 

line differentiation was induced by the addition of 500 μM 3-isobutyl-1-methylxanthine (IMEX), 

insulin (5 μg/mL), 10 μM dexamethasone, and 10 μM rosiglitazone. On day 2, the medium was 

switched to DMEM with 10% FBS and 1% penicillin/streptomycin, insulin (5 μg/ml), and 10 μM 

rosiglitazone. On day 4, the medium was switched to DMEM with 10% FBS and 1% 

penicillin/streptomycin (maintenance medium), which was replaced every other day until day 



 

 

135 

10, when the adipocytes were fully differentiated. Experiments were performed on day 10.36 

After, cells were stimulated with insulin (3nM) and/or recombinant mouse IGFBP7 protein (100 

ng/mL) for 4 h. Following stimulation, the plates were rapidly frozen in liquid nitrogen and stored 

at -80°C. Subsequently, the cells were lysed using NP-40 lysis buffer, the proteins 

concentration were normalized using BCA kit, and the lysates were subjected to western blot 

analysis. (B) Western blot analysis for 3T3L1 pre-adipocytes after 4 h of stimulation with insulin 

and/or IGFBP7. (C-D) Band densitometries were quantified using Image J software and 

statistical analysis were performed using GraphPad Prism 9.0. (*p≥0.05; ***p≥0.001; 

****p≥0.0001). 

Figure 10. IGFBP7 sustain insulin signaling in 3T3L1 pre-adipocytes after TNF-a 
treatment. (A) 3T3L1 cell line differentiation was induced following Figure 9A. Experiments 

were performed on day 10 after differentiation. Insulin resistance was induced in 3T3L1 pre-

adipocytes by exposing them to a low dose (4 ng/mL) of TNF-α for 96 h. Afterwards, pre-
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adipocytes were subsequently treated with insulin alone or in combination with IGFBP7 for 4 

h. Following stimulation, the plates were rapidly frozen in liquid nitrogen and stored at -80°C. 

Subsequently, the cells were lysed using NP-40 lysis buffer, the proteins concentration were 

normalized using BCA kit, and the lysates were subjected to western blot analysis. (B) Western 

blot analysis for 3T3L1 pre-adipocytes after 4 h of stimulation with insulin and/or IGFBP7. (C) 

Band densitometries were quantified using Image J software and statistical analysis were 

performed using GraphPad Prism 9.0. (*p≥0.05; **p≥0.01). 

In conclusion, the preliminary findings presented in this report unveil the 

significant involvement of IGFBP7 in insulin signaling within metabolic syndrome 

models, mirroring the observed effects in ALL.22,23 Nonetheless, the ongoing challenge 

we face is comprehending how IGFBP7 distinguishes its affinity for the diverse 

receptors comprising the IGFs system. Our primary discovery resides in the impact of 

insulin+IGFBP7 on insulin signaling in obesity models, such as ob/ob and TNF-α-

treated 3T3L1 pre-adipocytes. Moving forward, the next phase of this project will delve 

into the assessment of these effects in vivo, employing obese mice exhibiting insulin 

resistance. This endeavor aims to deepen our understanding of the intricate interplay 

between IGFBP7 and insulin signaling within the complex milieu of obesity and type 2 

diabetes.  

3.0 Additional activities 

Throughout the duration of this project, I had the privilege of contributing to an 

ongoing research endeavor taking place in Professor Ana Paula Arruda's laboratory. 

This project has recently been submitted for publication to Nature Communication and 

is presently undergoing the review process. Title, authors and abstract of this study 

are described below: 

Spatial mapping of zonated subcellular liver architecture in fasting and obesity 

Parlakgul G1,2, Pang S3,4, Min N1, Cagampan E1, Artico LL2, Villa R2, Goncalves RLS1, 

Lee Y1, Xu CS3,5, Hotamisligil GS1,6* and Arruda AP2,7* 

1Department of Molecular Metabolism and Sabri Ülker Center, Harvard T.H. Chan 

School of Public Health, Boston, MA 02115. 
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2Department of Nutritional Sciences and Toxicology, University of California, Berkeley, 

Berkeley, CA 94720. 

3HHMI Janelia Research Campus, Ashburn, VA 20147. 

4Current address: Yale School of Medicine, New Haven, CT 06510. 

5Current address: Department of Cellular & Molecular Physiology, Yale School of 

Medicine, New Haven, CT 06510. 

6Broad Institute of MIT and Harvard, Cambridge, MA 02142. 

7Chan Zuckerberg Biohub, San Francisco, CA 94158. 

*Co-corresponding authors: ghotamis@hsph.harvard.edu & aarruda@berkeley.edu  

Abstract 

The hepatocytes within the liver tissue present an immense capacity to adapt 

to fluctuations in nutrient availability. Using FIB-SEM and automated segmentation, we 

extensively explored how the hepatocyte subcellular architecture is regulated during 

nutritional fluctuations and as a function of liver zonation. We identified a global 

remodeling of spatial organization of ER sheets in hepatocytes during fasting, 

characterized by the induction of single rough ER sheet enveloping the mitochondria, 

which becomes fused and elongated. These alterations are present in periportal and 

mid-lobular but not in pericentral hepatocytes. In obesity, ER-mitochondria interactions 

are distinct and fasting fails to induce ER sheets to envelop the mitochondrion due to 

defective expression of RRBP1 protein. Finally, gain- and loss-of-function in vivo 

models demonstrated RRBP1 is necessary and sufficient to enable fasting-induced ER 

sheet-mitochondria interactions and to regulate fatty acid oxidation. These findings 

illustrate the importance of a regulated molecular architecture for hepatocyte metabolic 

flexibility. 
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