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ABSTRACT

Ovarian cancer remains the deadliest gynecological cancer worldwide with relatively little 
advancements in its treatment. Limited knowledge of its molecular origins and the absence of 
clear symptoms lead to late diagnosis resulting in advanced disease and a poor five-year 
survival prognosis. Even though initial surgery and chemotherapy treatment reduce pathology, 
the disease recurs often and frequently develops resistance to standard chemotherapies. The 
Insulin-like Growth Factor (IGF) signaling axis is involved in several cancers and increased 
IGF2 expression is suggested to be associated with poor survival in women with ovarian 
cancer. Here, we sought to determine the role of IGF2 in ovarian cancer growth and 
chemoresistance. We observed that Taxol, a standard chemotherapy agent commonly 
administered to patients with ovarian cancer, induced increased in IGF2 expression in two 
ovarian cancer cell lines. Similarly, cell lines resistant to multiple microtubule-stabilizing 
agents also showed increased levels of IGF2 expression. Inhibition of the IGF-signaling 
pathway with a small-molecule inhibitor or knockdown of IGF2 mRNA sensitized the cells to 
Taxol, both in cell culture and in xenografts. Immunohistochemistry of ovarian tumor samples 
showed a significant correlation between high IGF2 expression, advanced stage, tumor grade 
and decreased disease-free survival. Analysis of mRNA data of The Genome Cancer Atlas of 
serous ovarian cancer also revealed a significant correlation between increased IGF2 mRNA 
and reduced progression-free and overall survival.
When IGF2 was constitutively overexpressed in an ovarian cancer cell line, increased 
xenograft growth was observed as compared to the control-transfected parental cell line. Along 
with increased growth rate, increased numbers of infiltrating neutrophils were present in the 
IGF2-overexpressing xenografts. Furthermore, we observed that a human neutrophil-precursor 
cell line migrated significantly more to the conditioned media of the IGF2-overexpressing 
HEY cell line in vitro.
These findings suggest an important role for IGF2 in tumor growth and responsiveness to 
standard chemotherapy for ovarian cancer, as well as a potential new target for the precision 
treatment of certain ovarian tumors.
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RESUMEN

Cáncer de ovario sigue siendo la enfermedad ginecológica más mortal en el mundo con 
relativamente pocos avances en su tratamiento. El conocimiento limitado de sus orígenes 
moleculares y la ausencia de síntomas claros llevan a un diagnóstico tardío que resulta en una 
enfermedad avanzada y un mal pronóstico en los primeros cinco años. Aunque la cirugía 
inicial y el tratamiento con quimioterapia reducen la patología, a menudo la enfermedad 
recurre y frecuentemente se desarrolla resistencia a la quimioterapia. La vía de señalización 
del factor de crecimiento semejante a la insulina (IGF) esta involucrada con varios tipos de 
cáncer y la expresión aumentada de IGF2 podría estar asociada con baja supervivencia en 
mujeres con cáncer de ovario. En este estudio, buscamos determinar el rol de IGF2 en el 
crecimiento y quimioresistencia de cáncer de ovario. Observamos que Taxol, una 
quimioterapia estándar típicamente administrada a pacientes con cáncer de ovario, induce el 
aumento en la expresión de IGF2 en dos líneas celulares de cáncer de ovario. Similarmente, 
líneas celulares resistentes a múltiples agentes estabilizantes de microtubulos también 
mostraron un aumento en los niveles de expresión de IGF2. La inhibición de la vía de 
señalización de IGF con un inhibidor de molécula pequeña o con el knockdown del mRNA de 
IGF2 sensibilizaron las células a Taxol, tanto en cultivo celular como en xenografts. 
Inmunohistoquímica de muestras de cáncer de ovario mostraron una correlación significativa 
entre una alta expresión de IGF2, estado avanzado, grado del tumor y disminuida 
supervivencia libre de enfermedad. Análisis de los datos de mRNA de The Genome Cancer 
Atlas de cáncer de ovario seroso también reveló una correlación significativa entre altos 
niveles de mRNA de IGF2 y la reducida supervivencia libre de progresión y general. Cuando 
IGF2 fue sobreexpresado constitutivamente en una línea celular de cáncer de ovario, se 
observó un aumento en el crecimiento de xenograft comparado con la línea celular parental 
control transfectada. Junto con esta aumento en crecimiento, había un aumento en la presencia 
de neutrófilos infiltrantes en los xenografts de IGF2-sobreexpresado. Además, observamos 
que una línea celular humana de precursor neutrofílico migraba significativamente mas hacia 
el medio condicionado de la línea HEY con sobreexpresión de IGF2 in vitro. Estos resultados 
sugieren un rol importante de IGF2 en el crecimiento tumoral y en la respuesta a 
quimioterapia estándar en cáncer de ovario, así como un potencial nuevo blanco para el 
tratamiento preciso de ciertos tumores de ovario.
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GENERAL INTRODUCTION

Ovarian cancer treatment has advanced relatively little over the last decades and outside 

surgery and standard chemotherapy treatment, there are few precision treatment options 

available. To further the development of treatment for this disease we need to better 

understand the molecular origins of this cancer, establish better diagnostic assays and interpret 

the tumor’s response to chemotherapy treatment. Even though many signaling cascades are 

involved in tumorigenesis, one that has specifically piqued our interest is the Insulin-like 

Growth Factor signaling pathway and one of its ligands, IGF2. In the following sections, we 

will summarize the current data published on IGF2 signaling and ovarian cancer in order to 

fully understand the difficulty of its treatment.

IGF2 overview

IGF2 is a small peptide, part of the Insulin-Like Growth Factor signaling family. Other 

members include the signaling peptide IGF1, at least six different binding proteins and the 

receptors IGF1R and IGF2R. As the name indicates, there is much homology in form and 

function between insulin and the Insulin-Like Growth Factor family. The insulin gene itself is 

located just upstream of IGF2 on chromosome 11 and IGF2 can also signal through the insulin 

receptor in both mice and humans (Livingstone, 2013).

The IGF-axis has a variety of roles for metabolism and proliferation. IGF2 is of great 

importance during development both in mice and humans. Mice with homozygous null-

mutated or paternal heterozygous null-mutated Igf2 give rise to a dwarfed but viable embryo, 

showing its importance in the regulation of growth during development (Baker et al, 1993; Liu 
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et al, 1993). In humans during adult life, hepatocytes are the major producer of IGF2, but its 

physiological role seems to be of less importance (Holthuizen, 2003). IGF2, unlike IGF,1 is 

not greatly dependent on Growth Hormone and therefore changes little during puberty. 

However, IGF2 is involved in a variety of diseases such as Beckwith-Wiedemann syndrome, 

Wilms’ tumor and Ewing’s sarcoma (Harris & Westwood, 2012). The childhood Beckwith-

Wiedemann syndrome is an overgrowth syndrome that is accompanied by IGF2 

overexpression and often leads a type of renal tumor called Wilms’ tumor (Rancourt et al, 

2013). A related rare tumor type, Ewing’s sarcoma, is also characterized by increased IGF2 

expression (Manara et al, 2007).

In recent years, IGF2 has been shown to be involved in a variety of adult malignancies, 

usually leading to a worse prognosis in case of its overexpression (Singer et al, 2004; Lu et al, 

2006). These examples show the importance of regulating IGF2 function. Research has shown 

many different levels at which this signal is regulated, from its expression to its binding and 

bioavailability (Chao & D'Amore, 2008; Harris & Westwood, 2012).

Gene structure of IGF2

The IGF2 gene is located on chromosome 11 in a highly imprinted region. Normally, the IGF2 

maternal allele is methylated, and expression occurs only from the paternal allele. This 

imprinting is done reciprocally between IGF2 and its downstream neighbor H19, which is 

usually expressed only from the maternal allele (Ratajczak, 2012). The insulin gene is located 

upstream of the IGF2 gene and read-through transcripts of INSIGF2 have been described. This 

transcript, mainly found in beta cells of the pancreas, encodes for a fusion consisting of the 
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first 138 amino acids of the IGF2 gene along with 62 amino acids of the insulin gene 

(Kanatsuna et al, 2013).

Currently, there are four different variants of IGF2 described in the RefSeq database, 

originating from four different promoters (P0-P4). The fifth promoter P1 is further upstream, 

near the insulin gene and does not have a RefSeq entry as of yet (Figure 1).

The gene has nine exons, of which only exons 7, 8, and part of exon 9 encode for the 

preproprotein. An isoform 2 has also been described, using an alternatively spliced exon 4 

(exon 4b) as part of the coding sequence (Mineo et al, 2000; Li et al, 2011).

Figure 1: The IGF2 gene with its variants, promoters and isoforms
In blue are the non-coding exons, green the coding exons, red arrows promoters.
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Different promoters are used in different stages of development. Promoters P2-P4 are used 

during fetal development, as is P0; although this promoter is initially expressed only in fetal 

skeletal muscle, later in development it is detected in most tissue types. P1 is also called the 

liver-specific promoter as it is expressed only in the liver during adult life (Lui & Baron, 

2013). In malignancies where IGF2 is upregulated, often the re-activation of the “fetal” 

promoters is detected. In immortal cell lines P3 is usually the most active promoter 

(Holthuizen, 2003). Promoter 1 is the most distant from the coding sequence and transcribes 

exons 1, 2, 3, 7, 8, 9. Promoter 2 comes before exon 4 and gives rise to both protein isoforms 1 

and 2 by means of alternative splicing of exon 4, leading to a transcript of exons 4a/b 7, 8, 9 

where unlike exon 4a, exon 4b is described to be part of the coding sequence (Mineo et al, 

2000). Promoter 3 in front of exon 5 leads to the transcript consisting of exons 5, 7, 8, 9. 

Finally, promoter 4 located in front of exon 6 leads to a transcript of exons, 6, 7, 8, 9. Promoter 

0 is in front of exon 2, giving rise to a transcript of exons 2, 3, 7, 8 and 9. Exon 2 transcribed 

from P0 is slightly larger than exon 2 transcribed by P1 since the transcript initiation site is 

upstream of the splice donor site of P1, giving rise to a unique P0 5’ UTR (Monk, 2006). Other 

elements in the IGF2 gene include an miRNA (miR-483) in the intron between exon 8 and 9, 

which appears to be important in the regulation of IGF2 translation. Five tag-Single 

Nucleotides in the non-coding part of the IGF2 gene that decrease the chance of ovarian 

cancer have been described. Specifically the SNP rs4320932 showed a 13% decrease in 

ovarian cancer chance per copy present (Pearce et al, 2011).

4



The different IGF2 proteins

The main isoform of IGF2 (isoform 1), translated from exons 7, 8 and part of 9, gives rise to a 

180-residue pre-pro-protein. A 24-residue signal peptide is cleaved off to give the 156 residue 

pro-protein. This pro-protein exists of the 67 residues of mature IGF2 plus the 89 residues of 

the e-domain and has up to four O-glycosylation sites. The weights of proteins ranges from 10 

to 19 kDa, depending on cleavage. At least three non-mature IGF2 forms have been described 

to have biological activity: besides the 1-156 residue pro-IGF2, also the two so-called big 

IGF2s (1-87 and 1-104) (Greenall et al, 2013). The different intermediate forms of IGF2 are 

present in detectable quantities in the serum of both healthy people and patients affected by 

malignancies (Huang et al, 2014). 

In gastrointestinal stromal tumors, 91% of a cohort of tumors showed the presence of IGF2 

mRNA, while benign tissue was negative. By immunohistochemistry, 65% of IGF2 was of the 

“big” kind (Rikhof et al, 2012). Big-IGF2 has also been suggested to be one of the main 

culprits of non-islet cell tumor-induced hypoglycemia, a condition where the tumor produces 

so much IGF2, the patient suffers of hypoglycemia (Hizuka et al, 1998). All four forms 

(mature IGF2 and three pro-proteins, 1-87, 1-104 and 1-156) have similar effects on 

proliferation and bind to IGF1R and IR-A/B. Worth noting is that the IGF2 binding to IR-A 

increases survival and motility, whereas insulin binding to IR-A only has metabolic effects 

(Belfiore et al, 2009). Even though the non-mature forms bind to at least the binding proteins 

IGFBP2, 3 and 5, they are unable to form the ternary structure with the Acid Labile Subunit. 

Conversely, pro-IGF2 binds more strongly to IGF2R than mature IGF2, increasing its 
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internalization and degradation, suggesting mature IGF2 might have evolved to avoid 

inactivation by the IGF2R (Greenall et al, 2013).

Regulation of IGF2 function

As IGF2’s functions are essential for the correct development of an organism, its usage is 

exquisitely regulated (Bruchim et al, 2014). Loss Of Imprinting, meaning both alleles are 

expressed, occurs but does not necessarily indicate disease (Cui et al, 2003). LOI occurs 

normally by a decrease in binding of the enhancer-blocking element CCCTC-binding factor 

(CTCF) to the IGF2-H19 imprint control region. This allows for increased DNA-methylation, 

silencing the maternal imprinting, which results in bi-allelic expression. A population of 

healthy Chinese babies showed a 20% of LOI in cord blood (Dai et al, 2007), a similar 

percentage to that observed in cohort of neonates in the USA (Rancourt et al, 2013). In adults, 

transcription from the P1 promoter in the liver is also bi-allelic under normal circumstances 

(Monk, 2006). LOI occurs in the prostate of older men and mice by the reduction of CTCF 

expression. Bi-allelic expression has extensively been observed in cancers, but often is not 

enough to explain the large increases of IGF2 seen in tumors. Similarly, during development 

IGF2 expression is much higher than during adult life, but in both stages expression is mainly 

mono-allelic, indicating different ways of regulation (Ekstrom et al, 1995).

Oxidative stress has been linked to LOI of the IGF2 gene through the NF-kB pathway. CTCF 

expression is reduced by the binding of NF-kB p65/p50 heterodimer to its promoter, leading to 

IGF2 LOI (Yang et al, 2014).
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The cancer genome atlas study of colorectal cancer samples, found a focal amplification of the 

IGF2 gene in 7% of the studied tumors, the most common amplification observed in that 

study. This amplification is expected to lead to an increase in IGF2 expression as well as the 

previously mentioned miR-483 (Cancer Genome Atlas Network & Getz, 2012). This miRNA 

(miR-483-5p specifically) is located in one of IGF2’s introns and has been shown to regulate 

IGF2 expression (Liu et al, 2013). This positive feedback loop is described to function through 

DHX9, an RNA helicase. Upon overexpression of this miRNA in an Ewing’s cell line, the 

stability of the IGF2 mRNA was not increased, but the number of transcripts was. DHX9 

binds directly to the promoter 3 of the IGF2 gene, thereby altering the structure and allowing 

for faster transcription. The importance of miR-483 as a dominant driver oncogene of IGF2 

has been confirmed in a new primary organoid system of colorectal cancer  (Li et al, 2014b).

Other more distant miRNAs have also been shown to regulate IGF2 expression. Directly 

comparing tumorigenic and non-tumorigenic breast cancer tissue by miRNA profiling, found 

miR-100 to inhibit the expression of IGF2. When this miRNA was stably overexpressed, IGF2 

was downregulated and xenograft growth was inhibited. This effect was rescued by the 

overexpression of IGF2. Reporter gene assays showed that IGF2 was a direct target of 

miR-100 while mTOR and IGF1R were unaffected by its overexpression. In a small set of 

patient breast cancer samples there was a significant negative correlation between expression 

of miR-100 and IGF2 (Gebeshuber & Martinez, 2013).

MiR-615-5p, located in an intron of the homeobox family member HOXC5, is a miRNA 

described to regulate IGF2 expression in pancreatic ductal adenocarcinoma. Similar to 

miR-100, its expression decreases IGF2 on the mRNA, protein and secretion level. Mutating 
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the 3’ UTR region of IGF2 inhibits the binding of this microRNA, and subsequent 

overexpression of miR-615-5p ceases to negatively affect IGF2 expression, indicating IGF2 is 

the direct target. Xenografts overexpressing miR-615-5p had smaller tumors with less staining 

for IGF2 (Gao et al, 2014).

ZFP57 is an embryonic stem cell-specific transcription factor that is also important in 

anchorage-independent growth in a fibrosarcoma cell lines. ZFP57 binds to imprinting control 

region of imprinted genes, one of which is IGF2. Overexpression of ZFP57 allowed 3T3 cells 

to grow under anchorage-independent conditions, which could be reverted by the addition of 

an IGF2-neutralizing antibody, showing the direct relation between these two genes. In tumor 

samples of the pancreas, esophagus and breast, ZFP57 was overexpressed, while showing a 

positive correlation between ZFP57 and IGF2 expression in esophagus and breast cancer 

samples (Tada et al, 2014).

In mice and humans, it was observed that the activating transcription factor E2f3 binds to the 

P2 of Igf2 (P3 in humans) and is downregulated with age. E2f3 is the only E2f family member 

that has been shown to be overexpressed in cancers. Overexpression of E2f3 led to increased 

Igf2 expression, suggesting direct regulation. A strong correlation was shown between Igf2 and 

E2f3 expression in both human bladder and prostate cancer samples. Interestingly, even though 

IGF2 and E2F3 are overexpressed in Wilms’ tumors, no correlation was found between the 

two, suggesting one of the many other regulators is responsible for IGF2 expression in this 

malignancy (Lui & Baron, 2013).

In esophageal squamous cell carcinoma, the inhibitor of DNA binding 1 (ID1), a dominant 

negative helix-loop-helix protein, activates the PI3K/AKT pathway through IGF2 and IGF1R. 

8



Analysis of patient samples showed a correlation between the increased expression of ID1 and 

IGF2. Overexpression of ID1 increased IGF2 secretion from cell lines, leading to increased 

tumor growth in mice, which could be reversed by knocking down IGF2 or by treatment with 

IMC-A12, an anti-IGF1R blocking antibody. Interestingly, IGF2 in the serum of the mouse 

increased as well, allowing for an interesting set of experiments with instigator tumors of ID1 

overexpressing cells and responder tumor of untransfected cells. The IGF2 secreted by the 

instigator tumor allowed the responder tumor to grow more rapidly, even when the responding 

cells were injected intravenously (Li et al, 2014a).

IGF2 signaling can be modulated on several levels once the protein has been processed. The 

quantity of receptors on the membrane will alter the intensity of intracellular signaling and 

IGF2’s final effect on the cell’s fate (Holthuizen, 2003). This goes for both the IGF1 receptor 

and the IGF2 receptor, but in opposite ways. IGF1R is a receptor tyrosine kinase and signals 

downstream to the PI3K/AKT and mTOR pathways. An increased number of IGF1R on the 

membrane will allow for increased signaling by IGF2. Conversely, IGF2R is not an RTK and 

internalizes and recycles IGF2 upon its binding, thereby attenuating IGF2’s signaling action. 

Notably, IGF2R is a paternally imprinted gene that under normal conditions is transcribed only 

from the maternal allele (Ludwig et al, 1996). An increased number of IGF2Rs will therefore 

decrease the amount of IGF2 signaling. Of interest is that the IGF2 pro-protein in its various 

stages of processing has a much lower affinity for the IGF2R (Greenall et al, 2013). By 

expressing mainly “big” IGF2, tumors can avoid the binding of IGF2 to IGF2R (Hizuka et al, 

1998), thereby increasing autocrine and paracrine signaling. 
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At least 6 binding proteins can bind IGF2 to stabilize the protein and allow for its transport, 

with IGFBP-2, -3 and -5 being the most common ones (Holthuizen, 2003). This binary 

complex can cross the capillary endothelia and can be separated by the action of 

metalloproteases. Certain tumor cells have an increased expression of these enzymes likely to 

increase the amount of free IGF2 available. Only the mature form of IGF2 has the possibility 

to form a ternary complex both with one of the binding proteins and the acid labile substrate. 

This complex does not have the ability to exit the vascular system and greatly increases the 

stability of IGF2. Similar to avoiding the IGF2R, tumors avoid this ternary complex formation 

by secreting mainly “big” IGF2. (Greenall et al, 2013).

Another potential important interaction is between p53 and IGF2. Loss of p53 leads to 

activation of IGF/AKT/mTOR signaling, while IGFBPs are also target genes of p53. Elegant 

experiments with mice with differing allelic expressions of Igf2 and Trp53 showed Trp53-null 

homozygote mice were lethal if Igf2 was not paternally expressed, showing that Igf2 is 

necessary for the survival of Trp53 knock out mice. In tumor formation studies, mice with 

heterozygous Trp53 form spontaneous tumors that can be accelerated by bi-allelic expression 

of Igf2. Conversely, conditional knock out of Igf2 delays the formation of tumors in these 

heterozygous Trp53 mice. This suggests Igf2 favors tumor formation by the inhibition of 

Trp53 activity (Haley et al, 2012). 
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Involvement of IGF2 in drug resistance

Our group has shown that IGF2 is upregulated after Taxol treatment of ovarian cancer cell 

lines. Cell lines made resistant to Taxol and other microtubule-stabilizing drugs showed 

constitutive IGF2 increase. Inhibition of IGF2 signaling in the Taxol-resistant cell line HEY-

T30 by the small molecule inhibitor NVP-AEW541 or by siIGF2 reverted sensitivity and 

decreased proliferation (Huang et al, 2010). In xenografts, this cell line showed resistance to 

Taxol as well, which could be reverted by knocking down IGF2, but not by IMC-A12 

treatment. Another Taxol resistant ovarian cancer cell line, A2780-T15, was also sensitized by 

IGF2 knockdown (Brouwer-Visser et al, 2014). The importance of IGF2 in clinical response 

was further demonstrated by a large cohort of patients samples showing a significant decrease 

in progression-free survival in patients with high IGF2-positive staining (Huang et al, 2010), 

while we used the data obtained by the Cancer Genome Atlas of ovarian cancer (Cancer 

Genome Atlas Research Network, 2011), to show that an increase in IGF2 mRNA leads to 

worse progression free survival and worse overall survival.

In a set of head and squamous cell carcinoma cell lines made resistant to CDDP, IGF2 was 

shown to be an important factor in the conference of resistance. Knocking down IGF2 in the 

resistant cell lines sensitized the cells, while overexpression of IGF2 in sensitive cell lines 

made them more resistant to CDDP (Ogawa et al, 2010).

Interestingly enough, high circulating IGF2 in epithelial ovarian cancer seems to lead to better 

progression-free survival and overall survival, where in the cellular microenvironment the 

exact opposite was observed (Huang et al, 2014). This could be explained by the fact that most 
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IGF2 in an adult human is produced by the liver and not by the tumor. Low circulating IGF1, 

IGF2 and IGFBP3 were indicators of poor outcome, whereas lower IGFBP2 was related with 

better outcome.

In neuroblastoma cells, knockdown of achaete-scute complex homolog 1 (ASCL1, a basic 

helix-loop-helix activating transcription factor) led to increased expression of IGF2, mainly 

from promoter 4. Both isoforms of promoter 2 (with either exon 4a or 4b) were detected, as 

well as a hetero-duplex of the two splice variants. Neuroblastomas are commonly treated with 

retinoids that induce differentiation of the tumors cells. ASCL1 was observed to be 

downregulated after treatment, which in turn led to the overexpression of IGF2 (Li et al, 

2011).

The IGF signaling pathway as a possible therapeutic target

Much effort has gone towards developing the IGF1 receptor as a therapeutic target. Imclone 

with cixutumumab, Amgen with ganitumab and Pfizer with figitumumab developed 

humanized antibodies against IGF1R, but clinical trials have been disappointing so far (Yee, 

2012). The only IGF1R antibody that is still in development is dalotuzumab from Merck. 

These unfavorable results could be due to the fact that patients were not selected on their 

status of the IGF signaling pathway and that resistance to IGF1R inhibition is quickly acquired 

through compensatory signaling through the IR-A/B (Shin et al, 2013). Ganitumab’s 

effectiveness has been shown to correlate with IGF2 expression and PTEN mutational status. 

Only in cell lines with active PTEN and increased IGF2 expression did the antibody show 

activity. Only cell lines that do not depend heavily on insulin receptor signaling are affected by  
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ganitumab (Beltran et al, 2014). One way to possibly avoid the compensation occurring 

between the IGF1R and insulin receptors, is inhibiting the highly similar ATP-cassette of these 

tyrosine kinases. Small molecule inhibitors such as NVP-AEW541 and OSI-906 (Linsitinib) 

have the ability to block IGF1R, hybrid and IR signaling, but have shown little effectiveness in 

phase II trials, which has led to halted development. Importantly, even though IGF2 can bind 

to both IR-A and IR-B, the inhibition of IR-B will lead to hyperglycemia and might explain 

the negative results obtained with small inhibitors such as NVP-AEW541 (Gao et al, 2011).

Few antibodies that target IGF2 directly have been developed for clinical use. MEDI-573 from 

AstraZeneca is an antibody that targets both IGF1 and IGF2 and is expected to go to phase III 

trials during 2014. The advantage of this antibody is that it inhibits IGF1/2 signaling through 

the IGF1R, IR-A, IR-B and hybrid receptors, without affecting insulin signaling through the 

insulin receptor (Gao et al, 2011), thereby avoiding acquiring of resistance seen with 

antibodies against only IGF1R. DX-2647 is a humanized antibody against IGF2 and binds 

both mature and “big” IGF2 (Dransfield et al, 2010). Both MEDI-573 and DX-2647 only bind 

to free IGF2 and not in complex with binding proteins, which might limit their use in cancer 

treatment but may be advantageous for patient with non-islet cell tumor-induced 

hypoglycemia (Fukuda et al, 2006). Another novel way of targeting the regulation of IGF2 

expression is through the infection with vectors that cause cells to lyse under the control of 

IGF2-related promoters. A double promoter-expressing vector is in pre-clinical development 

and depends on the usage of P3 and P4 of IGF2 by tumors cells. Only tumor cells use these 

promoters in adult humans and subsequently only these cells will express the diphtheria toxin 

and subsequently be lysed. Early data show that the double promoter vector to be more 
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effective than the treatment with both P3 and P4 vectors separately (Amit et al, 2013). A 

similar approach is taken with Ad315-E1A, where replication of an adenovirus is regulated by 

the H19 promoter. Only cells that have LOI of IGF2 will allow this adenovirus to replicate 

which finally leads to cell lysis. This similar method of action is used by H101 (Oncorine), 

where the adenovirus is only replicated in p53-deficient cells. This virus is approved for use in 

China and is administered by direct injection into the tumor (Nie et al, 2012).

These data suggest an important role for IGF2 in a variety of processes important for cancer. 

Taken together with the fact that its signaling is most important during development, it makes 

for an attractive target in cancer treatment.
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Ovarian cancer overview

Cancer is the leading cause of death for men and women between the ages of 40 and 79. Even 

though ovarian cancer is not a type of cancer that is diagnosed frequently (1.3% of all 

cancers), it is the fifth most common cause of cancer-related deaths in women in the USA (Of 

all deaths due to cancer, 2.4% are due to ovarian cancer) (Siegel et al, 2014). In Chile, ovarian 

cancer is both the ninth most frequent type of cancer diagnosed and cause of cancer-related 

death in women, leading to 406 deaths in 2011 (DEIS-MINSAL). The majority of patients are 

diagnosed between the ages of 40 and 79 (with a median of 63 years). Being the most lethal of 

gynecologic malignancies, the five-year survival rate is only 44.6%. Five-year survival has 

remained relatively stable over the years and has only increased from 33.6% in 1975 

(Howlader et al, 2014), due to improved surgical techniques and standard treatment with a 

platinum and Taxol. In Chile, deaths due to ovarian cancer have remained relatively stable 

between 1997 and 2011 (from 3.0% to 3.6%) (DEIS-MINSAL). 

These statistics illustrate the difficulty of diagnosing and treating ovarian cancer. A major 

cause for the low survival rate is the advanced stage at which ovarian cancer is diagnosed. If 

ovarian cancer is diagnosed in an early stage, localized to the ovary, there is a cure rate of 92% 

(Coleman et al, 2013). However, the majority of patients (61%) are diagnosed at a more 

advanced stage, with metastasized cancer in the abdominal cavity; on the parietal and visceral 

peritoneum, including the omentum. Ascites can also occur when diaphragmatic lymphatics 

are blocked, preventing normal drainage. At advanced stages the five-year survival rate is only 

27% (Figure 2).  
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Figure 2. Stage of diagnosis and five-year survival rate by stage of diagnosis of ovarian 
cancer between 2003 and 2009 in USA
Adapted from (Siegel et al, 2014)

Previously, ovarian cancer was thought to be asymptomatic until reaching an advanced stage, 

but analyses of patients’ symptoms have shown that a combination of pelvic or abdominal 

pain, bloating, increased abdominal size, difficulty with eating and feeling full quickly more 

than twelve times per month for less than a year warrants further evaluation for ovarian cancer 

(Andersen et al, 2008). While much research is done to determine serum markers that can 

detect early stage ovarian cancer, CA-125 is the most important marker being used clinically 

(Mor et al, 2005). CA-125 corresponds to a transmembrane mucin is important for adhesion, 

motility and invasion and is present in 80% of all ovarian cancers. It is shed from the 

membrane and detectable in the blood. Unfortunately, CA-125 is increased in only 50% of 

patients with early stage ovarian cancer and its utility is primarily to detect recurrence of 

ovarian cancer (Bast & Spriggs, 2011). Another recently FDA-approved serum marker to 

monitor recurrence and progression is HE4 (WFDC2); this gene was seen amplified in ovarian 

carcinomas and increased levels in the blood correlated both to tumor stage and histological 
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markers with similar specificity and sensitivity to CA-125 (Hellström et al, 2003; Molina et al, 

2011).

Risk factors include nulliparity, early and late menopause and family history of ovarian cancer 

(Visintin et al, 2008). Conversely, oral contraceptive pills decrease the incidence of ovarian 

cancer, giving rise to the incessant ovulation theory (Kim et al, 2012). This theory states that 

the chance of ovarian cancer increases with each ovulation, since damaged cells might revert 

malignant. However, progesterone-only contraceptives that do not consistently inhibit 

ovulation show the same protective effects, suggesting that not the inhibition of ovulation but 

the presence of progesterone confers protection (Erickson et al, 2013). The majority of ovarian 

cancer cases are thought to be sporadic (85%), but 15% are of the hereditary type, mainly 

through BRCA1/2 activity alteration. Women with mutations in BRCA1/2 undergoing 

prophylactic salpingo-oophorectomy had a high incidence of p53 mutations (80%) (Lee et al, 

2007).

Origins of ovarian cancer

Often primary tubal and peritoneal cancer are grouped together with ovarian cancer, since 

distinguishing between the different types proves challenging (Coleman et al, 2013). The 

ovary does not have a well-defined epithelial layer like other organs, only a surface epithelium 

that also covers the serosa of the fallopian tubes, the uterus and the peritoneum. Furthermore, 

the Ovarian Surface Epithelium (OSE) arises from the coelomic epithelium (Landen et al, 

2008), not from mullerian cells and shows mesenchymal molecular markers such as vimentin 

and N-cadherin and not epithelial markers such as E-cadherin and CA-125. High grade serous 

17



ovarian tumors were believed to originate from this OSE, but extensive histopathological 

analysis did not show precursor lesions of these aggressive tumors. However, upon 

microscopic inspection of the fallopian tubes of patients that had received risk-reducing 

salpingo-oophorectomy, cellular dysplasia and hyperplastic lesions were observed in the distal 

fimbriae of the tubal epithelium (Kurman, 2013). These lesions, Tubal Intra-epithelial 

Carcinomas, resembling high grade serous ovarian cancer, show non-functional p53 and share 

expression profiles with metastasized tumors (Erickson et al, 2013). The current understanding 

is that high grade ovarian cancer often arises from the epithelial cells of the fallopian tube; 

these cells can than be transported to neighboring organs and form tumors (Piek et al, 2003).

Subtypes of ovarian cancer

Traditionally, ovarian cancer is divided into several histological subtypes: serous carcinoma 

(68-71%), mucinous (3%), endometroid (9-11%) and clear cell (12-13%) carcinoma 

(McCluggage, 2011). The different histologic subtypes of ovarian cancer each resemble their 

cell type of origin: serous resembles epithelial cells from the fallopian tubes, endometroid 

from the endometrium, mucinous from the cervical glands and clear cell from the vaginal rests 

(Romero et al, 2012).

Research into the different origins, mutations, growth kinetics, drug sensitivity and hence 

survival have led to a new system of grouping subtypes of ovarian cancer (Berns et al, 2012).

Type I is low grade, slowly developing, usually diagnosed in early stages and arises from a 

benign precursor lesion. Even though p53 and BRCA1/2 are wild-type in this cancer type, 

there are often mutations in KRAS, BRAF, PTEN and ERBB2 that lead to PI3K activation. The 
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tumors respond poorly to standard chemotherapies, only 15%-26% responds to platinum 

drugs, but might be sensitive to hormone treatment. If the patient is optimally debulked and no 

residual disease is detected after surgery, often no chemotherapy is given for type I ovarian 

cancers. The karyotype is normal and cells have papillary morphology. Therefore, type I 

cancer cells appear to grow driven by several PI3K activating mutations (Romero et al, 2012), 

and follow the typical path of benign precursor transformation to malignant tumor. Low grade 

serous, mucinous, endometroid, clear cell, transitional and mixed are the histological subtypes 

corresponding to type I (Kurman, 2013).

Type II is high grade, usually serous and diagnosed in advanced stages. p53 is mutated in 96% 

of the high grade serous carcinomas tested in the cancer genome atlas study (Cancer Genome 

Atlas Research Network, 2011). BRCA1/2 function is silenced in more than 40% of the 

tumors. Type II tumors have altered gene copy numbers and appear driven by genomic 

instability. High grade endometroid but mainly serous carcinomas form type II. High grade 

serous carcinomas arise from the distal fibral part of the fallopian tube and are poorly 

differentiated, with nuclear atypia and many mitotic figures (Coleman et al, 2013). 

Treatment of ovarian cancer

The current treatment of ovarian cancer consists of initial cytoreductive surgery. Even though 

surgery alone is rarely curative, a randomized trial has shown that optimal cytoreductive 

surgery is associated with improved progression-free and overall survival (Goodman et al, 

1992). Ovarian cancer is a cancer where cytoreductive surgery is first-line treatment and its 

benefit may be due in part, to eradication of large tumors that often are chemoresistant. 

19



Standard chemotherapy consists of a combination of platinum and Taxol. Incorporation of 

Taxol into first-line chemotherapy was shown to improve survival compared with non-Taxol 

regimens in several Phase 3 clinical trials conducted in the 1990’s (Agarwal & Kaye, 2003). 

More recently, several clinical trials have shown the advantage of intraperitoneal 

administration instead of intravenous administration of both Taxol and the platinum. 

Intraperitoneal administration changes the drug kinetics, increasing the half life and the 

concentration near the target organs. This led to a 21.6%  reduction in risk of death and a 

twelve-month increase in overall survival (Trimble & Alvarez, 2006).

Even so, the five-year survival rate is still only 44.6% (Siegel et al, 2014). As stated before, 

the late stage in which ovarian cancer is usually diagnosed is an important attributing factor to 

this low survival, even though most patients have a high level of remission after completing 

chemotherapy. Recurrence occurs in 70% to 90% of women with ovarian cancer and is 

frequently accompanied by drug resistance, complicating full remission (StatBite: Ovarian 

cancer: risk of recurrence by stage of diagnosis., 2009). In the setting of recurrent ovarian 

cancer, chemotherapy is considered palliative in nature, as no treatments have demonstrated 

the ability to reverse drug resistance and effectively eradicate the disease, with rare exceptions.

Advances in molecular targeted treatments for cancers have been made over the last fifteen 

years, especially for hematological and breast malignancies. For selected patients, specific 

combination therapies using chemotherapy along with small-molecule inhibitors and 

antibodies have proven to be more effective than chemotherapy alone (Vanneman & Dranoff, 

2012). However, no such significant advances have been made for ovarian cancer, partly 

because the molecular basis of this cancer remains to be completely elucidated. Clinical trials 
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with the VEGF-A antibody bevacizumab have shown better progression-free survival, but no 

enhanced overall survival (Burger et al, 2011). BRCA seems an interesting target since cells 

with BRCA activity altered have already one impaired DNA repair pathway. Platinum drugs 

cause double strand breaks, so mutant cells have to rely on base excision repair to repair these 

breaks. Inhibiting this pathway with poly-ADP ribose polymerase (PARP) inhibitors while 

simultaneously treating with a platinum, might enhance outcome in patients with BRCA 

silencing (Romero et al, 2012).

So far, no single agent seems to improve outcome for ovarian cancer patients and trials are 

being designed to target several signaling pathways simultaneously. 

Drug resistance in ovarian cancer

Resistance to chemotherapy is the indirect cause of death in 90% of patients with metastatic 

disease and one of the reasons that ovarian cancer has a low five-year survival rate. Type II 

high grade serous ovarian carcinoma is often chemosensitive and therefore after the first 

treatment with chemotherapy, a high level of response is observed. When the patient recurs, 

70% of patients with ovarian cancer recur, the tumors initially respond to same combination of 

chemotherapy (Fung-Kee-Fung et al, 2007). The response rate correlates positively to the time 

the patient was disease free. It is thought that a sub-population of cancer cells was halted in G0 

of the cell cycle during the initial treatment. Since most chemotherapies only affect rapid-

dividing cells, the halted cells are not impacted. During remission, these cells start cycling 

again to form a new, chemonaïve, tumor (Agarwal & Kaye, 2003).
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Even so, tumor cells frequently acquire resistance to the chemotherapies they are treated with. 

This means that the treatment becomes ineffective, the cancer continues to progress leading 

eventually to the death of the patient.

An important factor involved in the acquisition of resistance is pharmacokinetics; drug 

metabolism is different between patients and therefore, the intended concentration of cytotoxic 

drugs might not reach all cells of the tumor (Szakács et al, 2006). The cancer cells will 

therefore survive and treatment will fail. Since most chemotherapies have a low therapeutic 

index, concentrations cannot be increased without causing lethal side effects. Even so, higher 

concentrations of chemotherapies have been shown to delay resistance and not prevent it (Tan 

et al, 2008).

The micro-environment of the tumor also appears to play an important role. Through 

interaction by signaling molecules between the cancer cells and surrounding stromal cells, the 

tumor cells are able to resist higher concentrations of the drugs (Coleman et al, 2013). For 

example, multiple myeloma cells are more resistant to chemotherapy in the presence of bone 

marrow stromal cells (McMillin et al, 2010). In a similar fashion, cells grown in a spheroid 

setting tend to be more resistant than cells grown in a monolayer (Shield et al, 2009).

The last and most-studied factor is the changes specific to the cancer cell itself through 

acquired somatic mutations and epigenetic alterations. The rapid division of cells within 

tumors increases the frequency with which mutations occur, even more so in cancer cells 

where the DNA replication machinery is affected (Szakács et al, 2006). If one or several of 

these mutations provide protection against the chemotherapy used, positive selection will 

cause these cells to continue proliferating and form drug-resistant tumors.
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Many different mechanisms of these cell-specific changes have been described in various 

major processes in the cell. Replication of DNA can be affected by alterations in Nucleotide 

Excision Repair and MisMatch Repair, allowing the proliferation of cells that have lost their 

DNA integrity (Agarwal & Kaye, 2003). Tubulin mutations can decrease the effect of tubulin-

targeting drugs, even though this has not been detected in the clinic. Similarly, differential 

expression of ß-tubulin isotypes can confer resistance to tubulin-interacting drugs (Kavallaris, 

2010). The increase in expression of influx and efflux pumps in the cell membrane allows the 

cell to pump out drugs before they can execute their cytotoxic effects. Changes in Glutathione 

S Transferase enzymes allow the processing and inactivation of drugs such as platinum based 

chemotherapies (Tan et al, 2008).

Besides acquired resistance, cancer cells can also have intrinsic drug resistance, since many 

mutations that cause cells to become malignant are involved in cell cycle and therefore 

provide protection against chemotherapies that target this process (Yasui et al, 2004). As 

mentioned before, certain cancer cells are stopped in G0 and are not affected by chemotherapy. 

Closely related is the hypothesis that tumors have a small sub-population of less-differentiated 

cells that are inherently chemo-resistant, called Cancer Stem Cells or tumor initiating cells 

(Maenhaut et al, 2010). These cells can withstand an insult by chemotherapy and 

consecutively repopulate the tumor with more differentiated cells. However, it has proven 

difficult to define and identify this population within a tumor. Morphologically, there are no 

clear differences and their presence remains difficult to demonstrate (Stewart et al, 2011). 

Understandably, much research has been done to reverse or avoid resistance but so far little 

progress has been made. One possible reason is the models we currently use to investigate 
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resistance. Much of the research carried out has been done in monolayer cell culture, but this 

model proves difficult to translate to clinic. Especially in drug resistance, the influence of 

neighboring cells seems to be of high importance. In monolayer culture cells have the 

possibility to anchor to the plate, whereas cells in tumors are often anchorage independent 

(Agarwal & Kaye, 2003). Prolonged culture of a cell line will induce changes in the cells that 

can change their behavior in the presence of drugs. Currently, 3D models are becoming 

increasingly available to imitate anchorage-independent growth and the presence of 

neighboring cells that can provide paracrine signaling. However, in these models only one cell 

type is cultured, while tumors are surrounded by several different types. Co-cultures with 

stromal cells have proven to affect drug resistance and might constitute a more physiological 

model (Maenhaut et al, 2010). Xenograft models have the advantage that the cancer cells are 

surrounded by many types of cells, even if they are of a different species (Marangoni et al, 

2007).

Another difficulty is how cells are made drug resistant. A common method used is by exposing 

monolayer cell culture to stepwise-increasing drug concentrations, thereby positively selecting 

those mutants that are drug resistant (Parekh et al, 1997). However, in clinic chemotherapies 

are often administered not constantly but on intervals. Optimally, chemo-naive and a chemo-

resistant tumors from the same patient would be compared to find which mechanisms of drug 

resistance are most important in clinic. However, in ovarian cancer a biopsy is normally only 

taken when the patient first undergoes diagnosis and not in refractory disease (Agarwal & 

Kaye, 2003).
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The current first line treatment for ovarian cancer is a combination therapy of Taxol and 

carboplatin (Coleman et al, 2013). These two compounds act on different processes in the cell: 

alterations in microtubule dynamics and DNA-crosslinking, respectively. If resistance occurs 

after relapse, other drugs can be used targeting other processes, such as topotecan or 

doxorubicin (both topoisomerase inhibitors) (Bookman et al, 2009). Inhibitors of P-

glycoprotein and Multi Resistance Proteins have not shown to be useful in clinic so far due to 

high toxicity. Taxol is a substrate for P-glycoprotein, but other microtubule stabilizing drugs, 

such as ixabepilone, less so and can therefore be useful in refractory disease (Tan et al, 2008). 

Until now, when chemoresistance is observed in clinic, no assessment is made to determine 

which mechanism is conferring resistance. Using specific resistance-reversing drugs that target 

the mechanism altered in the patient, might offer more improvement in treatment.

The focus of this thesis is the role of IGF2 signaling in ovarian cancer. We determined its 

effect on the response to chemotherapy and chemoresistance and if its expression was 

indicative of patient prognosis. Lastly, we studied how IGF2 signaling related to tumor 

growth.

Hypothesis

IGF2 signaling inhibition ameliorates chemoresistance while IGF2 overexpression leads to an 

increase in growth of ovarian cancer cell lines.

Aims

Evaluate the effect of IGF2 expression on chemoresistance and tumor growth.
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• Establish epithelial ovarian cancer cell lines with reduced and increased IGF2 expression.

• Determine resistance to current chemotherapies with reduced and  

 overexpression of IGF2.

• Establish an in vivo xenograft model with mice bearing tumors of both transfected and 

chemo-resistant cell lines.

• Examine the effect of IGF2 inhibition on tumor growth and on the response to current 

chemotherapies.
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MATERIALS AND METHODS

Ethics statement
All animal experiments were done with the approval of the Institutional Animal Care and Use 
Committee (Protocol 20130604) of the Albert Einstein College of Medicine of Yeshiva 
University. The Institutional Animal Welfare Assurance (A3312-01) for this facility is fully 
accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care 
(AAALAC) since February 22, 1983. Animals were cared for as per the Animal Welfare Act 
and the NIH “Guide for the Care and Use of Laboratory Animals”. 

Cell lines and reagents
The ovarian carcinoma cell lines A2780 (Eva et al, 1982) and HEY (Buick et al, 1985) (kind 
gifts from Dr. Susan Band Horwitz) , and the ovarian carcinoma cell line NIH:OVCAR8 
(Hamilton et al, 1984) (a kind gift from Dr. David Goldman) were grown in RPMI-1640 (Life) 
with 10% Fetal Bovine Serum (Life) and 1% Penicillin / Streptomycin (Life) at 37C with 5% 
CO2. The human promyelocytic leukemia HL60 cell line, a kind gift of Dr. Laura Barreyro 
(Barreyro et al, 2012), were grown in suspension in IMDM (Life) supplemented with 20% 
Fetal Bovine Serum. NIH-3T3 mouse fibroblasts (Jainchill et al, 1969) were grown in DMEM 
(Life) with 10% Newborn Calf Serum (Life) and 1% Penicillin / Streptomycin (Life). All drug 
resistant cell lines were generated by the authors, except HEY-Epo8 (a gift from Dr. Susan 
Band Horwitz) which was developed by Dr. C-P Huang Yang using epothilone B (Shahabi et 
al, 2010). The Taxol resistant cell line, HEY-T30, was developed in our laboratory by 
exposure of HEY cells to stepwise escalating concentrations of Taxol over a 6-month period, 
and are maintained in media containing Taxol (30 nM). The A2780-T15 cell line was 
generated similarly from A2780 using Taxol selection but in the continuous presence of 15 µM 
verapamil (Sigma). A2780-B20 and HEY-B20 were selected for resistance to ixabepilone 
(IxempraTM Bristol-Myers Squibb), and OVCAR8-D30 to discodermolide. Cell lines were 
authenticated using the Genemarker 10 kit (Promega). Resistant cell lines were matched to 
their sensitive lines and to published data when available. Cell lines were routinely screened 
for mycoplasma with MycoAlert (Lonza). Cells were cultured in drug-free media for at least 
18 hours prior to experiments except A2780-T15, which was grown in the presence of 0.5 nM 
Taxol. Clinically formulated Taxol (Hospira) was diluted 6-fold in 5% dextrose water 
(Hospira) to a final concentration of 1 mg/ml for xenograft experiments. NVP-AEW541, a 
small molecular weight kinase inhibitor of IGF1R, was provided by Novartis Pharma AG 
(García-Echeverría et al, 2004). A monoclonal antibody to IGF1R, IMC-A12 (Cixutumumab) 
was provided by Imclone, a fully owned subsidiary of Eli Lilly and Company. 

IGF2 gene expression analysis in clinical samples of ovarian cancer
The cBioPortal for Cancer Genomics was used to access the gene expression and clinical data 
from the Cancer Genome Atlas Project (TGCA) (Cancer Genome Atlas Research Network, 
2011). The query was performed using All Complete Tumors of the  Ovarian Serous 
Cystadenocarcinoma (TCGA, Nature 2011) dataset, which includes 489 cases of high-grade 
serous ovarian cancer. For IGF2 mRNA Expression Z-scores, a threshold of 1.6 standard 
deviations above the mean defined the IGF-high group; all other cases were included in the 
IGF2-normal group. 
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Quantitative PCR
Cell lysates were homogenized using Qiashredder columns (Qiagen Inc., Valencia, CA) and 
total RNA was isolated by RNeasy Mini Kit (Qiagen). RNA concentration and purity were 
evaluated using a NanoDrop spectrophotometer (Fisher Thermo Scientific), showing OD 
260/280 ratio range of 2.03-2.11. RNA integrity was sampled using an Agilent Bioanalyzer 
(Agilent Technologies), showing a RIN score range of 9.8 to 10. Complementary DNA was 
made by performing reverse transcription (RT) using the SuperScript® VILO™ cDNA 
Synthesis Kit (Life Technologies) according to manufacturer’s instructions, using 1 µg total 
RNA for all cell lines except A2780, A2780-T15 and A2780-B20, for which 2 µg total RNA 
was used. Quantitative real-time PCR was performed using an Eppendorf Mastercycler® ep 
realplex2 using a 3-step method (95C 10 min; followed by 40 cycles of 95C for 10 sec, 60C 
for 20 sec, 72C for 20 sec; then for melting curve 95C 15 sec, 60C to 95C over 20 min). Each 
reaction utilized 1/20th of the cDNA reaction, forward and reverse primers at a final 
concentration of 200 nM, and PowerSYBR (Applied Biosystems, Foster City, CA) diluted in 
Ultrapure water (Life Technologies) to 1X final concentration in a final reaction volume of 10 
µL. Exon junction-spanning primers were validated by analysis of melting curves and 
amplification efficiency. An mRNA expression score was calculated using the formula 2-∆ Ct 
* 1000, where ∆Ct is the difference in Ct (cycle threshold) between the gene of interest and the 
internal normalization gene, PPIB (peptidylprolyl isomerase B; cyclophilin B). Fold-change in 
relative mRNA expression was calculated using the 2-∆∆ Ct method (Huang et al, 2010). 
Genomic DNA was isolated with the AllPrep mini kit (Qiagen). Primers were designed to span 
an intron-exon junction and were validated by melting and efficiency curve analysis. Albumin 
(ALB) was used for internal normalization. By array comparative genomic hybridization, 
HEY cells were found to have two copies of the IGF2, ABCB1 and ALB genes (data not 
shown). Copy number variation was determined from qPCR of genomic DNA using the 2-∆∆ 
Ct  method and setting HEY to 2 copies (Ballester et al, 2004). The sequences of the 
oligonucleotides used in this thesis have been published and can be found in Supplemental 
Table S1 of chapter II.

Sequencing of ß-tubulin
Complementary DNA of A2780 and A2780-T15 was made as described for reverse 
transcriptase qPCR. Using four primer sets spanning the whole ß-tubulin mRNA, a PCR with 
250 ng cDNA was run. The products were run on an agarose gel, the bands cut and the DNA 
extracted with a QIAquick Gel Extraction Kit (Qiagen). The DNA was submitted to the in-
house DNA sequencing facility and the resulting sequences analyzed using Genomic 
Workbench with NM_178014 (TUBB) as the template. PyMOL was used to model the found 
mutation.

Proliferation kinetics and cytotoxicity assays
For proliferation kinetics, cells were seeded in 6-well plates. Every 24 hours, duplicate wells 
were counted using a Scepter Counter (Millipore). For cytotoxicity assays, cells were seeded 
in a 96 well plate. After 24 hours, cells were treated with serial dilutions of  the indicated drug, 
with a fixed concentration of 1 µM NVP-AEW541 or 10 µg/ml IMC-A12 if indicated.  After 
72 hours of treatment, the relative cell number in each well was determined using the 
sulforhodamine B (SRB) assay. Cell growth was expressed as %, defined as the ratio of the 
optical density in the treated well compared with the control well x 100, as previously 
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described (Skehan et al, 1990). The IC50 is the drug concentration corresponding to a 50% 
decrease in cell number calculated using the dose-effect curve.

ELISA for receptor phosphorylation and IGF2
Cells were grown in complete media for 24 hours, then serum-starved for 12 hours before 
stimulation for 10 minutes with recombinant IGF2 (50 ng/mL; Abcam) or insulin (50 nM; 
Sigma), with or without pretreatment of cells with NVP-AEW541 (1 µM) or IMC-A12 (10 µg/
ml) for 2 hours. Cells were lysed using NP40-based lysis buffer with PhosSTOP (Roche) and 
protease inhibitor cocktail (Sigma). After protein quantitation, the DuoSet IC Human Phospho-
IGF-1 R and Phospho-Insulin R (R&D systems) were used according to the manufacturer’s 
instructions.
To determine the quantity of IGF2 in the growth medium, cells were grown until 80% 
confluence, washed twice with PBS and 1ml of serum-free medium was added. After 48 hours 
the growth medium was collected, spun down to remove cell debris and subjected to analysis. 
Cells were counted to adjust between samples. For IGF2 detection the IGF-II ELISA from 
Mediagnost was used according to the manufacturer’s instructions.

Stimulation of cells with conditioned media
Cells were grown until 80% confluency and then starved for 48 hours with serum-free RPMI. 
The conditioned media was collected and filtered through a 0.2 µm filter. The cells to be 
stimulated were grown until 80% confluency and starved overnight. 
Plates were washed and conditioned media was added and incubated for 10 minutes. Protein 
expression was then analyzed by Western blot.

Western blot analysis of protein expression
For analysis of phosphorylated and total AKT and ERK, equal amounts of protein (15 to 20 
µg, depending on the experiment) were loaded in each lane on a tris-glycine gel and 
transferred to nitrocellulose membranes, which were blocked and incubated overnight with the 
indicated primary antibodies diluted 1:1000 in blocking buffer (LI-COR Biosciences), except 
GAPDH used at 1:5000 dilution. Primary antibodies used were: PhosphoAKT (Thr308) (Cell 
Signaling Technology 4056), PhosphoAKT (Ser473) (Cell Signaling Technology 4060), AKT1 
(Cell Signaling Technology 2938), PhosphoERK1/2 (Thr202/Tyr204) (Cell Signaling 
Technology 4370), ERK 1/2 (Cell Signaling Technology 4695), GAPDH (Cell Signaling 
Technology 2118). Western blot for IGF2 was performed similarly, except using tris-tricine 
gels and anti-human IGF2 antibody 1:5000 (Abcam ab9574). After secondary antibody (1:10 
000 anti-rabbit, LI-COR Biosciences 926-32211) incubation, membranes were scanned on an 
Odyssey infrared imaging system (LI-COR Biosciences) at 800 nm wavelength. Densitometry 
was done on the TIFF files measuring integrated density using ImageJ, correcting for 
background and normalizing to Ponceau staining of the respective lane. 

Therapeutic studies in xenograft-bearing mice
Female athymic nude mice (Harlan) between 6 and 8 weeks old were injected subcutaneously 
with one million of the indicated cells, suspended in 100 µl OptiMem. Tumor size was 
measured using digital calipers and volume calculated using the formula: (length * width2) / 2. 
Mice were treated as described in the figure legends. Mice were euthanized by isoflurane 
anesthesia followed by cervical dislocation, when their xenograft reached 20 mm diameter, or 
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at the specified time points for xenograft analysis. Hematoxylin and eosin stained xenograft 
sections were evaluated by the study pathologist. Immunohistochemistry for IGF2 (Abcam 
ab9574) and Ki67 (Vector vp-k542) was done on formalin-fixed paraffin-embedded sections 
as described below and scored by the study pathologist. 

IGF2 and IR knockdown
The IGF2 and IR-targeting siRNA oligonucleotides were purchased from Life Technologies. 
Using RNAiMax Lipofectamine (Life), reverse transfection was performed according to the 
manufacturer’s recommended protocol in 60 mm2 dishes, using the experimentally determined 
optimal siRNA oligonucleotide concentration of 20 nM. After 24 hours of incubation in 
antibiotic-free OptiMEM (Invitrogen) with 10% FBS, cells were trypsinized and used for the 
experiments. RNA was harvested at 48 hours post transfection to confirm knockdown by RT-
qPCR. For stable knockdown using the BLOCK-iT Inducible H1 Lentiviral RNAi System 
(Life), vectors were designed to express an shRNA targeting IGF2, or a non-targeting control 
(shScrambled). HEY-T30 cells were transfected with the plasmid directly or with lentiviral 
particles, then selected with Zeocin (Life). Clones of plasmid-transfected cells and lentiviral-
transfected cells were screened for IGF2 knockdown. The clone with the lowest IGF2 mRNA 
expression from each group was used for subsequent experiments. 

IGF2 overexpression
Both A2780 and HEY cell lines were transfected with a vector containing IGF2 cDNA with 
the three coding exons 7,8 and 9. The pHAGE-UbC-RIG vector, a kind gift of Dr. Jeffrey 
Chao (Wu et al, 2012), was digested with Not1 and BamH1 to remove the DsRed sequence. 
The PCR product of the IGF2 cDNA (using the primers: cgcg GCGGCCGC 
ATGGGAATCCCAATGG and gcgc GGATCCCTACTTCCGATTGCTGGCC) was digested 
with Not1 and BamH1, cleaned up and ligated into the pHAGE-UbC-RIG vector. Competent 
DH5α bacteria were transformed and grown. Colonies were picked and the insert was 
sequenced. The plasmid with the correct sequence was then used to transfect HEK-293 
producer cells along with viral packaging protein vectors. The produced lentiviral particles 
were then added to the growth medium of the A2780 and HEY cells. Cells were sorted in a 
Fluorescence Activated Cell Sorter and only the highest Green Fluorescent Protein expressing 
cells were selected. As a control, the vector without removal of DsRed was transfected into the 
two cell lines and the populations sorted for DsRed/GFP double positive cells.

Migration Assay
To determine the ability of HL60 cells to migrate towards conditioned media, a modified 
Boyden chamber assay was used. Conditioned media was prepared as described above, but 
incubation time was 72 hours instead of 48 hours. HL60 cells were starved overnight, counted 
and resuspended in assay media (RPMI with 0.1% FBS). Inserts with 8 µM pores (BD) were 
placed into 24-well plates and 500,000 HL60 cells in 100 µl assay media were added on top of 
the membrane. Under the membrane 600 µl of conditioned media was added. The plates were 
placed in the incubator for four hours.
Cells in the assay media above the membrane and in the conditioned media below the 
membrane were then counted and the percentage of migrated cells calculated. The percentage 
of cells migrated towards the conditioned media of the untransfected cell line was set to one.
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Clinical Specimens
This study was reviewed and approved by the Institutional Review Boards of the Albert 
Einstein College of Medicine and the University of New Mexico Health Sciences Center. 
Formalin-fixed, paraffin embedded tumor specimens from 134 patients diagnosed with 
epithelial ovarian carcinoma or low malignant potential epithelial tumors, treated at the 
University of New Mexico Cancer Center between March 1996 and June 2006, were retrieved 
from the Human Tissue Repository. Specimens were obtained at the time of primary surgery. 
After secondary pathology review, a tissue microarray (TMA) was constructed, containing two 
cores from each specimen obtained at the time of primary surgery. Tissue cores were absent in 
19 cases, leaving 115 cases available for evaluation. Pertinent clinical data were abstracted and 
a de-identified database was created. Investigators were blinded to clinical data until 
completion of staining and scoring.

Immunohistochemistry
Immunohistochemistry was performed using a rabbit polyclonal antibody directed at the IGF2 
ligand (ab9574; Abcam). The optimal blocking and primary antibody conditions were 
determined using placental tissue. In brief, Target Retrieval Solution, Citrate pH 6 (Dako 
North America) was used for antigen retrieval, tris-buffered saline containing 5% goat serum 
and 2% bovine serum albumin was used for blocking, and the primary antibody was used at a 
1:100 dilution with an incubation of 1 hour at room temperature.  Secondary antibody and 
detection were performed using the DAKO Envision+ Polymer System (Dako North 
America), followed by counterstaining with hematoxylin. Staining of all tissue microarray 
slides was performed concurrently with staining of positive and negative control sections. 
Representative placenta sections are shown following staining with the IGF2 antibody, or with 
IGF2 antibody that was pre-absorbed with recombinant IGF2 (supplemental Figure S5). 
Representative stained ovarian tissue sections were photographed on a Zeiss Axioskop II, and 
images shown depict the TIFF image files without modifications, other than cropping of the 
size. To evaluate assay reproducibility, IGF2 immunohistochemistry was repeated on an 
independently constructed tissue microarray that contained distinct tissue cores from 53 of the 
tumor specimens comprising the study population.

A gynecologic pathologist, who was blinded to all clinical data, graded the cytoplasmic 
staining intensity (0 negative, 1+ weak, 2+ moderate, 3+ strong) and the percentage of tumor 
cells with positive staining (1-100%). The H-score is defined as the product of the staining 
intensity and the percentage of positive staining; the mean H-score for each tumor was 
determined from the corresponding tissue cores.

Cell cycle and apoptosis analysis 
Cells were treated as described in the figure legends. After 16 hours, adherent and floating 
cells were collected. For cell cycle analysis, cells were fixed with 70% cold ethanol for 1 hour, 
then incubated with 20 µg/ml propidium iodide (Sigma) and 100 µg/ml RNase (Thermo) in 
PBS. For apoptosis analysis, the Violet Ratiometric Membrane Asymmetry Probe/Dead Cell 
Apoptosis Kit (Life) was used according to the manufacturer’s protocol. A violet excitable dye 
4’-N,N-diethylamino-6-(N,N,N- dodecyl-methylamino-sulfopropyl)-methyl-3-hydroxyflavone 
(F2N12S) was used for the detection of membrane asymmetry changes that occur during early 
apoptosis, resulting in a decreased ratio of 585 nm to 530 nm emission.  Simultaneously, 
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SYTOX(R)AADvanced was used as a dead cell stain. Using unstained cells and control 
untreated cells, gating of quadrants was determined; live, apoptotic, and dead cells were 
quantified using FlowJo (Treestar). 

Drug efflux analysis
Two hundred thousand HEY and HEY-T30 cells were resuspended in 1 ml warm PBS + 5% 
FBS. All incubation steps were done at 37C in the cell culture incubator. Verapamil (15 µM) or 
NVP-AEW541 (1 µM) was added and the samples incubated for 1 hour. Then 50 µM of 
Tubulin Tracker Green reagent (Oregon Green® 488 Taxol, bis-acetate) (Life) was added and 
the samples incubated for 45 minutes. Cells were pelleted then resuspended in PBS + 5% FBS, 
with verapamil or NVP-AEW541 if indicated, and incubated for an additional 20 minutes, 
washed in PBS and stained with TO-PRO-3 (Life). Cells were immediately analyzed using a 
FACSCanto II (BD) and FlowJo; TO-PRO-3 positive cells (dead cells) were gated out and the 
remaining cells were graphed to determine labeled Taxol retention (Marcelletti et al, 2009). 

Statistical analysis
For cell line experiments, numerical values (drug concentrations, combination index, mRNA 
levels) are expressed as the mean ± standard error. The number of biological and technical 
replicates per assay are described in the figure legends. Differences between means of two 
groups were analyzed using the t-test. For differences between three or more groups, one-way 
ANOVA with the post-test indicated in the figure legends was used. For analysis of two 
independent variables, two-way ANOVA with a Bonferroni post-test was used. For survival 
analysis, the log-rank test was used. All P values are two-tailed and P<0.05 was considered 
statistically significant.

For analysis of IGF2 expression in the ovarian tumor tissues, IGF2 expression was categorized 
as high or low using the median IGF2 H-score, and the Chi-square or Fisher’s exact tests were 
used to determine the association of IGF2 expression with clinical and pathological variables. 
Correlation of IGF2 H-scores obtained using two independently constructed and stained tissue 
microarrays was assessed by Spearman Rank correlation. Survival analysis was performed to 
study the effect of IGF2 expression on overall and disease-free death events using the Cox 
proportional hazards regression.  Additional adjustment for age, grade, stage, extent of 
cytoreduction, performance status, and chemotherapy was achieved by including these 
variables in the Cox models. A predictor was considered as a potential candidate for the final 
model if the log-rank test of equality across strata had a p-value less than 0.25 in a univariate 
analysis. During final multivariate Cox model building, all the potential predictors were 
included in the model and the Wald test was used to measure the statistical significance of 
hazard ratios. All the possible interactions were tested and proportional hazards (PH) 
assumptions were checked. No significant interactions were found and the final model was 
stratified on the non-proportional predictors.
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Abstract 

Purpose: This study was undertaken to examine the role of the insulin-like growth factor (IGF) 
signaling pathway in the response of ovarian cancer cells to Taxol and to evaluate the 
significance of this pathway in human epithelial ovarian tumors. 
Experimental design: The effect of Taxol treatment on AKT activation in A2780 ovarian 
carcinoma cells was evaluated using antibodies specific for phosphorylated AKT. To study the 
drug-resistant phenotype, we developed a Taxol-resistant cell line, HEY-T30, derived from 
HEY ovarian carcinoma cells. IGF2 expression was measured by real-time PCR. An IGF1R 
inhibitor, NVP-AEW541, and IGF2 siRNA were used to evaluate the effect of IGF pathway 
inhibition on proliferation and Taxol sensitivity. IGF2 protein expression was evaluated by 
immunohistochemistry in 115 epithelial ovarian tumors, and analyzed in relation to clinical/
pathologic factors using the Chi-square or Fisher’s exact tests. The influence of IGF2 
expression on survival was studied with Cox regression.
Results: Taxol-induced AKT phosphorylation required IGF1R tyrosine kinase activity and was 
associated with upregulation of IGF2. Resistant cells had higher IGF2 expression compared 
with sensitive cells, and IGF pathway inhibition restored sensitivity to Taxol. High IGF2 
tumor expression correlated with advanced stage (p<0.001) and tumor grade (p<0.01), and 
reduced disease-free survival (p<0.05).
Conclusions: IGF2 modulates Taxol resistance, and tumor IGF2 expression is a candidate 
prognostic biomarker in epithelial ovarian tumors. IGF pathway inhibition sensitizes drug-
resistant ovarian carcinoma cells to Taxol. Such novel findings suggest that IGF2 represents a 
therapeutic target in ovarian cancer, particularly in the setting of Taxol resistance.

Statement of Translational Relevance 

Elucidation of biological factors underlying drug resistance is critical for developing more 
effective treatments for ovarian cancer. Activation of the serine-threonine kinase, AKT, which 
promotes cellular survival, occurs following Taxol treatment; however, the upstream signaling 
events have not been thoroughly investigated. In this study, we examined the role of the 
insulin-like growth factor (IGF) signaling pathway in the response of ovarian cancer cells to 
Taxol. Taxol-induced AKT phosphorylation required IGF1R activity, and was associated with 
upregulation of IGF2. Resistant cells exhibited increased IGF2 mRNA compared with 
sensitive cells. IGF pathway inhibition, by IGF1R blockade or IGF2 depletion, restored Taxol 
sensitivity. High IGF2 expression in ovarian tumors was associated with advanced stage and 
high grade; patients with high IGF2 tumor expression had reduced disease-free survival. Thus, 
IGF2 modulates Taxol-resistance, and its expression correlates with poor prognosis in patients. 
These novel findings suggest that IGF2 is a therapeutic target for ovarian cancer.
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Introduction

The high mortality rate of ovarian cancer is due to treatment failure in the setting of recurrent/

progressive disease that is unresponsive to chemotherapy. Elucidation of the biological factors 

underlying drug resistance is critical for the development of more effective treatment. 

Exposure to diverse chemotherapeutic agents induces alterations in gene expression and in 

signaling cascades that can mediate resistance. Identifying and targeting these cell-specific 

adaptive responses represents a rational approach to the development of novel drug 

combination treatment strategies to circumvent resistance.

The widely used chemotherapeutic agent Taxol is indicated for first-line and subsequent 

treatment of ovarian carcinoma. Upon associating with its specific binding site on ß-tubulin in 

the microtubule polymer, Taxol stabilizes microtubules and alters their dynamic properties, 

thereby perturbing their normal function in spindle assembly, cell division, motility, 

intracellular trafficking and signaling (Schiff et al, 1979; Horwitz, 1994; Rao et al, 1995; 

Parekh et al, 1997; Giannakakou et al, 2002; Jordan & Wilson, 2004). Several mechanisms of 

Taxol resistance have been identified, including overexpression of the transporter p-

glycoprotein, alterations in tubulin, and aberrant signal transduction pathways and/or cell 

death pathways (Orr et al, 2003). Despite these discoveries, there remains a critical need for 

the development of effective strategies to overcome clinical Taxol-resistance.
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We and others have shown that Taxol exposure can activate proliferative and anti-apoptotic 

signaling pathways in cancer cells. For example, cell-specific activation of ERK activity has 

been observed after Taxol treatment (McDaid & Horwitz, 2001). In cells that exhibit Taxol-

induced ERK activation, MAPK pathway inhibitors potentiate Taxol response in vitro and in 

vivo (McDaid et al, 2005). Activation of the serine-threonine kinase, AKT, which promotes 

cellular survival, has also been observed following Taxol treatment of ovarian cancer cells 

(Mabuchi et al, 2002). However, the upstream signaling events that initiate Taxol-induced 

AKT activation have not been thoroughly investigated. 

Ovarian carcinoma cells grown in tissue culture secrete insulin-like growth factor 2 (IGF2) 

and express its major receptor, the Type 1 IGF receptor (IGF1R), suggesting a role for 

autocrine/paracrine IGF2-IGF1R signaling in these cells (Gotlieb et al, 2006). The IGF1R is a 

transmembrane tyrosine kinase receptor that undergoes autophosphorylation upon binding of 

either IGF1 or IGF2, leading to tyrosine kinase activation. Activated IGF1R initiates an anti-

apoptotic signaling cascade mediated by increased phosphatidylinositol 3-kinase (PI3K) 

activity, resulting in activation of the downstream anti-apoptotic effector, AKT (Dudek et al, 

1997; Kulik et al, 1997). The IGF1R pathway is an attractive candidate for targeted therapy, 

and several small molecules and antibodies that specifically inhibit the IGF1R are undergoing 

clinical evaluation and may be approved for use in the clinic (Rodon et al, 2008).

For these reasons, the present study was undertaken, to our knowledge the first to examine the 

role of the IGF signaling pathway in the cellular response of ovarian cancer cells to Taxol 

treatment, as well as the first to measure IGF2 protein expression in a sizable cohort of 

patients with epithelial ovarian tumors. We report the novel finding that Taxol-induced AKT 
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phosphorylation occurs in an IGF1R-dependent manner, and is associated with upregulation of 

IGF2 mRNA expression. Furthermore, in order to study the drug resistant phenotype, we 

developed a cell line model of acquired Taxol resistance and compared these cells with the 

parental, chemo-sensitive cell line. The Taxol-resistant cells exhibit significant upregulation of 

IGF2 gene expression. IGF pathway inhibition, by IGF1R blockade or IGF2 depletion, 

restores sensitivity to Taxol in these resistant cells. Furthermore, we assessed IGF2 protein 

expression levels by immunohistochemistry in 115 primary human epithelial ovarian tumors. 

High IGF2 expression was significantly associated with invasive carcinoma and disease 

progression, and correlated with shortened interval to disease recurrence. Thus, IGF2 is 

identified for the first time to be a crucial mediator of Taxol resistance in ovarian carcinoma 

cells, and its expression in primary epithelial ovarian tumors is associated with poor 

prognostic factors for recurrence; these findings offer significant potential for clinical 

application.

Results

Activation of AKT by Taxol 

The effect of Taxol treatment on AKT activation in A2780 cells was evaluated by immunoblot 

analysis. Initially, a dose response experiment was performed to evaluate a range of Taxol 

concentrations (1, 5, and 50 nM). The 5 nM concentration produced the largest effect on AKT 

phosphorylation at 24 hours (data not shown); therefore, subsequent experiments utilized this 

drug concentration. As shown in Figure 1, Taxol (5 nM) treatment for 24 hours resulted in 

increased AKT phosphorylation at the critical residues for activation, Threonine 308 and 
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Serine 473. The mean fold-change in phosphorylation level after Taxol treatment, compared 

with basal phosphorylation level, was 8.5-fold and 2-fold, for Threonine 308 and Serine 473, 

respectively. ERK phosphorylation was not appreciably altered by Taxol treatment in these 

cells (data not shown).

To determine whether Taxol-induced AKT phosphorylation is dependent on IGF1R activation, 

the small molecule IGF1R tyrosine kinase inhibitor NVP-AEW541 (Novartis Pharma AG, 

Basel, Switzerland) was used. With regard to selectivity, NVP-AEW541 is a 27-fold more 

potent inhibitor of the IGF1R kinase compared with inhibition of the insulin receptor kinase, 

over 50-fold more potent compared with inhibition of c-Kit, and over 100-fold more potent 

compared with inhibition of HER1, PDGFR, and Bcr-Abl (14). We evaluated a range of 

concentrations of NVP-AEW541 (0.1 to 10 µM) for the ability to disrupt IGF1R signaling in 

ovarian carcinoma cells. NVP-AEW541 at 1 µM effectively abrogates IGF2-induced IGF1R 

autophosphorylation and downstream AKT phosphorylation, and this concentration was used 

for subsequent experiments (Supplemental Figure S1). 

Shown in Figure 1, Taxol-induced AKT phosphorylation was inhibited by concurrent 

treatment with the IGF1R inhibitor NVP-AEW541. Our results indicate that Taxol treatment 

results in increased AKT phosphorylation, and that phosphorylation of AKT due to Taxol 

treatment requires IGF1R tyrosine kinase activity. 
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Figure 1. Effect of Taxol treatment on AKT phosphorylation

A2780 cells were maintained in complete media containing 10% fetal bovine serum and 
treated for 24 h with Taxol (5 nM), NVP-AEW541 (1 µM), or both drugs concurrently. 
Immunoblotting was done to determine the effect of Taxol treatment on AKT phosphorylation. 
A, representative immunoblots are shown for phospho-AKT (pAKT; Thr308) and phospho-
AKT (Ser473), along with the corresponding total AKT and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) immunoblots. 
B, the relative level of AKT phosphorylation at Thr308, as determined by densitometry, is 
shown in the graph. Columns, mean of four independent experiments; bars, SE. *, P < 0.05, 
one-way ANOVA, Dunnett post test. 
C, the relative level of AKT phosphorylation at Ser473, as determined by densitometry, is 
shown in the graph. Columns, mean of seven independent experiments; bars, SE. **, P < 0.01, 
one-way ANOVA, Dunnett post test.
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IGF2 regulation by Taxol

To investigate whether the observed IGF1R activation is mediated by autocrine signaling, the 

effect of Taxol treatment on the expression of IGF1 mRNA and IGF2 mRNA was quantified in 

A2780 cells. A dose response experiment was performed to evaluate the effect of different 

Taxol concentrations (1, 5, 20, and 50 nM) on IGF2 mRNA levels. Concordant with the 

immunoblot results, Taxol 5 nM produced the greatest increase in IGF2 mRNA expression 

(data not shown). Following Taxol treatment (5 nM), IGF2 mRNA levels progressively 

increased over 24 hours (Figure 2A). In contrast, cells treated with baccatin III, an inactive 

Taxol analog which does not bind to or stabilize microtubules (He et al, 2000), did not alter 

IGF2 mRNA levels compared with untreated cells. IGF1 mRNA expression was unchanged 

after Taxol treatment (data not shown). 

To evaluate whether treatment with other cytotoxic compounds induces IGF2 mRNA 

expression, A2780 cells were treated for 24 hours with each of several microtubule-interacting 

drugs and other compounds at their approximately equipotent drug concentrations (as 

determined by SRB proliferation assays), and IGF2 mRNA levels were measured (Figure 2B). 

Treatment with the microtubule-stabilizing agent ixabepilone (10 nM), an epothilone 

compound with a chemical structure distinct from Taxol, resulted in an increase in IGF2 

mRNA expression, to a similar degree as Taxol. However, treatment with discodermolide (20 

nM), also a microtubule-stabilizing agent but with a more complex mechanism of action 

(Klein et al, 2005; Huang et al, 2006), did not significantly induce IGF2 mRNA at this time 

point. Treatment with the microtubule-destabilizing agent vinblastine (5 nM) or the DNA-

intercalating agent doxorubicin (50 nM) did not result in significant IGF2 upregulation.  These 
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findings suggest that IGF2 upregulation by Taxol does not occur as a generalized response to 

cytotoxic drugs, but may require a specific interaction with microtubules that is shared 

between Taxol and ixabepilone.

Evaluation of paired sensitive and resistant HEY ovarian cancer cells

The Taxol resistant cell line, HEY-T30, was developed in our laboratory by repeated exposure 

of HEY ovarian carcinoma cells to Taxol. Like A2780 cells, HEY ovarian carcinoma cells 

exhibit upregulation of IGF2 mRNA levels following Taxol treatment for 24 hours (Figure 

2C). The Taxol resistant HEY-T30 cells exhibit significantly elevated IGF2 mRNA levels 

compared with the parental HEY cells (Figure 2D). Under either normal growth or serum 

starvation conditions, constitutive IGF1R phosphorylation is observed in HEY-T30 cells 

whereas parental HEY cells do not exhibit constitutive IGF1R phosphorylation (Supplemental 

Figure S2). Cross-resistance to cisplatin, a platinum DNA-damaging chemotherapy drug, is 

not observed in HEY-T30 cells (Supplemental Figure S3).
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Figure 2. Taxol-induced IGF2 mRNA expression

A, the time course of IGF2 expression following Taxol treatment (5 nM) in A2780 cells is 
depicted with squares and a solid connecting line. The IGF2 mRNA level after baccatin 
treatment (5 nM) for 24 h is also shown on the graph, marked by an X. Points, mean of two 
independent experiments, each done in triplicate; bars, SE. **, P<0.01 paired two-tailed t-test. 
B, A2780 cells were treated for 24 h with vehicle alone (DMSO) or with cytotoxic drugs at 
their equipotent molar concentrations. The IGF2 mRNA level is expressed as fold change 
relative to untreated cells. Columns, mean of two independent experiments, each done in 
triplicate; bars, SE. *, P < 0.05; **, P < 0.01, one-way ANOVA, Dunnett post test. 
C, HEY cells were treated with vehicle alone (DMSO) or Taxol (5 nM) for 24 h. The IGF2 
mRNA level, determined by reverse transcription quantitative real-time PCR, is expressed as 
fold change relative to untreated cells in complete growth medium. Columns, mean of three 
independent experiments, each done in triplicate; bars, SE. **, P < 0.01, t test. 

0 6 12 18 24
0

1

2

3

4

5

6

Duration of Taxol treatment (hours)

IG
F2

 m
R

N
A

 le
ve

l
(fo

ld
 c

ha
ng

e)
**

DMSO Taxol
0

1

2

3

4

5 **

IG
F2

 m
R

N
A

 le
ve

l (
fo

ld
 c

ha
ng

e)

Untre
ate

d
DMSO

Tax
ol

Ixa
bep

ilo
ne

Disc
oderm

olid
e

Vinblas
tin

e

Doxo
ru

bici
n

0

2

4

6

8
**
*

IG
F2

 m
R

N
A

 le
ve

l 
(fo

ld
 c

ha
ng

e)

HEY HEY T30
0.0

2.5

5.0

7.5

10.0

12.5
*

IG
F2

 m
R

N
A

 le
ve

l (
fo

ld
 c

ha
ng

e)

A

B

C

D

42



D, IGF2 mRNA expression in Taxol-resistant HEY-T30 cells, determined by reverse 
transcription quantitative real-time PCR, is expressed as fold change relative to HEY parental 
cells. Columns, mean of three independent experiments, each done in triplicate; bars, SE. *, P 
< 0.05, t test.
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The Taxol concentration that results in 50% growth inhibition (IC50) for parental and resistant 

cells is shown in Figure 3. We next assessed whether inhibition of IGF1R alters Taxol 

sensitivity in HEY and HEY-T30 cells. The growth inhibition resulting from combination drug 

treatment with Taxol and concurrent NVP-AEW541 was evaluated and compared with the 

effect of either drug alone (Figure 3). As in the previous experiment, NVP-AEW541 was used 

at a concentration of 1 µM, a concentration which effectively blocks IGF1R phosphorylation. 

As a single agent, NVP-AEW541 (1 µM) alone had a minimal effect on cell growth in either 

cell line. In the parental HEY cells, treatment with NVP-AEW514 (1 µM) modestly 

potentiated the effect of Taxol. In these cells, the IC50 for Taxol is 2.6 nM; however in the 

presence of NVP-AEW541, it is 1.7 nM. The potentiation of Taxol efficacy by NVP-AEW541 

in the resistant HEY-T30 cells was more dramatic. In the resistant cells, the IC50 for Taxol is 

106 nM, while in the presence of NVP-AEW541, it decreases to 17 nM, representing a greater 

than 6-fold sensitization to Taxol. Thus, IGF1R inhibition was efficacious in sensitizing 

ovarian cancer cells to Taxol in this model of acquired drug resistance.

We have evaluated three additional ovarian carcinoma cell lines made resistant to Taxol and 

other microtubule-stabilizing agents (MSA) in our laboratory. As determined by SRB assay, 

the A2780-Tx15 cell line is 20-fold resistant to Taxol, the HEY-BMS20 cell line is 3-fold 

resistant to ixabepilone, and the OVCAR8-D30 cell line is 2-fold resistant to discodermolide. 

Each of these resistant cell lines is significantly sensitized to MSA treatment by concurrent 

IGF1R inhibition using 1 µM NVP-AEW541.
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Figure 3. Potentiation of Taxol treatment by the IGF1R inhibitor NVP-AEW541

Cytotoxicity assays for HEY and HEY-T30 ovarian carcinoma cells were done using the SRB 
method to determine the effect of Taxol treatment alone or with concurrent NVP-AEW541. 
A, HEY parental cells: the cell number relative to untreated cells, expressed as cell growth 
(%), is plotted over a range of Taxol concentrations. Treatment with Taxol alone is depicted 
with squares and solid lines, compared with combination treatment with Taxol plus NVP-
AEW541 1 µM, depicted with triangles and dotted lines. The cell growth (%) resulting from 
NVP-AEW541 (1 µM) alone is plotted on the Y axis (triangle). P < 0.05, two-way ANOVA. 
B, HEY-T30 resistant cells: the cell number relative to untreated cells, expressed as cell 
growth (%), is plotted over a range of Taxol concentrations, as in A. The cell growth (%) 
resulting from NVP-AEW541 (1 µM) alone is plotted on the Y axis (triangle). P < 0.001, two-
way ANOVA. 
C, for each cell line, the IC50 concentration of Taxol alone or with concurrent NVP-AEW541 
(1 µM) is plotted in the bar graph. Columns, mean of at least three independent experiments 
with six replicates each; bars, SE. P < 0.0001, one-way ANOVA, Bonferroni post test.
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IGF2 knockdown in Taxol-resistant cells

IGF1R inhibition would be expected to block signaling transduced not only by IGF2 but also 

by IGF1 ligand-binding. Therefore, to determine whether inhibition of IGF2-transduced 

signaling alone is sufficient to sensitize ovarian cancer cells to Taxol, IGF2 depletion by 

siRNA was examined. The parental HEY cells and the Taxol-resistant HEY-T30 cells were 

transfected with IGF2-siRNA or control-siRNA. As determined by real-time PCR, the efficacy  

of IGF2 mRNA knockdown by IGF2 siRNA was decreased by approximately 90% at 48 and 

96 hours; immunoblotting confirmed that IGF2 protein expression was decreased by 

approximately 70% by IGF2 siRNA treatment (Supplemental Figure S4). For each cell line, 

the proliferation and the sensitivity of the IGF2-depleted cells to Taxol was compared with 

control-siRNA transfected cells. In parental HEY cells (Figure 4A), IGF2 depletion does not 

significantly affect the cell growth nor does it significantly potentiate the effect of Taxol in 

these cells, compared with control-siRNA transfection. In contrast, the effect of IGF2 

depletion in the resistant HEY-T30 cells is substantial (Figure 4B). Unlike IGF1R inhibition, 

which alone minimally affects cellular proliferation of HEY-T30 cells, IGF2 depletion by 

siRNA robustly suppressed cellular proliferation. The relative cell number following IGF2-

siRNA transfection was 27% compared with control-siRNA transfected cells, corresponding to 

an approximately 4-fold reduction in cell number (p<0.01). Treatment of IGF2-depleted HEY-

T30 cells using approximately the IC50 concentration of Taxol (100 nM) was highly 

efficacious. As shown in Figure 4B, IGF2-siRNA plus Taxol treatment resulted in 10% cell 

growth after a 72 hour incubation, compared with 45% cell growth following control-siRNA 

plus Taxol treatment (p<0.05).
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Figure 4. Effect of IGF2 depletion by siRNA transfection in HEY and HEY-T30 cells 

IGF2 siRNA transfection was used to evaluate the effect of IGF2 depletion on cell 
proliferation and Taxol (Tx) sensitivity. Cells were transfected with IGF2 siRNA (IGF2-SI) or 
control siRNA (c-SI). Twenty-four hours after transfection, cells were counted, reseeded, and 
incubated for an additional 72 h, with or without the addition of Taxol at the IC50 
concentration of Taxol for each cell line, followed by cell counting. Cell numbers are 
expressed as % cell growth relative to DMSO-treated, control siRNA–transfected cells. 
Columns, mean of two independent experiments, each done in triplicate for HEY parental cells 
(A) and HEY-T30 cells (B); bars, SE. *, p< 0.05; **, p< 0.01, one-way ANOVA, Bonferroni 
post test.
To determine additivity, according to the definition of Bliss, Taxol+IGF2-SI - Taxol*IGF2-SI 
=> 0.55 + 0.73 - 0.55*0.73 = 0.88 ; When treated together, the fraction affected was 0.90. 
Therefore, the combination treatment of Taxol and IGF2 knockdown with siRNA was slightly 
greater than additive at this concentration.
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IGF2 expression in epithelial ovarian tumors

To assess the potential clinical application of these findings, IGF2 protein expression was 

analyzed in primary ovarian tumors. The clinical and pathologic characteristics of the study 

population are shown in Table 1. Thirty-six (31.3%) patients had epithelial ovarian tumors of 

low malignant potential (LMP) while 79 (68.7%) had invasive epithelial ovarian carcinoma 

(EOC). Patients with EOC were older (p=0.001) and were more likely to have advanced stage 

disease (p<0.001). The distribution of histologic types differed between the LMP and EOC 

groups (p<0.001). In the EOC group, serous histology (55.7%) was the most frequent 

histology. Mucinous histology was more frequent in the LMP group than in the EOC group 

(47.2% versus 13.9%). 

Representative tissue sections of benign and malignant clinical specimens demonstrating a 

range of IGF2 protein expression, with corresponding H-scores noted in the figure legends, are 

shown in Figure 5. Positive and negative control sections used for quality assurance are shown 

in supplemental Figure S5. To assess potential batch effects and biological variation due to 

tissue sampling, a second tissue microarray was used that included distinct tissue cores from 

53 tumors from the original study population. The correlation of IGF2 H-scores from the two 

independently constructed and stained tissue microarrays was high (Spearman Rank 

correlation, R=0.664).
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Figure 5. Representative images of IGF2 immunohistochemical staining 

A, absence of staining in the surface epithelium of a normal ovary. Magnification, ×40 
B, extremely low staining in a stage I mucinous borderline tumor (H-score = 0.5). 
Magnification, ×10
C, low staining in a stage III, grade 1 serous carcinoma (H-score = 75). Magnification, ×10
D, medium staining in a stage III, grade 3 serous carcinoma (H-score = 100). Magnification, 
×10
E, high staining in a stage III, grade 3 adenocarcinoma, not otherwise specified (H-score = 
250). Magnification, ×10
F, high staining in a stage III, grade 3 serous carcinoma (H-score 300). Magnification, ×10
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Table 1.  Characteristics of the study population

Variable LMP  N (%) EOC  N  (%) Total  N (%) p

Age 0.001

≤ 50 years 22 61.1 23 29.1 45 39.1

> 50 years 14 38.9 56 70.9 70 60.9

Race/Ethnicity 0.142

Non-Hispanic White 21 58.3 36 45.6 57 49.6

Hispanic 11 30.6 28 35.4 39 33.9

American Indian 2 5.6 14 17.7 16 13.9

Black 1 2.8 1 1.3 2 1.7

Asian 1 2.8 0 0.0 1 0.9

FIGO Stage <0.001

I 32 88.9 24 30.4 56 48.7

II 2 5.6 7 8.9 9 7.8

III 2 5.6 38 48.1 40 34.8

IV 0 0.0 10 12.7 10 8.7

Histology <0.001

Serous 17 47.2 44 55.7 61 53.0

Mucinous 17 47.2 11 13.9 28 24.3

Endometrioid 0 0.0 6 7.6 6 5.2

Other 2 5.6 18 22.8 20 17.4

Grade N/A

0 36 100.0 0 0.0 36 31.3

1 0 12 15.2 12 10.4

2 0 19 24.1 19 16.5

3 0 48 60.8 48 41.7

Total 36 79 115

LMP, epithelial ovarian tumors of low malignant potential; EOC, invasive epithelial ovarian 
carcinoma; Race/ethnicity as defined by SEER coding; N/A, not applicable.
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Table 2 depicts the association of IGF2 expression with selected clinical and pathologic 

variables. IGF2 tumor expression was not correlated with age or ethnicity. Shown in Figure 

6A, IGF2 expression was significantly associated with FIGO stage, with higher expression in 

advanced stage tumors compared with early stage tumors (p<0.001). The histological subtypes 

demonstrated distinct patterns of expression (Figure 6B): mucinous tumors had lower IGF2 

expression compared with serous or endometrioid tumors (p=0.011). Shown in Figure 6C, 

IGF2 expression varied significantly with tumor grade, with higher expression observed in 

invasive epithelial ovarian cancers compared with borderline ovarian tumors (p=0.003). 

On univariate survival analysis (Figure 6D), high IGF2 expression was significantly associated 

with reduced disease-free survival (p=0.03). Age (p=0.02), grade (p<0.0001), stage 

(p<0.0001), extent of cytoreduction (p<0.0001), and performance status (p=0.0002), and 

chemotherapy (p=0.0002), but not race or histology, were risk factors associated with disease-

free survival on univariate analysis. When LMP tumors were excluded from the analysis, the 

association of IGF2 expression and disease-free survival was no longer statistically significant 

(Figure 6E). On multivariate analysis, stage (p=0.001), extent of cytoreduction (p=0.002), and 

grade (p=0.04) were independently associated with disease-free survival.

With regard to overall survival, there have been 29 deaths. There have been 12 deaths (among 

60 patients; 20%) in the low IGF2 group, compared with 17 deaths (among 55 patients; 31%) 

in the high IGF2 group; the effect of IGF2 expression on overall survival was not significant 

on univariate analysis (p=0.19). Age (p=0.005), grade (p<0.0001), stage (p<0.0001), extent of 

cytoreduction (p<0.0001), performance status (p<0.0001), and chemotherapy (p=0.009) were 
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risk factors associated with overall survival on univariate analysis. For multivariate analysis, 

stratification by grade (LMP vs EOC) was performed, as no deaths occurred in the LMP 

group. On multivariate survival analysis, stage (p=0.007), extent of cytoreduction (p=0.001), 

and chemotherapy (p=0.0003) were independently associated with overall survival.
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Figure 6. Correlation between IGF2 expression and clinicopathologic factors in ovarian 
tumors 

A, IGF2 staining is correlated with FIGO stage, with higher frequency of IGF2 overexpression 
in advanced-stage tumors. P < 0.001, Fisher's exact test. 
B, serous (Ser) and endometrioid (Endo) histologic types are correlated with high IGF2 
staining compared with mucinous (Muc) tumors. P = 0.011, χ2 test. 
C, IGF2 staining is correlated with tumor grade, with LMP (borderline) tumors showing the 
lowest frequency of IGF2 overexpression. P = 0.003, Fisher's exact test. 
D, patients with high IGF2 expression (red line) had a significant reduction in progression-free 
survival (PFS) compared with patients with low IGF2 expression (black line). P = 0.03, log-
rank test. 
E, when LMP tumors are excluded from the analysis, the association of IGF2 expression and 
progression-free survival is not statistically significant.

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

Time (months)

C
um

ul
at

iv
e 

P
FS

 (%
)

0 10 20 30 40 50 60
0

20

40

60

80

100

Time (months)

C
um

ul
at

iv
e 

P
FS

 (%
)

Ser Muc Endo
0

20

40

60

80

100
Low
High

IG
F2

 S
ta

in
in

g 
(%

)

LMP G1 G2 G3
0

20

40

60

80

100
Low
High

IG
F2

 S
ta

in
in

g 
(%

)

A B C

D

Fig. 6

!

E

Stage I Stage II Stage III Stage IV
0

20

40

60

80

100
Low
High

IG
F2

 S
ta

in
in

g 
(%

)

53



Table 2. IGF2 expression in LMP tumors and epithelial ovarian carcinoma (EOC)

Variable LMP tumors (36)LMP tumors (36)LMP tumors (36)LMP tumors (36)LMP tumors (36) EOC (79)EOC (79)EOC (79)EOC (79)EOC (79) Totals (115)Totals (115)Totals (115)Totals (115)

IGF2-
Low  N

 (%) IGF2-
High  N 

(%) p IGF2-
Low  N 

(%) IGF2-
High  N

 (%) p IGF2-
Low  N 

 (%) IGF2-
High N

 (%) p 

Age 1.000 0.873 0.335

≤ 50 years 17 60.7 5 62.5 9 28.1 14 29.8 26 43.3 19 34.5

> 50 years 11 39.3 3 37.5 23 71.9 33 70.2 34 56.7 36 65.5

Race/Ethnicity 0.544 0.339 0.166

Non-Hispanic 
White

15 53.6 6 75.0 12 37.5 24 51.1 27 45.0 30 54.6

Hispanic 10 35.7 1 12.5 14 43.8 14 29.8 24 40.0 15 27.3

American 
Indian

1 3.6 0 0.0 1 3.1 0 0.0 6 10.0 10 18.2

Black 1 3.6 1 12.5 5 15.6 9 19.1 2 3.3 0 0.0

Asian 1 3.6 0 0.0 0 0.0 0 0.0 1 1.7 0 0.0

FIGO Stage 0.028 0.124 <0.001

I 27 96.4 5 62.5 12 37.5 12 25.5 39 65.0 17 30.9

II 0 0.0 2 25.0 4 12.5 3 6.4 4 6.7 5 9.1

III 1 3.6 1 12.5 15 46.9 23 48.9 16 26.7 24 43.6

IV 0 0.0 0 0.0 1 3.1 9 19.1 1 1.7 9 16.4

Histology 0.055 0.664 0.011

Serous 10 35.7 7 87.5 17 53.1 27 57.4 27 45.0 34 61.8

Mucinous 16 57.1 1 12.5 6 18.8 5 10.6 22 36.7 6 10.9

Endometrioid 0 0.0 0 0.0 3 9.4 3 6.4 3 5.0 3 5.5

Other 2 7.1 0 0.0 6 18.8 12 25.5 8 13.3 12 21.8

Tumor Grade N/A 0.933 0.003

0 28 100 8 100.0 0 0.0 0 0.0 28 46.7 8 14.6

1 0 0.0 0 0.0 5 15.6 7 14.9 5 8.3 7 12.7

2 0 0.0 0 0.0 7 21.9 12 25.5 7 11.7 12 21.8

3 0 0.0 0 0.0 20 62.5 28 59.6 20 33.3 28 50.9

Total 28 8 32 47 60 55

LMP, epithelial ovarian tumors of low malignant potential; EOC, invasive epithelial ovarian 
carcinoma; Race/ethnicity as defined by SEER coding; N/A, not applicable. IGF2-Low, H-
score≤105; IGF2-High, H-score>105
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Discussion

This study is the first, to our knowledge, to evaluate the role of the IGF signaling pathway in 

the response of ovarian carcinoma cells to Taxol. Our findings demonstrate that Taxol 

treatment results in upregulation of IGF2 expression associated with activation of AKT. As 

shown in a cell line model of acquired drug resistance in ovarian carcinoma, Taxol-resistance 

is associated with elevated IGF2 expression, while IGF1R inhibition or IGF2 depletion 

restores drug sensitivity. In clinical tumor specimens, high IGF2 protein expression is 

significantly associated with poor prognostic factors for recurrence and death.

The pyrrolo[2,3-d]pyrimidine compound NVP-AEW541 used in this study, and the closely 

related compound NVP-ADW742, were the first IGF1R-specific small molecule tyrosine 

kinase inhibitors reported in the literature (García-Echeverría et al, 2004; Mitsiades et al, 

2004). Using doses corresponding to specific inhibition of the IGF1R tyrosine kinase, we 

demonstrated that NVP-AEW541 effectively blocks Taxol-induced AKT phosphorylation. 

Although NVP-AEW541 alone did not suppress proliferation in ovarian carcinoma cells, 

treatment with NVP-AEW541 significantly potentiated the effect of Taxol in both sensitive 

and resistant cells. While the compound NVP-AEW541 is not undergoing clinical 

development at this time, a variety of small molecule inhibitors and monoclonal antibodies 

that target the IGF1R are presently undergoing evaluation in clinical trials, and it is anticipated 

that one or more of these compounds may be approved for use in the clinic (Rodon et al, 

2008). 
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An alternate therapeutic strategy is to target the aberrantly expressed ligand, rather than its 

receptor. As IGF2 has been shown to bind not only the IGF1R, but also the insulin receptor 

isoform A and hybrid IGF1R-insulin receptors, signaling by IGF2 could potentially 

circumvent the IGF1R in the presence of IGF1R-specific inhibitors (Pandini et al, 2002; 

Sciacca et al, 2002). In the present study, the combination of IGF2 depletion and Taxol was 

found to be highly effective at inhibiting cell growth in the setting of acquired drug resistance. 

Interestingly, IGF2 depletion alone resulted in potent suppression of proliferation distinct from 

the minimal anti-proliferative effect of IGF1R inhibition. The potent effect of IGF2 depletion 

suggests possible dependency on IGF2 for proliferation in these Taxol-resistant cells. 

Previously, it was reported that PI3K and AKT inhibition could enhance sensitivity to Taxol 

(Hu et al, 2002; Mabuchi et al, 2002; Luo et al, 2005). As PI3K/AKT are major downstream 

effectors of IGF1R activity, the concordant effects resulting from blockade at downstream 

targets in the IGF signaling cascade validates the findings of the present study.  From a clinical 

perspective, significant metabolic toxicity has been encountered with direct AKT inhibition 

(Luo et al, 2005), highlighting a potential disadvantage to blockade at the downstream 

intracellular targets where multiple signaling pathways converge. Targeting a specific ligand-

cell surface receptor may reduce these undesired effects on the physiology of normal cells. 

However, targeting at the receptor level, such as IGF1R or EGFR inhibition, has been shown 

to promote activation of the reciprocal receptor in cancer cell lines via crosstalk mechanisms 

(Haluska et al, 2008). Thus, it is likely that optimal combination treatment strategies will 

require consideration of compensatory feedback signals that occur in a cell-specific manner.
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In the clinic, multi-drug resistance is a hallmark of progressive ovarian cancer. In addition to 

Taxol, platinum compounds are widely used in the treatment of primary and recurrent ovarian 

cancer. Interestingly, it was recently reported that IGF1R inhibition may restore drug 

sensitivity in platinum-resistant ovarian cancer cells (Eckstein et al, 2009). Another study 

demonstrated activity of an IGF1R-targeting antibody in a fluorouracil-resistant colorectal 

carcinoma cell line (Dallas et al, 2009). With regard to tubulin-targeting agents, resistance to 

the microtubule stabilizing agent docetaxel was associated with predicted PI3K pathway 

activation, by gene expression profiling, in a variety of carcinoma cell lines   (Potti et al, 

2006). These studies, in conjunction with the present study, strongly support the relevance of 

the IGF pathway to chemotherapy resistance.

IGF2 upregulation has been implicated in carcinogenesis and disease progression in ovarian 

cancer. Previous studies utilized a gene expression microarray approach to identify IGF2 

mRNA to be significantly over-expressed in ovarian cancer compared with benign ovary 

(Sawiris et al, 2002; Lancaster et al, 2004). In addition, high IGF2 mRNA expression was 

associated with advanced stage, high grade, and poor survival in a cohort of patients with 

serous epithelial ovarian cancer (Sayer et al, 2005). Interestingly, IGF2 protein levels in the 

serum of patients with ovarian cancer were decreased compared with unaffected women (Mor 

et al, 2005; Visintin et al, 2008). The present study is, to our knowledge, the first to evaluate 

the significance of IGF2 expression at the protein level in ovarian tumors from patients. 

Consistent with the prior mRNA expression studies, high IGF2 protein expression was 

observed more frequently in patients with advanced stage and high-grade tumors, and was 

associated with clinical/pathologic predictors of worse prognosis. In the study sample, 
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approximately half of the tumors were serous histology, which is the most common type of 

epithelial ovarian cancer; however, early stage cancer, less common histological types, and 

LMP tumors were also present at relatively high proportions in this cohort. Based on our 

findings, subsequent studies should prospectively evaluate IGF2 protein expression in primary  

and recurrent epithelial ovarian tumors for evaluation of its utility as a potential biomarker, 

and to confirm its frequent overexpression in ovarian cancer. If IGF2 is found to be a useful 

biomarker, the standard methods used for IGF2 immunohistochemistry in this study are within 

the capability of many surgical pathology laboratories and therefore readily translatable to 

clinical application.

In summary, activation of autocrine IGF signaling occurs following Taxol treatment of ovarian 

carcinoma cells, and is observed in association with the acquisition of Taxol resistance. 

Inhibition of the IGF signaling pathway significantly potentiates Taxol efficacy and sensitizes 

drug-resistant cells. In primary ovarian tumors, high IGF2 expression is strongly associated 

with known clinicopathologic risk factors, including stage and grade, and its overexpression is 

associated with reduced disease-free survival. These findings strongly support the clinical 

relevance of the IGF pathway in ovarian cancer, and suggest a potential therapeutic role for 

inhibitors of this pathway in the management of this disease.
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Supplemental Figures

Figure S1. Inhibition of IGF1R by NVP-AEW541

A2780 cells were serum-deprived for 24 hours then treated as indicated prior to preparation of 
cell lysates as described in the methods. Lane 1: untreated, unstimulated cells; Lane 2: cells 
were treated with NVP-AEW541 (1 µM) 45 minutes prior to harvesting; Lane 3: cells were 
stimulated with IGF2 (50 ng/mL) 15 minutes prior to cell lysate preparation; Lane 4: cells 
were treated with NVP-AEW541 (1 µM) 45 minutes prior to harvesting and stimulated with 
IGF2 (50 ng/mL) 15 minutes prior to harvesting. Immunoblotting was performed as described 
in the methods. As shown in the representative immunoblots, NVP-AEW541 (1 µM) abrogates 
IGF2-stimulated IGF1R phosphorylation and AKT phosphorylation.
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AKT

pIGF1R
1135

IGF1R

95 kDa

95 kDa

60 kDa

Untreated NVP IGF2
NVP
IGF2

pAKT
473

GAPDH 37 kDa

60 kDa

59



Figure S2. Constitutive IGF1R activation in HEY-T30 cells

HEY and HEY-T30 cell lysates were prepared under conditions of growth in complete media, 
serum-deprivation for 24 hours, or serum-deprivation followed by IGF2 (50 ng/mL) 
stimulation for 10 minutes prior to harvesting. Preparation of cell lysates and immunoblotting 
are described in the methods. As shown in the representative immunoblots, phosphorylation of 
IGF1R and AKT are increased in the Taxol-resistant HEY-T30 cells compared to HEY parental 
cells.

Fig. S2
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Figure S3. Evaluation of cisplatin cytotoxicity in HEY and HEY-T30 cells

A. Cytotoxicity assays were performed using the sulforhodamine B method to
determine the effect of cisplatin treatment in HEY (squares; solid connecting lines) and HEY-
T30 cells (triangles; dotted connecting line). The cell number
relative to untreated cells, expressed as cell growth (%), is plotted over a range
of cisplatin concentrations.
B. The IC50 concentrations of cisplatin in HEY and HEY-T30 cells Taxol are shown
in bar graph (mean ±SE; 3 independent experiments with 6 replicates each).
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Figure S4. IGF2 depletion by siRNA transfection in HEY-T30 cells

A. As determined by quantitative real-time PCR, IGF2 mRNA levels at 48 hours 
(solid bar) and 96 hours (cross-hatched bar) are shown for mock-transfected, control siRNA-
transfected, and IGF2-siRNA transfected HEY-T30 cells. Results are expressed as fold-change 
relative to untreated HEY-T30 cells (mean ±SE; 3 independent experiments for 96 hours,**, 
p< 0.01, one-way ANOVA, Bonferroni post test). 
B. The IGF2 protein level was determined by immunoblotting. A representative experiment is 
shown, and the expression level determined by densitometry is shown in the accompanying 
bar graph. 
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Figure S5. Quality control assays for IGF2 immunohistochemistry

A. Negative control placenta section: Primary antibody is omitted (antibody diluent is 
applied), followed by the identical staining procedure as used for the positive 
control section. 
B. Negative control placenta section: The primary antibody to IGF2 (Abcam, 
ab9574) is pre-absorbed with recombinant IGF2 (Abcam, AB9575) at a 1:1 concentration, 
followed by the identical staining procedure as used for the positive control section. 
C. Positive control placenta section: The primary antibody to IGF2 (Abcam, ab9574) is used at 
a 1:100 dilution (5 µg/mL) as described in the methods. 
Positive and negative control sections are stained concurrently with experimental sections, as 
described in the methods.

B C A 
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CHAPTER II: INSULIN-LIKE GROWTH FACTOR 2 SILENCING RESTORES 
TAXOL SENSITIVITY IN DRUG RESISTANT OVARIAN CANCER
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Abstract

Drug resistance is an obstacle to the effective treatment of ovarian cancer. We and others have 
shown that the insulin-like growth factor (IGF) signaling pathway is a novel potential target to 
overcome drug resistance. The purpose of this study was to validate IGF2 as a potential 
therapeutic target in drug resistant ovarian cancer and to determine the efficacy of targeting 
IGF2 in vivo. An analysis of The Cancer Genome Atlas (TCGA) data in the serous ovarian 
cancer cohort showed that high IGF2 mRNA expression is significantly associated with 
shortened interval to disease progression and death, clinical indicators of drug resistance. In a 
genetically diverse panel of ovarian cancer cell lines, the IGF2 mRNA levels measured in cell 
lines resistant to various microtubule-stabilizing agents including Taxol were found to be 
significantly elevated compared to the drug sensitive cell lines. The effect of IGF2 knockdown 
on Taxol resistance was investigated in vitro and in vivo. Transient IGF2 knockdown 
significantly sensitized drug resistant cells to Taxol treatment. A Taxol-resistant ovarian cancer 
xenograft model, developed from HEY-T30 cells, exhibited extreme drug resistance, wherein 
the maximal tolerated dose of Taxol did not delay tumor growth in mice. Blocking the IGF1R 
(a transmembrane receptor that transmits signals from IGF1 and IGF2) using a monoclonal 
antibody did not alter the response to Taxol. However, stable IGF2 knockdown using short-
hairpin RNA in HEY-T30 effectively restored Taxol sensitivity. These findings validate IGF2 
as a potential therapeutic target in drug resistant ovarian cancer and show that directly 
targeting IGF2 may be a preferable strategy compared with targeting IGF1R alone.

Introduction

Ovarian cancer is the leading cause of gynecologic cancer death in the United States. Since the 

mid-1990s, the standard treatment for ovarian cancer is surgical cytoreduction and systemic 

chemotherapy, usually Taxol and platinum (Vaughan et al, 2011). However, the majority of 

patients eventually succumb to recurrent, progressive disease due to resistance to 

chemotherapy. 

In addition to its well-established roles in development and growth, aging, and carcinogenesis 

(Baker et al, 1993; Gallagher & LeRoith, 2011; Tazearslan et al, 2011; Pollak, 2012; Ratajczak 

et al, 2013),  the insulin-like growth factor (IGF) signaling pathway has recently been 

implicated in drug resistance (Gotlieb et al, 2006; Eckstein et al, 2009; Huang et al, 2010; 

Ogawa et al, 2010; Sherman-Baust et al, 2011). As we previously reported, upregulation of 
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insulin-like growth factor 2 (IGF2) is an acute cellular response to Taxol treatment, and its 

expression modulates the response to Taxol in drug resistant ovarian cancer cell lines. (Huang 

et al, 2010). Since Taxol is used in the first-line treatment of ovarian cancer, we hypothesized 

that high IGF2 would be associated with intrinsic clinical drug resistance, manifesting as 

decreased time to disease progression/recurrence in patients. Supporting this hypothesis, our 

prior study using a tissue microarray approach indicated that high IGF2 expression in ovarian 

tumor tissue was indeed predictive of shortened interval to progression/recurrence. 

Based on these laboratory and clinical data, we determined that IGF2 is a potential therapeutic 

target to ameliorate drug resistance in ovarian cancer, but to our knowledge, no prior in vivo 

validation studies have been done. Therefore, as described herein, we performed studies to 

evaluate if Taxol resistance could be overcome in vivo by targeting IGF2. We examined the 

impact of IGF2 knockdown on not only Taxol’s effects, but also the response to non-taxane 

microtubule interacting drugs, and other drugs commonly used in the treatment of ovarian 

cancer. To confirm the clinical relevance of our findings, an analysis of the serous ovarian 

cancer cohort of The Cancer Genome Atlas (TCGA) was done to evaluate the relation of IGF2 

expression and clinical outcomes.

Results

Our prior study of IGF2 protein expression using a tissue microarray of epithelial ovarian 

tumors indicated that high tissue expression levels of IGF2 were associated with a shortened 

interval to progression/recurrence (Huang et al, 2010). Since then, gene expression data from 

489 clinically-annotated stage II-IV high-grade serous ovarian cancer samples of The Cancer 
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Genome Atlas project (TCGA) were made available through the cBioPortal for Cancer 

Genomics (Cancer Genome Atlas Research Network, 2011). Using this data portal, we tested a 

relationship of IGF2 expression and intrinsic drug resistance, wherein high IGF2 was defined 

as 1.6 SD above the mean, corresponding to 94-95th percentile in a normal distribution. By 

using this cut score, the size of the IGF2-high group approximates the fraction of ovarian 

cancer patients expected to have intrinsically drug resistant tumors, manifested by progression 

during or shortly after completing chemotherapy. In our analysis of the TCGA data, we indeed 

found that high IGF2 mRNA expression in tumor tissue significantly correlated with a 

shortened interval to progression/recurrence, i.e. progression-free survival (Fig. 1A). Median 

progression-free survival in this group was <12 months, indicative of intrinsic drug resistance. 

High IGF2 mRNA expression also correlated with significantly shortened overall survival 

(Fig. 1B). Multivariate analysis was not enabled by this data portal, however in our prior 

publication we noted an association of IGF2 expression with higher stage and grade (Huang et 

al, 2010). 

We previously showed that IGF2 mRNA levels increase during acute Taxol treatment, and we 

hypothesized that upregulation of IGF2 is associated with persistent surviving cells giving rise 

to drug resistant recurrent disease. To study drug resistance in the laboratory, Taxol, as well as 

non-taxane microtubule-stabilizing agents (MSAs), ixabepilone, discodermolide, and 

epothilone B, were used to develop six distinct resistant cell lines. As determined by real-time 

PCR, all MSA-resistant cell line models had elevated IGF2 mRNA expression relative to their 

sensitive parental line (Fig 1C). Since Taxol is by far the most clinically used among these 
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drugs, subsequent experiments focused on the Taxol resistant cell lines HEY-T30 and A2780-

T15.

We evaluated the drug resistant cell lines for other mechanisms of Taxol resistance (Duan et 

al, 2004; Stordal et al, 2012). HEY-T30 has ABCB1 mRNA over expression (Fig. 1D) 

associated with genomic amplification of ABCB1 (Fig. 1E), while HEY has no copy number 

change of ABCB1. These findings were confirmed by array comparative genomic 

hybridization (data not shown). A2780-T15 was selected in the presence of verapamil and 

does not overexpress ABCB1 (Fig.1D), and neither A2780-T15 nor A2780 has DNA copy 

number change of ABCB1 (Fig. 1E). We found no significant correlation between IGF2 and 

ABCB1 expression in our panel of cell lines (Fig. S3). DNA sequencing revealed that A2780-

T15 has a mutation (Glycine at position 360 is changed to an Aspartic acid) in the Taxol-

binding pocket of ß-tubulin (Fig. S1A and S1B), while HEY-T30 does not have a mutation in 

ß-tubulin. 
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Figure 1

IGF2 expression and ovarian cancer survival
Using the cBioPortal for Cancer Genomics to analyze the data from the Cancer Genome Atlas 
study of ovarian serous cystadenocarcinoma, we compared the progression-free survival and 
overall survival in patients with high tumor levels of IGF2 mRNA (greater than 1.6 standard 
deviations above the mean; gray line) and those with normal tumor levels of IGF2 mRNA (all 
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other patients; black line). Patients with high IGF2 mRNA levels had significantly shortened 
progression-free survival (A) and overall survival (B). 
(C) IGF2 expression in sensitive and resistant cell lines. By RT-qPCR, we measured the 
IGF2 mRNA level in six drug resistant ovarian carcinoma cell lines and their three cell lines of 
origin. All drug resistant cell lines have significantly higher IGF2 mRNA expression compared 
to their sensitive cell line of origin. Bars show the mean ±SEM of IGF2 mRNA expression 
score for at least two independent experiments for each cell line, each done in triplicate, and 
the symbol above the bar indicates the statistical significance comparing that resistant cell line 
with its parental counterpart; * p<0.05, *** p<0.001, **** p<0.0001 by One-way ANOVA 
with Bonferroni posttest.
(D) ABCB1 expression. ABCB1 mRNA expression levels were measured by RT-qPCR in 
HEY, HEY-T30, A2780 and A2780-T15. HEY-T30 has higher ABCB1 mRNA expression 
compared to the other cell lines. Bars show the mean ±SEM of ABCB1 mRNA expression 
score for at least four independent experiments for each cell line, each done in triplicate, 
(E) ABCB1 DNA copy number. By qPCR performed on genomic DNA, HEY-T30 has a six-
fold increase in ABCB1 DNA copy number indicating gene amplification. Bars show the mean 
±SEM of two independent experiments, each done in triplicate.
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HEY-T30 proliferated similarly in Taxol-free media or media containing low concentrations of 

Taxol (≤30 nM) (Fig. 2A). A2780-T15 proliferated much more slowly in Taxol-free media 

than in media containing Taxol (≤15 nM) (Fig. 2B), suggesting possible Taxol dependent-

growth associated with its ß-tubulin mutation. When low-dose Taxol was present, A2780-T15 

proliferated at a similar rate as A2780. The resistant cell lines showed cross-resistance to 

ixabepilone, an MSA that shares a common ß-tubulin binding site with Taxol. Expanded 

profiling of HEY-T30 (Fig. 2C, left panel) showed resistance to the microtubule-destabilizing 

drug vinblastine and resistance to doxorubicin, but similar sensitivity to cisplatin, compared to 

parental HEY. A2780-T15 (Fig. 2C, right panel) was cross-resistant to both doxorubicin and 

CDDP, but was more sensitive to vinblastine. Hypersensitivity to microtubule-destabilizing 

drugs has been observed previously in another drug resistant cell line harboring a ß-tubulin 

mutation that was associated with dependency on microtubule-stabilizing drugs for 

proliferation (He et al, 2001).

A critical step in translating laboratory findings into potential therapies for patients is to 

conduct in vivo testing using animal models. Since A2780-T15 cells were dependent on Taxol 

for their growth but HEY-T30 were not, we evaluated HEY-T30 as a xenograft model for in 

vivo testing of therapeutic strategies targeting drug resistance. We administered Taxol using 

the previously determined maximum-tolerated dose (MTD; cumulative dose of 100 mg/kg) 

(Huang et al, 2006) to evaluate drug resistance in vivo. Parental HEY xenograft growth was 

effectively suppressed by Taxol, indicating sensitivity to Taxol (Fig. 2D). In contrast, Taxol 

failed to inhibit HEY-T30 xenograft growth compared to vehicle (5% dextrose in water; D5W) 

treatment, indicating drug resistance (Fig. 2E).
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Figure 2

Proliferation kinetics of cell lines. 
Cells were grown in complete media with the indicated concentration of Taxol in 6-well 
dishes, and cells from duplicate wells counted every 24 hours. (A) HEY-T30 cells in the 
presence or absence of 30 nM Taxol proliferate more slowly than HEY cells (p<0.05, Repeated 
Measures Two-way ANOVA, Bonferroni posttest). (B) A2780-T15 in the presence of 2 nM 
and 15 nM Taxol grow similarly to A2780. However, in the absence of Taxol, A2780-T15 
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proliferates more slowly, suggesting Taxol dependence (p <0.01, Two-way ANOVA, 
Bonferroni posttest). Each growth curve represents the mean of at least two independent 
experiments performed with duplicates, each point is represented as the mean ±SEM.
(C) IC50’s of chemotherapeutic drugs in sensitive and resistant cell lines. In 96-well plates, 
cells were treated with serial dilutions of the indicated drugs and the concentration of 50% 
proliferation inhibition (IC50) determined using the SRB cytotoxicity assay. HEY-T30 are 
cross-resistant to ixabepilone and to vinblastine. There is modest cross-resistance to 
doxorubicin but not to CDDP. A2780-T15 are cross-resistant to ixabepilone, and modestly 
cross-resistant to doxorubicin and CDDP, but more sensitive to vinblastine. Data are presented 
as the mean ±SEM of at least three independent experiments performed with six replicates. P-
values calculated by unpaired t-test.
(D,E)  Comparison of HEY-T30 and HEY xenograft response to Taxol. Following 
subcutaneous injection of HEY-T30 or HEY cells, mice were divided into treatment groups of 
6 animals each. When the average xenograft volume reached 120 mm3, Taxol treatment was 
administered at the maximal tolerated dose (MTD) of 20 mg/kg intraperitoneally every three 
days for five treatments (treatment days: 0, 3, 6, 9, 12), resulting in a cumulative dose of 100 
mg/kg. Control animals received intraperitoneal injections of the diluent (5% dextrose in 
water; D5W) according to the same schedule. Tumors were measured every three days, and 
mean tumor volumes ±SEM for each group shown at each time point. HEY xenografts 
responded to Taxol treatment, which potently suppressed tumor growth (Fig. 2D; dashed blue 
line). HEY-T30 xenografts did not respond to Taxol treatment (Fig. 2E; dashed orange line) 
and grew at a similar rate as vehicle-treated HEY-T30 xenografts. HEY Taxol vs HEY D5W 
on day 19, p<0.001; unpaired t-test.
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To strategize how to target IGF2-mediated drug resistance, we examined receptor expression 

and activation in the drug resistant and sensitive cell lines. Previously published studies 

indicated that IGF2-binding induces autophosphorylation of IGF1R and the insulin receptor 

isoform A, IR-A (Beauchamp et al, 2010; Greenall et al, 2013), resulting in receptor activation 

and downstream signaling to effector molecules such as AKT. In addition, high IR-A/IGF1R 

expression was associated with resistance to anti-IGF1R therapies, as signaling through IR-A 

can circumvent dependency on IGF1R (Ulanet et al, 2010). We determined that IGF1R 

mRNA expression was higher in HEY and HEY-T30, compared with A2780 and A2780-T15, 

without significant differences between the paired sensitive and resistant lines (Fig. 3A). As 

shown in Fig. 3B, IR-A levels were lower in HEY and HEY-T30 compared to A2780 and 

A2780-T15. Real time PCR data was also analyzed with correction for differences in 

amplification efficiency between primer sets (Table S1), with similar findings. By Western 

blot, IGF1R and IR protein expression corresponded to mRNA levels (data not shown). Thus, 

HEY and HEY-T30 had lower IR-A/IGF1R ratios than A2780 and A2780-T15. 

Receptor activation and downstream signaling induced by IGF2 was evaluated. 

Phosphorylation of IGF1R increased over 5-fold after IGF2 or insulin stimulation in HEY-T30 

(Fig. 3C upper panel). Much smaller changes (<1.5-fold) were observed in IR phosphorylation 

compared to IGF1R phosphorylation levels after IGF2 or insulin stimulation of HEY-T30 (Fig. 

3C lower panel). Downstream, we observed increased phosphorylation of AKT at serine 473 

and threonine 308 after IGF2 or insulin stimulation, but no changes in ERK phosphorylation 

(Fig. 3D). Equal protein loading was confirmed by both Ponceau staining of the membrane 

and incubation with a GAPDH antibody. IGF2-stimulated phosphorylation of IGF1R and 
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AKT were potently inhibited by either the small molecule IGF1R inhibitor NVP-AEW541 or 

the anti-IGF1R monoclonal antibody IMC-A12.

Compared to HEY and HEY-T30, A2780 and A2780-T15 had significantly higher IR-A 

expression (Fig. 3B). In A2780-T15, IGF2 or insulin stimulation significantly increased 

phosphorylation of both IGF1R and IR (Fig. 3E). NVP-AEW541 inhibited phosphorylation of 

IGF1R and IR. IMC-A12 inhibited IGF2-induced IGF1R phosphorylation, while having 

minimal effect on IGF2-induced IR phosphorylation, indicating specificity for IGF1R. 

Downstream, NVP-AEW541 inhibited IGF2-mediated AKT and ERK phosphorylation, while 

IMC-A12 did not (Fig. 3F). 
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Figure 3

(A) IGF1R mRNA of sensitive and resistant cell lines. Measured by RT-qPCR (n=5 
independent experiments each done in triplicate), IGF1R mRNA levels are similar when 
resistant cell lines are compared to their parental cell lines of origin. Bars show the mean 
±SEM.
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(B) IR mRNA of sensitive and resistant cell lines. Measured by RT-qPCR (n=5 independent 
experiments each done in triplicate) IR-A and IR-B mRNA levels in HEY-T30 are significantly 
decreased when compared to HEY, while similar levels are observed when comparing A2780-
T15 to A2780. Bars show the mean ±SEM, **** p<0.0001; unpaired t-test. 
(C) Phospho-IGF1R and phospho-IR ELISA in HEY-T30. Cells were starved overnight, 
incubated with 1 µM NVP-AEW541 or 10 µg/ml IMC-A12 for 2 hours, stimulated with 50 ng/
ml IGF2 or 50 nM insulin for 10 minutes, lysed, and levels of phosphorylated IGF1R and IR 
determined by ELISA. Both IGF2 and insulin caused 5- to 6-fold-change increased levels of 
phospho-IGF1R that could be suppressed by NVP-AEW541 or IMC-A12. The changes in 
phospho-IR after stimulation with IGF2 or insulin were much smaller (fold-change <1.5). Bars 
depict mean ±SEM fold-change phosphorylation levels of at least two independent 
experiments, each done in duplicate. 
(D) Phospho-AKT and phospho-ERK Western blot. Cell lysates prepared as described in 
(C) were used for immunoblotting using phosphorylation-specific AKT and ERK antibodies. 
IGF2-induced AKT phosphorylation at threonine 308 and serine 473 was suppressed by NVP-
AEW541 and IMC-A12, while total AKT was unchanged. No effect was seen on phospho-
ERK levels. One representative experiment of two independent experiments is shown. Equal 
protein loading was confirmed by Ponceau staining and GAPDH immunoblotting.
(E)  Phospho-IGF1R and phospho-IR ELISA in A2780-T15. Cells were prepared similarly 
to (C). IGF2 and insulin caused 7-fold and 10-fold increased levels of phospho-IGF1R, 
respectively, and this could be suppressed by NVP-AEW541 or IMC-A12. Levels of phospho-
IR after IGF2 or insulin stimulation also increased, 4-fold and 9-fold, respectively. 
Suppression of phospho-IR with NVP-AEW541 was more effective than with IMC-A12, at 
these concentrations. Bars depict mean fold-change phosphorylation levels ±SEM of at least 
two independent experiments, each done in duplicate. 
(F) Phospho-AKT and phospho-ERK Western blot. IGF2-induced AKT and ERK 
phosphorylation was suppressed by NVP-AEW541 but not by IMC-A12. One representative 
experiment of two independent experiments is shown. Quantitation by densitometry is shown 
in the accompanying graph, where bars depict the mean expression ±SEM (from two 
independent experiments) of each of the indicated phospho-proteins, normalized to starved 
unstimulated cells.
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Previously, we showed that IGF pathway inhibition overcame IGF2-mediated Taxol resistance 

in tissue culture (Huang et al, 2010). To validate this finding in vivo, the effect of IGF pathway 

inhibition on Taxol resistance was evaluated HEY-T30 xenografts. Since NVP-AEW541 is not 

being clinically developed, we used IMC-A12 to specifically target IGF1R in vivo, using a 

validated regimen that inhibits IGF1R phosphorylation and reduces IGF1R protein levels in 

subcutaneous xenografts (Wu et al, 2005). As shown in Fig. 4A, IMC-A12 alone or in 

combination with Taxol did not reduce tumor growth compared to vehicle or Taxol treatment. 

Concordant with the in vivo findings, SRB cytotoxicity assays showed no change in the 

sensitivity to Taxol in the presence of IMC-A12 compared to Taxol alone (Fig. 4B). In 

contrast, NVP-AEW541 sensitized HEY-T30 to Taxol, as previously shown (Fig. 3 in (Huang 

et al, 2010)), NVP-AEW541 also sensitized A2780-T15 to Taxol (Fig. 4C), although to a 

lesser degree compared to the effect in HEY-T30. Neither IMC-A12 alone nor NVP-AEW541 

alone reduced cell survival or proliferation. We explored if the differential ability of NVP-

AEW541 and IMC-A12 to sensitize cells to Taxol was due to IR. As shown in supplemental 

figure S2C, IGF1R inhibition using IMC-A12 did not appear to affect Taxol sensitivity in 

HEY-T30 even after IR knockdown (hatched bars). The efficiency of IR knockdown (Fig. 

S2A) ranged from 71-83% for IR-A and 73-76% for IR-B.

Since concurrent targeting of IR and IGF1R did not recapitulate the Taxol-sensitizing effect 

observed with NVP-AEW541, we also tested whether NVP-AEW541 altered drug efflux. As a 

result of ABCB1-mediated drug efflux, HEY-T30 retain less labeled Taxol compared to HEY, 

while treatment with the p-glycoprotein inhibitor verapamil increases drug retention (Fig. 4D; 

left panel). In contrast, treatment with NVP-AEW541 at the 1 µM concentration used for 
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cytotoxicity assays and signaling studies did not affect retention of labeled Taxol (Fig. 4D; 

right panel). Therefore, NVP-AEW541 at the concentrations used for cytotoxicity and 

signaling assays did not modulate drug efflux.
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Figure 4

(A) Combination treatment using Taxol and IMC-A12 in mice with HEY-T30 xenografts. 
HEY-T30 xenografts were grown as described in Figure 2D, then treated with Taxol (black 
circles), according to the same dose/schedule described in Figure 2D, or with IMC-A12 
(intraperitoneal injection of 40 mg/kg three times per week, grey *), or with combination 
treatment of Taxol and IMC-A12 (grey x). Data points show the mean tumor volume ±SEM 
for each treatment group (n=8 animals per group). No significant differences in tumor volume 
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were observed with IMC-A12 or combined Taxol/IMC-A12 treatment compared to D5W or 
Taxol alone. This experiment was repeated a second independent time with similar results.
(B) Effect of IMC-A12 on Taxol sensitivity, evaluated by SRB cytotoxicity assay. In 96-
well plates, cells were treated with serial dilutions of Taxol alone (solid lines) or together with 
a fixed dose of 10 µg/ml IMC-A12 (dashed lines). Dose response curves show the mean of the 
surviving fraction ±SEM of cells relative to untreated cells at the indicated Taxol 
concentrations (n=7 independent experiments, each done in six replicates). No significant 
Taxol sensitization was observed in the presence of IMC-A12.
(C) Effect of NVP-AEW541 on Taxol sensitivity, evaluated by SRB cytotoxicity assay. In 
96-well plates, cells were treated with serial dilutions of Taxol alone (solid lines) or together 
with a fixed dose of 1 µM NVP-AEW541 (dashed lines). Dose response curves show the mean 
±SEM of the surviving fraction of cells relative to untreated cells at the indicated Taxol 
concentrations. The bar graphs depict the IC50 of Taxol for the indicated cell lines and drug 
treatments, and show the mean ±SEM calculated from at least four independent experiments 
(each with six technical replicates) per cell line. NVP-AEW541 sensitizes A2780-T15 to 
Taxol.  *** p <0.001, **** p <0.0001; One-way ANOVA with Bonferroni posttest.
(D) ABCB1 (p-glycoprotein) function in HEY and HEY-T30 in the presence and absence 
of NVP-AEW541. Cells were incubated with labeled Taxol (Oregon Green® 488 Taxol, bis-
acetate) in the presence or absence of NVP-AEW541 or verapamil. The ABCB1-
overexpressing HEY-T30 cells (light gray shaded graph) retain less labeled Taxol than HEY 
cells (unfilled black outline). Verapamil, a known p-glycoprotein inhibitor, markedly increases 
the retention of labeled Taxol in HEY-T30 cells (and to a lesser degree in HEY cells), as 
demonstrated by the rightward shift of the peaks.  Shown in the right panel with the dashed 
black line, treatment with 1 µM NVP-AEW541 does not appear to affect retention of labeled 
Taxol in HEY-T30 cells. Two independent experiments were done with similar results.
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Our prior data suggested that directly targeting IGF2 would be an efficacious approach to 

restoring Taxol sensitivity (Huang et al, 2010). First using several siRNA sequences to IGF2 

(siIGF2), we evaluated the effect of IGF2 knockdown in HEY-T30 and A2780-T15. 

Transfection with each of the unique siIGF2 significantly reduced IGF2 mRNA levels 

compared to siCTRL (Fig. S2D). We previously observed that IGF2 knockdown decreased 

proliferation in HEY-T30 (Fig. 4B in (Huang et al, 2010)). Using two other IGF2-targeting 

siRNA sequences, we confirmed an anti-proliferative effect of IGF2 knockdown, although the 

effect size varied. In A2780-T15, IGF2 knockdown similarly decreased proliferation. In both 

Taxol resistant models, IGF2 knockdown significantly sensitized cells to Taxol treatment 

compared to control knock down cells (Fig. 5A). ABCB1 expression was not altered by IGF2 

knockdown in HEY-T30 (data not shown). 

We next tested whether stable knockdown of IGF2 mRNA could restore sensitivity to Taxol in 

drug resistant cells and xenografts. The stable IGF2 knockdown cell lines, HEY-T30 shIGF2-p 

or HEY-T30-shIGF2-v had greater than 70% decrease in IGF2 mRNA compared to HEY-T30 

or HEY-T30 shScrambled (Fig. 5B). With regard to protein expression and processing of 

IGF2, the 21 kDa pre-pro-protein is cleaved into a 15 kDa pro-protein that undergoes several 

modifications to produce the mature 7 kDa peptide (Lee et al, 1994) . By Western blot, we 

confirmed a significant decrease in the 15 kDa pro-IGF2 in HEY-T30 shIGF2-p and shIGF2-v 

compared to HEY-T30 shScrambled (Fig. S2E). We did not detect altered levels of the 7 kDa 

peptide, which is known to be rapidly secreted from the cell (Duguay et al, 1998), and the 

levels of IGF2 in the conditioned media were below the sensitivity of the ELISA. Unlike the 

decrease in proliferation after transient knockdown with siRNA, proliferation rates of the 
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stable knockdown cell lines were not significantly altered. The doubling times for HEY-T30 

shIGF2-p and shIGF2-v were slightly (non-significantly) longer compared to their cell line of 

origin, HEY-T30 (Fig. S4). This is likely due to the stable selection process favoring 

expansion of clonal populations able to overcome the anti proliferative effect of IGF2 

knockdown through compensatory pathways. The reason that HEY-T30 themselves have a 

longer doubling time than HEY cells is unclear but appears to be independent of IGF2 

expression. 

 

Cytotoxicity assays showed that HEY-T30 shIGF2-p and shIGF2-v were significantly more 

sensitive to Taxol than HEY-T30 shScrambled or untransfected HEY-T30 (Fig. 5C); HEY-T30 

shIGF2-p and shIGF2-v were approximately 10-fold and 6-fold more sensitive, respectively, to 

Taxol than HEY-T30 shScrambled; p<0.01 for both comparisons. In addition, both IGF2 

knockdown cell lines were significantly sensitized to the microtubule-interacting drugs 

ixabepilone and vinblastine (Fig. 5C). There was slight sensitization to doxorubicin (1.6 fold 

sensitization for either shIGF2-p or shIGF2-v compared to shScrambled; p<0.05 for both 

comparisons, but no change in sensitivity to cisplatin. Given the profound effect of IGF2 

knockdown to sensitize cells in tissue culture, we evaluated the effect of IGF2 knockdown in 

vivo in xenograft experiments. Concordant with tissue culture doubling times, the in vivo 

tumor growth prior to treatment initiation was similar between HEY-T30 shIGF2-p and HEY-

T30 shScrambled (Supplemental Fig. S5). However, their response to Taxol differed 

significantly. The growth of IGF2 knockdown xenografts (HEY-T30 shIGF2-p) was 

significantly suppressed by Taxol similar to the effect observed in sensitive HEY xenografts, 
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while control knockdown xenografts (HEY-T30 shScrambled) remained resistant to Taxol 

similar to the untransfected HEY-T30 xenografts (Fig. 5D). Two independent experiments 

were done with concordant findings and the combined data is shown. Thus, IGF2 knockdown 

restored the efficacy of Taxol in this in vivo model of drug resistant human ovarian cancer, 

consistent with the effect observed in tissue culture. Although the final mean tumor volume in 

the vehicle control groups differed slightly (shIGF2-p D5W being larger than shScrambled 

D5W), this difference was not statistically significant at any time points when analyzing either 

of the 2 independent experiments separately or their combined data. Immunohistochemical 

analysis of IGF2 protein expression was done in HEY-T30 shIGF2-p xenografts compared to 

HEY-T30 shScrambled xenografts to confirm that stable knockdown is maintained in vivo 

(Fig. 5E-F).
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Figure 5

(A) Taxol sensitivity after IGF2 knockdown by siRNA. HEY-T30 and A2780-T15 cells 
were transfected with control non-targeting siRNA (siCTRL) or siRNAs targeting IGF2 
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Doxorubicin (nM) 49.9 (±2.5) 21.2 (±1.8) (*) 21.9 (±2.9) (*) 34.5 (±4.4)

CDDP (µM) 5.3 (±0.6) 3.1 (±0.5) 3.4 (±0.3) 3.5 (±0.4)
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(siIGF2-1, siIGF2-2, siIGF2-3), and treated with DMSO or Taxol at the approximate IC50 (100 
nM for HEY-T30 and 15 nM for A2780-T15). The surviving fraction was reduced after IGF2 
siRNA transfection compared to control siRNA transfection. The effect of Taxol was 
significantly enhanced in both HEY-T30 and A2780-T15 by IGF2 siRNA transfection 
compared with control siRNA transfection. Bars represent the mean of four independent 
experiments (each in duplicate) ±SEM; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001; 
Two-way ANOVA with Bonferroni posttest. 
(B) IGF2 mRNA after stable knockdown with shRNA. HEY-T30 cells were transfected 
with shRNA targeting IGF2 by plasmid transfection (shIGF2-p) or lentiviral infection 
(shIGF2-v), or with a control vector containing the scrambled version of the IGF2 targeting 
sequence (shScrambled). Clonal stably-transfected cell lines were used for all experiments. 
IGF2 mRNA levels are depicted in bars ±SEM. The shIGF2-p and shIGF2-v cell lines have 
low IGF2 mRNA levels similar to HEY, whereas HEY-T30 and shScrambled cell lines had 
several-fold higher mRNA expression levels. (n>6 independent experiments, each done in 
triplicate) * p<0.05; One-way ANOVA with Bonferroni posttest.
(C) Cytotoxicity assays in cell lines with IGF2 shRNA. The indicated cell lines were treated 
with serial dilutions of Taxol, and sensitivity to Taxol determined by the sulforhodamine B 
assay. The dose-response curves are shown on the left, with the mean ±SEM go the surviving 
fraction of cells relative to untreated cells shown at the indicated Taxol concentrations. The 
mean IC50 values ±SEM for the indicated cell lines and drugs are shown in the table below. 
HEY T30 shIGF2-p and HEY-T30 shIGF2-v were significantly more sensitive to Taxol, 
ixabepilone, and vinblastine compared to control transfected HEY-T30 (shScrambled) or 
untransfected HEY-T30. The efficacy of IGF2 knockdown at restoring sensitivity to Taxol was 
similar to NVP-AEW541 treatment. Only 1.6 fold sensitization to doxorubicin and no effect 
on cisplatin sensitivity were observed in shIGF2 lines compared to shScrambled or 
untransfected HEY-T30. Asterisks denote the statistical significance when comparing the IC50 
for the indicated shIGF2 cell line versus shScrambled, where * p<0.05, ** p<0.01, **** 
p<0.0001; Two-way ANOVA with Bonferroni posttest. (n=5 independent experiments each 
done in six replicates)
(D) Xenograft growth with Taxol treatment of HEY-T30 shIGF2-p and HEY-T30 
shScrambled. Female athymic nude mice were subcutaneously injected with 1 million HEY-
T30 shScrambled or HEY-T30 shIGF2-p cells and tumors were allowed to grow to an average 
volume of 120 mm3. Mice were then treated with either D5W (vehicle) or Taxol at the MTD 
(described in 2D) . Tumors were measured every three days, and data points show the mean 
tumor volume ±SEM for each group at each time point. Two independent experiments were 
done for a total of 8-10 animals per group. shIGF2-p xenografts responded to Taxol treatment 
(triangle, dashed black line) and showed significantly tumor growth suppression compared to 
treatment with D5W (circle, solid black line); at day 12, ** p<0.01 for shIGF2-p Taxol vs 
shIGF2-p D5W;  One-way ANOVA with Bonferroni posttest. In contrast, HEY-T30 
shScrambled xenografts did not respond to Taxol (+, dashed purple line) and continued 
growing at a similar rate as the vehicle-treated HEY-T30 shScrambled group (x, solid purple 
line).  No significant difference in tumor size was observed between D5W-treated shIGF2-p 
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and shScrambled xenografts at day 12. Representative tumor xenografts were excised on day 
13 after treatment for further analysis.
(E, F) IGF2 immunohistochemical staining of xenografts. Excised tumor xenografts (n=2 
animals per group) on day 13 after treatment initiation were formalin-fixed, paraffin embedded 
and sections stained with hematoxylin and eosin or with an anti-human IGF2 antibody. 
Staining was evaluated by the pathologist blinded to the groups and the mean of H-scores 
±SEM calculated and graphed (E). (F) Shows representative HEY-T30 shScrambled and HEY-
T30 shIGF2 xenograft sections stained with hematoxylin and eosin (H&E) or with anti-IGF2 
antibody (right panels). HEY-T30 shIGF2-p xenografts showed lower IGF2 expression when 
compared to HEY-T30 shScrambled.
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Binding of Taxol to its target on ß-tubulin can lead to aberrant mitosis, G2/M arrest, and 

apoptotic cell death in a dose-dependent, cell-specific manner. To explore the mechanism by 

which IGF2 knockdown sensitizes cells to Taxol, we examined the cell fates following Taxol 

treatment of HEY-T30 shIGF2-p compared with HEY-T30 shScrambled. In Taxol sensitive 

cells, G2/M arrest peaks after 16 to 18 hours of Taxol treatment at concentrations >12 nM 

(Torres & Horwitz, 1998). At this time point, Taxol concentrations up to 250 nM did not 

induce G2/M arrest in HEY-T30. Very high concentrations at or above 375 nM Taxol were 

required to induce G2/M arrest (Fig. 6A). In contrast, HEY-T30 shIGF2-p, but not HEY-T30 

shScrambled, arrested in G2/M when treated with much lower concentrations of Taxol (50 

nM) (Fig. 6B). At this same time point, apoptosis analysis using a plasma membrane 

asymmetry probe (F2N12S, (Hope-Roberts et al, 2011)) showed an increase in the early 

apoptotic population following Taxol treatment in HEY-T30 shIGF2-p but not HEY-T30 

shScrambled (Fig. 6C). These data indicate that IGF2 knockdown sensitizes HEY-T30 to 

Taxol by significantly lowering the drug concentration required to block progression through 

mitosis and to induce apoptosis.
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Figure 6

Taxol-induced G2/M arrest. (A) HEY-T30 cells were treated for 16 hours with the indicated 
concentrations of Taxol, and DNA content analyzed by flow cytometry. In HEY-T30 cells, G2/
M arrest occurred after Taxol treatment at 375 nM but not lower concentrations.  (B) shows 
HEY-T30 shIGF2-p (gray shaded) and HEY-T30 shScrambled (black dotted line) treated with 
DMSO or with Taxol (50 nM) for 16 hours.  The HEY-T30 shIGF2-p cells showed G2/M 
arrest in response to Taxol while HEY-T30 shScrambled cells did not, at this Taxol 
concentration. Data from one experiment, of two independent experiments, are shown.
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(C) Apoptosis analysis. Similar to (B), cells were treated with Taxol (50 nM) for 16 hours, 
harvested and stained with F2N12S (membrane asymmetry marker) and Sytox (dead cell 
marker), and analyzed by flow cytometry. Cell populations were gated in quadrants for 
quantitation, where the early apoptotic cell population is delineated by their decreased 585 nm/
530 nm ratio due to loss of membrane asymmetry compared to non-apoptotic cells, and are 
Sytox-negative. Taxol treatment of HEY-T30 shIGF2-p cells resulted in a higher percentage of 
apoptotic cells compared to treatment with vehicle (DMSO), and Taxol-induced apoptosis was 
significantly enhanced in HEY-T30 shIGF2 cells compared to HEY-T30 shScrambled, at this 
time point. ** p<0.01; One-way ANOVA with Bonferroni posttest. The bars show the mean 
±SEM of two independent experiments.
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Discussion
  

In this study, we have shown for the first time in vivo that IGF2 depletion may be an effective 

strategy to overcome drug resistance to Taxol. In ovarian cancer patients, high IGF2 

expression in tumor tissue is associated with clinically evident drug resistance, as we have 

now shown in two independent cohorts. Based on the laboratory data described in this paper 

and previously published data, we propose that IGF2 is a risk factor for disease recurrence and 

death due to its relationship with resistance to microtubule targeting agents such as Taxol, a 

drug which is used in first line and recurrence treatment for ovarian cancer. In this manuscript, 

we have now shown that IGF2 knockdown restores Taxol sensitivity in well-characterized 

laboratory models of acquired drug resistance. 

To reflect the diverse genetic alterations in drug resistant ovarian carcinoma cells (Duan et al, 

2004; Stordal et al, 2012), six distinct resistant cell lines were profiled and compared to their 

respective chemosensitive cell lines. All of the drug resistant cell lines had significantly 

increased IGF2 expression compared to the chemosensitive cell line. Since Taxol is by far the 

most widely used microtubule-stabilizing agent in clinical use, we focused on the Taxol 

resistant cell lines for further characterization. Other known mechanisms of Taxol resistance 

were present in these cell lines, including amplification of ABCB1 (p-glycoprotein) in the 

HEY-T30 cells and a de novo ß-tubulin mutation in the A2780-T15 cells. Despite the multiple 

genomic alterations in each of these cell lines, our data shows that IGF2 appears to be a 

significant modulator of their response to Taxol. 

Evaluation of different therapeutic strategies revealed that selective inhibition of IGF1R, a 

major receptor for IGF2, was not sufficient to restore sensitivity to Taxol. Our previous data 
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showed that the small molecule tyrosine kinase inhibitor NVP-AEW541 sensitized drug 

resistant cells to Taxol; however, we found that in our cell line models, this molecule is not 

selective for IGF1R, but also inhibits IR. While we specifically excluded p-glycoprotein 

modulation by NVP-AEW541, we did not perform additional experiments to screen for off-

target effects, as this data was previously published (García-Echeverría et al, 2004). 

Combining IR knockdown with selective IGF1R blockade did not recapitulate the effect of 

NVP-AEW541. The lack of efficacy of combined IR knockdown/IGF1R blockade has not 

been fully elucidated but could be due to residual IR signaling activity (e.g. due to incomplete 

IR depletion), or IGF2 signaling through alternate, as yet to be determined receptors. Due to 

the ability of IGF1R, IR, and hybrid receptors to mediate IGF2 signaling (Ulanet et al, 2010; 

Garofalo et al, 2011), we hypothesized that directly targeting the ligand, IGF2, might be a 

more viable option in clinical development. Therefore, we evaluated the effect of IGF2 

depletion via transient or stable knockdown. The proliferation rate in tissue culture and the 

tumor growth kinetics in vivo were similar for stable IGF2 knockdown or control knockdown. 

Based on tissue culture experiments wherein transient IGF2 knockdown significantly 

decreased proliferation and cell viability, one might expect that IGF2 knockdown alone would 

decrease tumor growth of these cells in vivo. However, the selection process for stable shIGF2 

clones in tissue culture is inherently biased toward selection of transfected cells that retain 

clonogenic potential. That is, only cells that have developed compensatory mechanisms to 

overcome the anti-proliferative effect of IGF2 knockdown would have been selected for 

further expansion and subsequently used for the in vivo experiments. The significant increase 

in sensitivity to Taxol in tissue culture was seen after either transient or stable IGF2 
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knockdown, and translated to restoration of therapeutic efficacy of Taxol treatment of drug 

resistant xenografts following IGF2 knockdown. 

These data provide a critical foundation for developing rational therapeutic strategies to 

overcome drug resistance by targeting IGF2. In ongoing laboratory studies, we intend to 

address some additional knowledge gaps. First, Taxol is typically used in combination with 

platinum agents in the first-line setting, and with both platinum and non-platinum agents in the 

recurrent setting. In the current study, we focused specifically on Taxol resistance and used 

well-defined laboratory models of Taxol resistance to avoid confounding the results with 

platinum-resistance mechanisms or platinum-induced genomic alterations. This proof-of-

principle study, demonstrating that IGF2 modulation overcomes multiple Taxol resistance 

mechanisms, now forms the basis for preclinical testing of IGF2 targeting agents in 

combination with standard combination ovarian cancer treatment regimens. One example of 

such an agent is BC-821, a therapeutic vector that expresses diphtheria toxin A under the 

regulation of an IGF2 fetal promoter (Amit & Hochberg, 2010). In our subsequent 

translational studies, we plan to evaluate this IGF2 targeting agent, and others, in combination 

with Taxol/platinum using prospectively collected primary and recurrent patient-derived 

xenografts including orthotopic models. 

In summary, IGF2 knockdown, but not selective IGF1R inhibition, effectively reverses drug 

resistance in a Taxol-resistant human ovarian carcinoma xenograft model. The significant 

association of IGF2 upregulation with drug resistance is observed in genetically diverse cell 

lines, and its knockdown restores sensitivity to both microtubule-stabilizing and destabilizing 
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agents. Therefore, we suggest that our findings could be applicable to the general problem of 

resistance to microtubule-targeting chemotherapeutic agents. The clinical relevance of our 

findings is supported by the validation of IGF2 as a poor prognostic factor for early recurrence 

and death in ovarian cancer patients. Thus, we have identified IGF2 to be a promising 

therapeutic target for overcoming drug resistance in ovarian cancer, and further translational 

studies are merited to bring this fundamental discovery to the clinic.
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Supplemental Figures

Table S1. Sequences of primers and oligonucleotides

Target Forward Reverse Efficiency Amplicon 
Size (bp)

Accession Number

IGF2 mRNA ACCGTGCTTCCGGACAACT TGGACTGCTTCCAGGTGTCA 102.5% 73 NM_000612.4

IGF2 gDNA GGTGCTAACACGGCTCTCTC CGGAAACAGCACTCCTCAAC 92.1% 100 NM_000612.4

ABCB1 mRNA GTCAGCTGCTGTCTGGGCAAAGATAC TGCTGCCAAGACCTCTTCAGCTACT 102% 100 NM_000927.3

ABCB1 gDNA TTGAAGGAAAAGCAAATCTTCC TTGTCAAGCCAATTTGAATAGC 103.6% 98 NM_000927.3

PPIB mRNA AAGTCACCGTCAAGGTGTATTTT GATCACCCGGCCTACATCTTC 91.4% 62 NM_000942.4

ALB gDNA TCCTGACCAAGCTTAACCAGTAT CCAAAAAGGGTATGCTAAATGG 98.8% 117 NM_000477

IGF1R TGAAAGTGACGTCCTGCATTTC GGTACCGGTGCCAGGTTATG 94% 92 NM_000875.3

IR-B TGAAGGAGCTGGAGGAGTCCTCG CCTAGGGTCCTCGGCACCAGTG 115% 110 NM_000208.2

IR-A CGTCCCCAGGCCATCTCGG GCTGGTCGAGGAAGTGTTGGGG 117.5% 103 NM_001079817.1

Target Forward Reverse

IGF2 siRNA #1 AAGGUGAGAAGCACCAGCAUCGACU AAGGUGAGAAGCACCAGCAUCGACU

IGF2 siRNA #2 UCGCCUCGUGCUGCAUUGCUGCUUA UAAGCAGCAAUGCAGCACGAGGCGA

IGF2 siRNA #3 CGUGGCAUCGUUGAGGAGUGCUGUU AACAGCACUCCUCAACGAUGCCACG

IR siRNA CUAGUCCUGCAGAGGAUUU AAAUCCUCUGCAGGACUAG

IGF2 shRNA CACCGCGTGGCATCGTTGAGGAGTGCTGTTCGAAAACAG
CACTCCTCAACGATGCCACG

AAAACGTGGCATCGTTGAGGAGTGCTGTTTTCGAAC
AGCACTCCTCAACGATGCCACGC

Scrambled shRNA CACCGGGTGCTCGTGTCGCATGTAGTGTACGAATACACTA
CATGCGACACGAGCACCC

AAAAGGGTGCTCGTGTCGCATGTAGTGTATTCGTACA
CTACATGCGACACGAGCACCC
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Figure S1. A2780-T15 ß-tubulin mutation

(A) Sequencing data from A2780-T15 show a heterozygous mutation in ß-tubulin leading to 
G360D. (B) This amino acid (red globes) is located in the Taxol-binding pocket of ß-tubulin 
(blue). Taxol is depicted in green. This mutation was not found in HEY-T30. Image made with 
PyMOL.
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Figure S2. Knockdown by siRNA and shRNA

(A) IR-A and IR-B mRNA expression, and (B) IGF1R mRNA expression, quantified by 
reverse transcriptase quantitative PCR, 48 hours after transfection of HEY-T30 and A2780-
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T15 with IR-targeting siRNA (siIR ) or control non-targeting siRNA (siCTRL). The IR siRNA 
transfection significantly reduced IR-A and IR-B mRNA levels compared to untransfected 
(Untreated) or control siRNA (siCTRL) without any significant effect on IGF1R mRNA. Bars 
show the mean ±SEM of at least 3 independent experiments, each done in triplicate.
(C) Effect of IR siRNA transfection on Taxol sensitivity. HEY-T30 and A2780-T15 cells 
were transfected with control non-targeting siRNA (siCTRL) or siRNA targeting IR (siIR), 
then treated 24 hours later with diluent only (DMSO; solid bars) or Taxol (100 nM for HEY-
T30; 22.5 nM for A2780-T15; hatched bars). Seventy-two hours later cells were counted, and 
surviving fraction calculated as the % cell number relative to untransfected cells treated with 
diluent only (Untreated; left bar); bars show the mean ±SEM of four independent experiments, 
each done in duplicate. The surviving fraction was significantly reduced following IR siRNA 
transfection compared to control siRNA in both cell lines. Shown in the hatched bars, the 
effect of Taxol treatment on HEY-T30 but not A2780-T15 was enhanced in cells transfected 
with IR siRNA compared with cells transfected with control siRNA. IMC-A12 did not affect 
the surviving fraction or the response to Taxol in either HEY-T30 or A2780-T15, whether the 
cells were untransfected, IGF2 siRNA or control siRNA transfected.  * p<0.05, ** p<0.01, *** 
p <0.001, **** p<0.0001; One-way ANOVA with Bonferroni posttest.
(D) IGF2 mRNA expression, quantified by reverse transcriptase quantitative PCR, 48 hours 
after transfection of HEY-T30 and A2780-T15 cells with IGF2-targeting siRNA 
oligonucleotides (siIGF2(1), siIGF2(2), siIGF2(3)) or control non-targeting siRNA (siCTRL). 
All IGF2 siRNA transfections resulted in at least 80% reduction in IGF2 mRNA compared to 
the untransfected (Untreated) or control siRNA (siCTRL) transfected cell lines. Bars show the 
mean ±SEM of at least 3 independent experiments, each done in triplicate.
(E) IGF2 Western blot. The HEY-T30 shIGF2-p and shIGF2-v cell lines showed a significant 
decrease in the 15 kDa pro-IGF2 protein compared to HEY-T30, but not in the mature 7 kDa 
peptide, as determined by densitometry using ImageJ, with normalization to Ponceau staining 
of protein. A representative blot is shown from four independent experiments, bars show the 
mean ±SEM.
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Figure S3. Correlation between IGF2 and ABCB1 mRNA

A correlation analysis and graphical representation of reverse transcriptase qPCR data of IGF2 
and ABCB1 mRNA. IGF2 mRNA scores of cell lines described in Fig. 1C were used. For 
ABCB1 mRNA scores were used of cell lines described in Fig. 1D while HEY-B20 (n=8), 
HEY-Epo8 (n=2), A2780-B20 (n=2), OVCAR-8 (n=5) and OVCAR-8-D30 (n=5) were 
determined similarly by qPCR, where n=number of independent experiments each performed 
with 3 technical replicates per experiment. The mRNA scores were plotted and correlation 
calculated. The correlation was not significant (r=0.6167; p=0.0857; Spearman correlation).
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Figure S4. Cell doubling time

Cells were grown in subconfluent monolayers using 6-well dishes, and duplicate wells 
trypsinized for counting every 24 hours for 96 hours using a Millipore Scepter. Cell doubling 
time was calculated; bars show the mean ±SEM doubling time in hours of at least two 
independent experiments. The shIGF2-p and shIGF2-v cell lines had a non-significantly longer 
doubling time than HEY-T30 cells, which in itself had a significant longer doubling time than 
HEY cells (One-way ANOVA, ** p<0.01).
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Figure S5. Xenograft growth curve of animals from D5W group until first treatment.

Female athymic nude mice were subcutaneously injected with 1 million HEY-T30 
shScrambled or HEY-T30 shIGF2-p cells and tumors were allowed to grow to an average 
volume of 120 mm3. Data points show the mean tumor volume ±SEM for each group at each 
time point. Two independent experiments were done for a total of 8-10 animals per group. 
HEY-T30 shIGF2-p xenografts (circle, solid black line); HEY-T30 shScrambled (x, solid 
purple line). No significant difference in tumor size was observed between shIGF2-p and 
shScrambled xenografts before treatment started (See Fig. 5D).
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CHAPTER III: OVEREXPRESSION OF INSULIN-LIKE GROWTH FACTOR 2 IN 
AN OVARIAN CANCER CELL LINE LEADS TO INCREASED XENOGRAFT 

GROWTH AND NEUTROPHIL INFILTRATION 

Jurriaan Brouwer-Visser, Jiyeon Lee, Maria J. Cossio, Shijun Mi, Suzan K. Chao and Gloria 
S. Huang

This manuscript has not been submitted yet. As such, the introduction and discussion for this 
publication will be a shortened version of the text written for the general introduction and 
discussion of this thesis. 
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Objectives

Our broad objective is to elucidate the mechanisms by which IGF2 alters patient outcome and 

sensitivity to chemotherapy. We have seen that IGF2 knockdown can lead to sensitization of 

resistant cells and we propose to further describe how directly modulating IGF2 affects the 

phenotype of cells and xenografts. 

Aims

• Evaluate if overexpression of IGF2 in HEY cells causes resistance to Taxol.

• Evaluate if the conditioned media of IGF2 overexpressing HEY and A2780 cells can 

stimulate non-transfected cells.

• Evaluate if IGF2 overexpression in HEY and A2780 cells affects xenograft growth in mice.
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Results

Phenotype of IGF2 overexpression in HEY cells

HEY cells were transfected with a construct containing IGF2 gene. Reverse transcriptase 

qPCR of the sorted mass population showed a several thousand-fold increase in IGF2 mRNA 

of HEY-IGF2 cells. ABCB1 (p-glycoprotein) mRNA showed an increase in both HEY-EV and 

HEY-IGF2 as well (Fig. 1A). We have previously noted that ABCB1 expression varies greatly 

under different conditions in HEY cells and suspect the increase to be a result of transfection 

and cell sorting. Western blot analysis of the IGF2 protein showed an increase in the 21 kDa 

preproprotein, but not in the proprotein or the mature IGF2, possibly due to insufficient 

processing of the preproprotein or due to rapid secretion of the mature protein from the cell. 

Analysis of the HEY-IGF2 media by ELISA, which detects the different intermediary and 

mature forms of the IGF2 protein, showed increased levels of IGF2 protein in the media (Fig. 

1B). Transfection of HEY cells with IGF2 led to an increase of IGF2 on the mRNA, protein 

and secreted protein level. IGF2 can bind the IGF1 receptor, Insulin receptor or hybrid 

receptor to signal to downstream PI3K/AKT or MAPK pathways. Western blot analysis 

showed that the HEY-IGF2 cells have higher AKT phosphorylation when compared to the 

untransfected and empty vector-transfected HEY cells. ERK phosphorylation was unaffected 

by IGF2 overexpression, likely because the BRAF mutation of HEY cells make that pathway 

less sensitive to external stimulation. Low total levels of IGF1R in HEY cells make detection 

of its phosphorylation by Western blot difficult, therefore we opted to use a sandwich ELISA 
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assay. Similar to AKT phosphorylation, tyrosine phosphorylation of IGF1R was increased in 

HEY-IGF2 cells, indicating increased activation of that receptor (Fig. 1C).

Both HEY-IGF2 and HEY-EV cell lines were more resistant to Taxol treatment as compared to 

untransfected cell lines, as determined by cytotoxicity assays, while resistance to ixabepilone 

was only slightly altered. Taxol is an excellent substrate of the p-glycoprotein transporter 

(ABCB1), while ixabepilone less so. Co-incubation of cells with verapamil, a known inhibitor 

of ABCB1, sensitized HEY-EV and HEY-IGF2 to Taxol, suggesting its resistance to be at least 

partly due to expression of ABCB1 (Fig. 1D). There are few differences described for the 

mechanisms of action of Taxol and ixabepilone. Both bind at the same site of ß-tubulin site 

and show competitive binding inhibition. Besides less affinity for the p-glycoprotein, it is 

thought that ixabepilone can overcome resistance to Taxol caused by increased expression of 

the ßIII isotype of ß-tubulin, by preferentially binding to this subtype (Dumontet et al, 2009). 

Stimulation of the survival/proliferation pathway of PI3K/AKT can lead to decreased doubling 

times of the cells (the time necessary to double the number of cells). We have  previously 

shown that knocking down IGF2 by siRNA increased the doubling time of Taxol-resistant 

HEY-T30 cells. Both under normal (10%) and low (1%) serum conditions HEY-IGF2 cells did 

not proliferate at a different speed than untransfected and HEY-EV cells. We suspect that 

adaptation and compensation mechanisms avoid any noticeable differences in doubling time 

(Fig. 1E). 
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Figure 1

A
Reverse Transcriptase qPCR of HEY cells transfected with IGF2 or with the empty 
vector. After FACS sorting of GFP-positive cells, RNA lysates were prepared and reverse 
transcribed. IGF2 and ABCB1 mRNA were determined by qPCR. HEY-IGF2 cells have a 
several thousand-fold increase in IGF2 mRNA and a several fold-increase in ABCB1 mRNA. 
Average ±SEM, n=12 for IGF2 and n=4 for ABCB1, each sample in triplicate.  **** 
p<0.0001, ** p<0.01, ns is Non Significant, by one-way ANOVA with a Bonferroni post-test.
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B
Western blot and ELISA of transfected cells. Cells were lysed, separated on a tris-tricine gel 
and the membrane incubated with an IGF2 antibody. HEY-IGF2 showed the presence of a 
heavier preproprotein of 21 kDa, but no difference in the mature 7 kDa IGF2. Representative 
Western blot shown, bar graph shows the quantification of three independent experiments. 
Secreted IGF2 was measured by ELISA. Five hundred thousand cells were seeded, washed 
after 24 hours and 1 ml of serum-free media was added. Cells were incubated for 48 hours, the 
conditioned media was then harvested and the cells counted. IGF2 was then quantified by 
ELISA using a standard curve. Average ±SEM, n=2, each sample in duplicate, *p<0.05, by 
one-way ANOVA with a Bonferroni post-test.

C
Phosphorylation changes in transfected cells. Cells were starved overnight and subsequently 
lysed. Proteins were separated on a tris-glycine gel and the membrane probed with the 
antibodies shown. Bar graph shows the quantification of three independent experiments 
±SEM, ** p<0.01 by one-way ANOVA with a Bonferroni post-test. Using the same lysates, a 
sandwich ELISA was performed to determine relative phosphorylation levels of IGF1R. 
(Average ±SEM, n=4, each sample in duplicate) * p<0.05 by one-way ANOVA with a 
Bonferroni post-test. 

D
Cytotoxicity assays of transfected HEY cell lines. Cells were seeded in 96-well plates and 
treated the next day with decreasing concentrations of Taxol (top) and ixabepilone (bottom). 
For co-incubation with verapamil, media was changed to have a fixed concentration of 10 µM.  
After 72 hours cells were fixed and stained with sulforhodamine B and read on a plate reader. 
Curves show the surviving fraction of cells at each concentration and the bars shows the 
calculated IC50, by curve fitting. HEY-IGF2 and HEY-EV showed  increased resistance to 
Taxol compared to HEY. This resistance was reversed by co-incubation with verapamil, a 
compound known to inhibit p-glycoprotein (ABCB1). Average ±SEM, n=7 for Taxol and n=3 
for Taxol + 10 µM verapamil, each sample with six replicates, **** p>0.0001, by one-way 
ANOVA with a Bonferroni post-test. Both transfected cell lines showed only slight resistance 
to ixabepilone in comparison to the untransfected cell line.

E
Doubling time of transfected cells.
Ten thousand cells per 6-well well were seeded in either RPMI with 10% FBS (left, average 
±SEM, n=7) or 1% FBS (right, average ±SEM, n=3).  After 24 hours and 96 hours two wells 
were counted and the doubling time calculated. No statistical differences were observed 
between the three cell lines under the two conditions tested.
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IGF2 conditioned media stimulates HEY cells 

Since we showed that IGF2 overexpression led to increased IGF2 protein in the media, we 

determined if this media was able to stimulate untransfected cell lines. As expected, HEY cells 

had AKT readily phosphorylated by stimulation with the conditioned media of HEY-IGF2 

cells and not by conditioned media of HEY or HEY-EV cells (Fig. 2A). When the same 

conditioned media was used to stimulate A2780 ovarian cancer cells, no stimulation was 

observed of either AKT or ERK (Fig. 2B). A2780 cells have an inactivating PTEN mutation 

that leaves AKT constitutively activated; we suspect that the relatively low concentration of 

IGF2 in the conditioned media of HEY-IGF2 cells is not enough to further stimulate these 

cells. As a control, we transfected and sorted A2780 cells similarly to HEY-IGF2. The 

conditioned media of these transfected A2780-IGF2 cells was able to stimulate HEY cells very 

strongly (Fig. 2C). Again, the conditioned media of A2780-IGF2 cells was unable to further 

stimulate A2780 cells (Fig. 2D), indicating that the inability of conditioned media to stimulate 

A2780 cells, was a cell line-specific.
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Figure 2

A
HEY-IGF2 conditioned media stimulation of HEY cells. Transfected cells were cultured in 
serum-free media for 48 hours; this conditioned media was then used to stimulate starved 
HEY cells for 10 minutes after which cells were harvested and lysed. The lysates were 
separated on a tris-glycine gel and the membrane blotted with the antibodies shown. The 
conditioned media of HEY-IGF2 increased AKT phosphorylation and not ERK 
phosphorylation of untransfected HEY cells (n=2).

B
In a similar fashion, A2780 cells were treated with HEY-IGF2 conditioned media. No change 
in phosphorylation of either AKT or ERK is seen. (n=2)

C
A2780-IGF2 conditioned media stimulation of HEY cells. The conditioned media of 
A2780-IGF2, prepared similarly to A), increased AKT phosphorylation of HEY cells slightly 
but did not show any response in A2780 cells (D) (n=2).
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HEY-IGF2 xenografts have an increased growth rate 

We did not observe any change in the proliferation rate of the HEY-IGF2 cells when compared 

to HEY-EV in vitro cell culture. Since it was clear that IGF2 was being overexpressed, we 

hypothesized that in xenografts we might observe different growth kinetics. Nude mice were 

injected subcutaneously with one million of either HEY-IGF2 or HEY-EV cells. Tumor growth 

was recorded twice weekly. As soon as tumors were measurable, HEY-IGF2 tumors had a 

significant increased growth rate. HEY-IGF2 xenografts reached the maximum allowed size 

several days before the HEY-EV (Fig. 3A). We repeated this experiment with different 

dilutions of cells in 50% matrigel. The matrigel allowed the tumors to grow faster, but the 

same increase in growth of HEY-IGF2 xenografts compared to HEY-EV xenografts was 

observed with the three tested dilutions (10,000; 100,000; 1,000,000 injected cells) (Fig. 3B). 

Thus, similar findings were observed between xenografts injected with and without matrigel. 

When the first animal of a group reached the maximum allowed tumor size, the experiment for 

that dilution was ended and the tumors excised. The tumors were weighed and at each dilution 

the HEY-IGF2 tumors were heavier (Fig. 3C). To determine if the increase in tumor size was 

due to increased proliferation, we made sections of the tumors and stained them with Ki67, a 

nuclear marker only observed in cells that are actively going through the cell cycle. In HEY-

IGF2 xenografts a higher percentage of nuclei stained positively for Ki67 than in HEY-EV 

xenografts at the three tested dilutions (Fig. 3D). A pathologist analyzed the hematoxylin and 

eosin sections of all tumors to determine if any morphological differences were observed 

between the xenografts of the two transfected cell lines. Unexpectedly, a significant increase in 
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the infiltration of cells with a neutrophilic appearance was observed in HEY-IGF2 xenografts 

when compared to HEY-EV xenografts (Fig. 3E). 

Tumor growth experiments were also carried out with A2780-IGF2 and A2780-EV cells. 

Similar to our observation in cell culture, no difference was observed between the growth rates 

of the two cell lines in vivo (Fig. 3F). The experiment was repeated with two dilutions in 

matrigel, but no difference in tumor weight was observed (Fig. 3G). The pathologist also 

quantified infiltrating neutrophils in A2780-IGF2 and A2780-EV  xenograft sections. Very few 

infiltrating neutrophils were observed in either group, suggesting that overexpression of IGF2 

alone was not enough to increase tumor growth or neutrophilic infiltration in A2780 

xenografts (Fig. 3H).
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Figure 3

A 
Xenograft growth of HEY-IGF2 and HEY-EV. Nude mice were injected subcutaneously 
with one million HEY-IGF2 or HEY-EV cells. Of the ten HEY-IGF2-injected mice, nine 
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developed tumors. Of the ten HEY-EV-injected mice, seven developed tumors. HEY-IGF2 
xenografts (purple line) grew significantly faster than HEY-EV xenografts (red line). Average 
±SEM, * p>0.05, *** p>0.001, **** p>0.0001, by repeated measures two-way ANOVA with a 
Bonferroni post-test.

B
Injection of different dilutions of cells in matrigel. Nude mice were injected with either 
10,000 (◦, n=6); 100,000 (✕, n=5) or 1,000,000 (●, n=6) cells diluted in 50% matrigel and 
tumor growth was monitored. At all three dilutions HEY-IGF2 xenografts (purple lines) grew 
more quickly.

C
Tumor weight of each dilution at the termination of the experiment. The tumors were 
excised and weighed at day 27 after injection for 1,000,000 cells; day 33 for 100,000 cells; day 
39 10,000 cells. HEY-IG2 tumors were heavier at each dilution tested. Average ±SEM, * 
p>0.05, ns = non-significant by two-tailed t-test.

D
Ki67 staining of xenografts. Tumor sections of each tumor of B) were stained with the Ki67 
antibody; positive (brown) and negative (blue) nuclei were counted using Volocity software. 
HEY-IGF2 xenografts had a higher fraction of Ki67-positive nuclei, indicative of increased 
proliferation. Left photo, example of HEY-IGF2 tumor; right, HEY-EV. Average ±SEM, * 
p>0.05, ** p>0.01, ns = non-significant by two-tailed t-test.

E
H&E staining of xenografts. Tumor sections of mice injected with 100,000 cells were stained 
with hematoxylin/eosin and analyzed by a pathologist. HEY-IGF2 xenograft sections (left 
photo) showed an increase in cells with a neutrophilic appearance (arrows, inset) in 
comparison to HEY-EV (right). Neutrophilic infiltration of the sections was quantified by a 
pathologist (right). Average ±SEM, ** p>0.01, by two-tailed t-test.

F
Xenograft growth of A2780-IGF2 and A2780-EV.
Similar to A) nude mice were injected with one million A2780-EV or A2780-IGF2 cells. 
Unlike HEY-IGF2, A2780-IGF2 xenografts did not show an increased growth rate (nine 
animals were injected for both groups, nine tumors developed from A2780-IGF2 and seven 
from A2780-IGF2). Average ±SEM. 

G
Tumor weight of each dilution at the termination of the experiment.
Similar to B) and C), either 100,000 or 10,000 A2780-IGF2 or A2780-EV cells were diluted in 
50% matrigel and injected into nude mice. At the termination of the experiment (day 14 after 
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injection for 100,000 cells, day 19 for 10,000 cells), tumors were excised and weighed. No 
difference in tumor weight was observed at either dilution between the two groups (Average 
±SEM, n=4 for each dilution and each group).

H
Neutrophil infiltration in A2780-IGF2 xenografts. Similar to E) the pathologist quantified 
neutrophilic infiltration using H&E sections of A2780-IGF2 and A2780-EV xenografts. Very 
few infiltrating neutrophils were observed and there was no significant difference between the 
two groups. Average ±SEM, n=4 for each group.
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HEY-IGF2 conditioned media stimulates and attracts HL60 cells

Since xenografts showed differences in the involvement of mouse immune cells between 

HEY-IGF2 and HEY-EV, we wanted to confirm that human IGF2 stimulated mouse cells 

similar to human cells, considering similarity is 89% between the two species (Fig. 4A). When 

the mouse fibroblast cell line NIH-3T3 was stimulated with recombinant human IGF2 a clear 

activation of both AKT and ERK was observed by Western blot (Fig. 4B). Using the 

conditioned media of the HEY-IGF2 cells to stimulate the NIH-3T3 cells, phosphorylation of 

AKT at Threonine 308 increased, but not at Serine 473 or of ERK, likely due the lower 

concentration of IGF2 in the conditioned media as compared to the recombinant IGF2 (Fig. 

4C). The IGF2 secreted by the HEY-IGF2 xenografts can clearly have effects on the 

surrounding mouse cells.

We hypothesized that the increase in secreted IGF2 of HEY-IGF2 xenografts could increase 

the infiltration of neutrophils in the tumor. To test this we used the human HL60 cell line, a 

precursor neutrophilic cell line from a patient with acute promyelocytic leukemia. HL60 cells 

were readily stimulated by both recombinant IGF2 and insulin and showed increased 

phosphorylation of IGF1R, AKT and ERK. The conditioned media of HEY-IGF2 had similar 

effects on HL60 stimulation, suggesting HEY-IGF2 cells could stimulate neutrophilic HL60 

cells. This could be reversed by adding either the IGF2 antibody DX-2647 or the IGF1R 

antibody IMC-A12. ERK phosphorylation was not decreased by either antibody, suggesting 

other proteins present in the conditioned media also stimulated the ERK pathway (Fig 4D).
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Since neutrophils appeared to be infiltrating the xenografts, we determined if HL60 cells 

migrate quicker towards the conditioned media of HEY-IGF2 when compared to HEY-EV. For 

this we set up a Boyden chamber assay with a membrane with 8 µm pores and let the HL60 

cells migrate from the top through the membrane towards the conditioned media at the bottom 

for four hours. Significantly more HL60 cells migrated towards the HEY-IGF2 conditioned 

media than towards the conditioned media of HEY or HEY-EV cells. This effect could be 

reversed by adding either DX-2647 or IMC-A12 to the conditioned media, suggesting the 

IGF2 from the conditioned media is capable of attracting neutrophils (Fig. 4E). However, 

adding recombinant human IGF2 alone to the assay media did not induce significant more 

migration than just assay media, suggesting that mature IGF2 protein alone is not enough to 

induce more migration of HL60 cells.
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Figure 4

A
Comparison of amino acid sequence of human IGF2 and mouse Igf2. The amino acid 
sequences of human IGF2 (top) and mouse Igf2 (bottom) show a 89% similarity as determined 
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by Uniprot alignment. In blue is the mature IGF2 residues, gray shading and asterisks (*) 
indicate shared residues, colon (:) and period (.) indicate some similarity between residues.

B
Recombinant human IGF2 stimulation of mouse NIH-3T3 fibroblasts. NIH-3T3 cells 
were starved overnight and then stimulated with IGF2 50 ng/ml for 10 minutes. Cells were 
harvested, separated on a tris-glycine gel and the membrane blotted with the indicated 
antibodies. The human IGF2 was capable of stimulating mouse fibroblasts through both AKT 
and ERK phosphorylation. (n=2)

C
HEY-IGF2 conditioned media stimulation of NIH-3T3. Similar to B), Western blot of 
lysates of NIH-3T3 cells stimulated for 10 minutes with the conditioned media of transfected 
HEY cells. The conditioned media of HEY-IGF2 stimulates AKT phosphorylation on 
Threonine 308, but not on Serine 473. (n=2)

D
Precursor neutrophilic HL60 cells stimulation by HEY-IGF2 conditioned media. Human 
HL60 cells were starved overnight and then stimulated for 10 minutes with 50 ng/ml 
recombinant IGF2, 50 nM insulin or conditioned media from either HEY, HEY-EV or HEY 
IGF2 cells. Phosphorylation of the IGF1R/IR receptor along with AKT was observed with 
IGF2, insulin and HEY-IGF2 conditioned media. Phosphorylation of IGF1R and AKT was 
inhibited by concurrent treatment with the IGF2 antibody DX-2647 (10 nM) or the IGF1R 
antibody IMC-A12 (10 µg/ml). ERK phosphorylation was not inhibited, suggesting its 
activation was not only caused by IGF2. To the right, quantification of phospho-AKT 308 of at 
least three independent experiments. Average ±SEM, ** p<0.01, *** p<0.0001, **** 
p>0.0001 by one-way ANOVA with a Bonferroni post-test.

E
HL60 migration towards HEY-IGF2 conditioned media. 
Conditioned media was prepared by incubating HEY cell lines for 72 hours in serum-free 
media. Overnight-starved HL60 cells (500,000 cells per well) were allowed to migrate for four 
hours across a membrane with 8 µm pores towards the conditioned media in a Boyden 
chamber assay. Cells present in the bottom conditioned media and the ones left in the top assay 
media were then counted. Significantly more HL60 cells migrated across the membrane if the 
attractant was HEY-IGF2 conditioned media when compared to HEY or HEY-EV media. This 
increase was attenuated by adding IMC-A12 (10 µg/ml) or DX-2647 (10 nM) to the HEY-
IGF2 conditioned media. Recombinant human IGF2 (recom-IGF2, 50 ng/ml) alone could not 
replicate this increase. Averages of at least three independent experiments, average ±SEM, ** 
p<0.01 by one-way ANOVA with Bonferroni post-test.

118



GENERAL DISCUSSION

In this thesis we have further elucidated the role of IGF2 in ovarian cancer with three separate 

observations: a) Taxol treatment of ovarian cancer cells induces upregulation of IGF2 and 

patients whose tumor sections stain more strongly for IGF2 have a worse prognosis; b) Three 

different ovarian cancer cell lines show upregulated IGF2 in their chemoresistant counterparts 

and knocking down IGF2 mRNA sensitizes these cell lines to their chemotherapies in vitro 

and in vivo; c) Overexpression of IGF2 in HEY cells leads to an increased growth rate in 

xenografts, and attracts neutrophils in vivo and in vitro. Taken together, these results suggest a 

role for IGF2 in ovarian cancer. 

At the genomic level, expression of IGF2 is already exquisitely regulated: five promoters, 6 

variants, maternal imprinting and extensive miRNA interactions give rise to two isoforms of 

the preproprotein (Mineo et al, 2000; Li et al, 2011). Then again on a protein level, processing 

consists of several steps, giving rise to a number of intermediary forms before finally reaching 

its 7.5 kDa mature protein. It is becoming increasingly clear that each form of the protein has 

physiological functions, not just the mature form (Greenall et al, 2013).

Once the protein in any of its forms is secreted from the cell, it is regulated on a 

macrostructural level by means of forming secondary and ternary structures with IGF-binding 

proteins and the Acid-Labile Subunit (Fukuda et al, 2006; Beauchamp et al, 2010). Finally, its 

ability to signal is determined by the receptors present on the cell membrane: binding to the 

IGF2 receptor does not result in survival/proliferation signaling, while binding to the IGF1, 
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insulin and their hybrid receptor does. The number of each of these receptors available on the 

membrane at any time is another level of regulation of IGF2 signaling (Holthuizen, 2003). 

This extensive control allows for a great variety of roles in physiological processes. Under 

non-pathological conditions IGF2’s main function is in development, where it is essential for 

normal growth of the animal. In adults, IGF2 levels are low and the majority is produced in the 

liver (Ekstrom et al, 1995). However, as we and many others have shown, in cancer IGF2 has 

a role similar to that of an oncogene. In ovarian cancer its overexpression leads to a worse 

prognosis and it is the most common gene with a copy number increase in colorectal cancer 

(Sayer et al, 2005; Cancer Genome Atlas Network & Getz, 2012; Lui & Baron, 2013). This is 

not completely unexpected, as its signaling axis involves the PI3K/AKT and the MAPK 

pathways, long considered to be essential drivers of tumor growth (Livingstone, 2013). 

For all that we know of IGF2’s function, many more questions remain to be answered and a 

complete understanding of its role in cancer is not understood.

In this thesis we have been able to determine that IGF2 is involved in the response to 

commonly-used chemotherapies in ovarian cancer. Treatment with Taxol rapidly increased 

IGF2 mRNA in cell lines, while cell lines made resistant to either Taxol, ixabepilone, 

epothilone B or discodermolide all showed significantly increased basal levels of IGF2 

mRNA. Apparently the cells respond to the chemotherapeutic treatment by increasing the 

PI3K/AKT survival pathway through upregulation of IGF2. This suggests one reason why 

patients with ovarian tumors that express high IGF2 have a worse prognosis: the tumor cells 

are better prepared to withstand treatment with cytostatic drugs. This is further supported by 

the fact that knocking down IGF2 sensitizes the HEY-T30 to Taxol treatment both in vitro and 
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in vivo. Standard of care for ovarian cancer patients calls for only one cytoreductive surgery, 

normally before chemotherapy starts (Romero et al, 2012). On certain occasions, gynecologic 

oncologists can decide to do a second surgery after the disease recurs (Rawahi et al, 2013). We 

are currently collecting samples from ovarian cancer patients before and after chemotherapy 

and analyzing any possible differences in the IGF-axis. This will allow us to determine if IGF2 

is important in the acquisition of chemoresistance. We also hypothesize that this analysis will 

give us predictive power as to how the patient might respond to chemotherapy.

On the other hand, overexpression of IGF2 by itself was enough to increase the growth rate of 

xenografts of HEY cells. We observed two clear morphological differences between the HEY-

EV and HEY-IGF2 xenografts: HEY-IGF2 xenografts had 1) more Ki67-positive staining 

cells, indicating increased proliferation, and 2) more neutrophilic cells infiltrating the tumors. 

The increase in proliferation was expected although not observed in cell culture. Since IGF2 

stimulates the AKT and MAPK survival/proliferation pathways, it is expected that more IGF2 

increases cellular proliferation (Marangoni et al, 2007). We showed that temporarily knocking 

down IGF2 leads to a decrease in proliferation of resistant HEY-T30 and A2780-T15 cells, but 

constitutive knockdown of IGF2 in HEY-T30 did not decrease proliferation compared to 

untransfected HEY-T30 cells. Similarly, constitutive overexpression of IGF2 did not make 

HEY cells proliferate more rapidly. When cells are transfected, care is taken to isolate only the 

cells that were successfully transfected, albeit by FACS (HEY-IGF2) or by incubation with 

antibiotics (HEY-T30 shIGF2). These isolated populations are then grown up and used for 

further experiments. This has as a side effect that cell populations have an inherent bias 

towards cells that survive and proliferate better under standard cell culture conditions. This 
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gives the cells ample opportunity to adapt and compensate for either IGF2 knockdown or 

overexpression. Another unwanted side effect of cell transfection, especially in HEY cells, is 

the upregulation of the p-glycoprotein (ABCB1), a drug efflux transporter that is involved in 

drug-resistance (Agarwal & Kaye, 2003). Even though we observed ABCB1 upregulation in 

Taxol-resistant HEY-T30 cells, we were able to prove that knocking down only IGF2, 

sensitized the cells and xenografts to Taxol. This is encouraging since the development of 

ABCB1 inhibitors has been disappointing because of little progression-free survival advantage 

and high toxicity (Zinzi et al, 2014). Xenografts of HEY-IGF2 cells grew faster than HEY-EV 

with or without matrigel at all injected cell numbers tested. It is interesting to note that even 

though IGF2 is overexpressed several thousand times, it is not outside of physiological ranges. 

Our lab is currently developing a project with patient samples of carcinosarcoma of the uterus 

and high levels of IGF2 mRNA are detected in the tumors of these patients as well 

(unpublished data).

As described, the IGF2-overexpressing construct contains only the three protein-coding exons 

and not the other 6 exons. So even though the whole preproprotein is expressed from the 

construct, isoform 2 is not, and any other transcription regulation by the other exons is also 

lost. Not much is known on how IGF2 function might be altered by isoform 2 and the non-

coding exons, and this area invites future investigation.

One surprising observation we made was the increased infiltration of neutrophils in the HEY-

IGF2 xenografts when compared to HEY-EV xenografts. Little has been described about the 

interaction of IGF2 signaling and the immune system. Ganitumab (AMG974), a humanized 

monoclonal antibody against IGF1R similar to IMC-A12, when used to treat nude mice led to 
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a significant decrease in neutrophils in the blood as determined by flow cytometry (Moody et 

al, 2014). Since this antibody inhibits IGF1R signaling and IGF2 overexpression increases 

IGF1R signaling, our observation of increased neutrophils in tumor tissue is reasonable. 

Neutrophils have been described to aid in metastasis and tumor development (Swierczak et al, 

2014; Wang et al, 2014). Through chemokines secreted by the tumor, such as CXCL1/2, 

neutrophils, which have the receptor CXCR2, are recruited and aid tumor cells in metastasis 

and in chemoresistance (Acharyya et al, 2012). Other suggested functions of attracted 

neutrophils include tumor angiogenesis, extravasation and increased invasiveness (Gregory & 

Houghton, 2011). Different immunologic cells have been more widely described to be 

involved in tumor progression. Tumor-associated macrophages are attracted to the tumor 

through the secretion of certain chemokines, such as Colony-Stimulating Factor (CSF), by the 

tumor cells. Macrophages have the CSF-receptor and migrate towards hypoxic areas in the 

tumor. They then can assist the tumor through several means: through the secretion of 

angiogenic factors, they increase blood vessel formation; through the production of proteases, 

they induce invasion of the tumor cells into the surrounding stromal tissue; and through the 

production of growth factors, they increase the intravasation of the tumor cells into the 

circulation. Among the growth factors that have been described to form part of these processes 

are VEGF, EGF and TGF-ß (Pollard, 2004). It is important to note that another ovarian cancer 

cell line (A2780) transfected with exactly the same vectors did not show the same effects as 

the HEY-IGF2 cells. The tumors did not grow more quickly and did not show neutrophil 

infiltration. Along with this observation goes the fact that even though conditioned media of 

HEY-IGF2 cells attracted more neutrophilic HL60 cells, recombinant IGF2 protein had no 
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effect. This suggests that mature IGF2 alone is not enough to cause the observed effects. IGF2 

overexpression in HEY cells could possibly lead to secretion of other factors that attract 

neutrophils, or the processing of the IGF2 protein in the HEY-IGF2 cells might explain this 

difference. The exact mechanism as to how the neutrophils are attracted to IGF2-

overexpressing HEY and not to A2780 cells and what their role is in our tumor model, still 

needs further investigation. HL60 cells were less attracted towards conditioned media when 

the IGF1R antibody IMC-A12 was added, suggesting the necessity of IGF2 stimulation of the 

IGF1R for neutrophil attraction. However, IGF1R showed to be of little importance in our 

Taxol-resistant HEY-T30 model, as no difference in sensitivity and tumor growth was 

observed when mice were treated with IMC-A12. Even though HEY-T30 cells overexpress 

IGF2, through multiple rounds of selection they have acquired several mechanisms of drug 

resistance, such as the ABCB1 overexpression described in this thesis. The IGF2-

overexpressing HEY xenograft is a completely distinct model that is engineered to only 

overexpress IGF2. Until now we are unable to tell which model relates more to patients in the 

clinic and therefore studying both models gives additional insights. Future xenograft 

experiments with HEY-IGF2 and IMC-A12 will determine the role of IGF2 in neutrophil 

attraction, while experiments with tumor tissue from patients will aid in determining which of 

our observations are more relevant in the clinic. 

Even though we can say with high confidence that IGF2 has a substantial role in the 

development of certain tumors and affects treatment, how to translate this to the clinical 

situation is more complicated. Extensive development has been done on the inhibition of 

IGF2’s main receptor, the IGF1R, through antibodies and small molecules. Several companies 
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were able to start clinical trials of these drugs, but none have shown much promise in phase II 

trials (Abou-Alfa et al, 2014; Philip et al, 2014). Complications are multiple. Patients that 

receive these medications are usually not tested for specific activation of the IGF-axis, so both 

patients whose tumors depend on IGF-signaling and those that do not receive the same 

experimental treatment, diluting any benefit the antibodies or small-molecule inhibitors might 

have. 

IGF2 can also signal through the two isoforms of the insulin receptor and the hybrid IR-A/

IGF1R receptor (Greenall et al, 2013). If the IGF1R is inhibited it is likely that the tumor cells 

will quickly compensate through either the insulin receptor or the hybrid receptor. Even 

though co-inhibition of the insulin receptor and the IGF1R would resolve this compensation, 

IR-B signaling is essential for the metabolic stasis of the cell and the patient would suffer from 

diabetes-like symptoms is this signaling was lost (Yee, 2012). This problem was also seen with 

small-molecule inhibitors that target the ATP-binding site of IGF1R, such as NVP-AEW541. 

Because the high similarity between the insulin receptor and IGF1R, IGF1R inhibition 

unavoidably led to inhibition of IR as well, resulting in high toxicities (Arcaro, 2013). 

IGF2 targeting would avoid these problems, especially since non-pathological functions of 

IGF2 in adults seem to be of low importance (Chao & D'Amore, 2008). As explained 

previously, IGF2 appears in several ways: in different intermediaries of processing and in 

different secondary and ternary structures. The humanized antibody for IGF2 used in this 

thesis (DX-2647), binds to the different intermediaries of IGF2, but is unable to bind to IGF2 

when it forms a secondary structure with IGF-binding proteins or a ternary structure with the 

Acid-Labile Subunit (Dransfield et al, 2010). This antibody would only be effective if the 
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tumor secreted large quantities of IGF2 in a paracrine fashion, without IGF2 being able to 

form these structures.

A more complete understanding of IGF2, i.e. which size of protein and transcription from 

which promoters are most important for tumors, will allow development of more precise 

therapeutics.

CONCLUSIONS

From the data presented here we can conclude that IGF2 has an important role in the growth 

and the response to treatment of ovarian tumors. We also see the possibility of using IGF2 

signaling as a target for developing new treatment for ovarian cancer. To accomplish that, we 

will focus on the use of patient samples to develop models to test new drug combinations. This 

is essential as we have shown that IGF2 signaling is closely involved with the tumor micro-

environment. Since we have also shown that chemotherapy affects IGF2 signaling, we will 

determine signaling differences in chemonaïve and recurrent tumor samples from the same 

patient. Finally, as we and others have shown, IGF2 is predictive of patient outcome and as 

such we will continue to investigate how IGF2 can be used to optimize treatment for patients.
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