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Abstract

Our recent study of the mechanism by which an epigenetic alteration, loss of imprinting (LOI) of
1912, increases tumor risk, revealed a strong relationship between IGF2 dosage, the dynamics of
signaling along the IGF2 axis, cell proliferation and tumor risk.! Colon epithelia in a mouse model
with LOI of /g2 showed increased sensitivity to IGF1R blockade and abrogation of premalignant
lesion development in LOI(+) mice. These results are consistent with the epigenetic progenitor
model of cancer,2 in which epigenetic changes precede and heighten risk of cancer in response to
oncogenic mutations. Thus, one can envision a highly targeted and focused chemoprevention
strategy targeted to signaling pathways in nonmalignant cells that have undergone an epigenetic
lesion, rather than a broad approach toward reversing epigenetic lesions that may have unintended
consequences affecting the whole epigenome.
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Introduction

In our recent study, “Enhanced sensitivity to IGF-I1 signaling links loss of imprinting of /gf2
to increased cell proliferation and tumor risk”,1 we identified a novel type of connection
between signal transduction, cell regulation, endocrinology and the epigenetic state of the
cell, i.e., heritable changes other than DNA sequence that affect gene expression. Clearly, we
have known for some time that many genes important in signal transduction are regulated
epigenetically. Examples include the estrogen receptor,3 the Wnt pathway,* the TNF-NFkB
pathway,® and even important oncogenic second messengers like P7EN.8 What was novel
about the recent study is that it demonstrated that an epigenetic change, specifically loss of
imprinting of /g72 (LOI), changes the responsivity of the signaling pathway, thereby stably
changing signaling dynamics itself.

"Correspondence to: Andrew P. Feinberg; Center for Epigenetics; Johns Hopkins University School of Medicine; 855 N. Wolfe St.;
Rangos 571; Baltimore, Maryland 21205 USA,; Tel.: 410.614.3489; Fax: 410.614.9819; afeinberg@jhu.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Timp etal.

Page 2

How a cell interprets signals depends on the response machinery present in the cell. Cell A
may respond to a given signal by expressing gene X, while cell B may instead respond to the
same signal by expressing gene Y, or no gene at all. These ‘differences of opinion’ could be
due to stochastic differences in the numbers of relevant intracellular molecules or, more
interestingly, distinct histories of the cells reflected in the details of what signals the cells
responded to previously and what proteomic makeup they had at the time of the arrival of
the new signal. In multicellular organisms distinct cell histories can extend all the way to
embryonic differentiation, which might endow the cells with the memory of belonging to a
tissue, even if the cell is isolated from the tissue. This long-term memory, sometimes
extending to the zygotic state, can be controlled by epigenetic modifications, reversibly
silencing or activating certain genes or chromosomal loci through histone modification,
SiRNA expression, or DNA methylation. Thus the knowledge of the epigenetic state is
critical to predicting cell responses to a particular combination of environmental and
intracellular cues.

When the first draft sequence of the entire human genome emerged in early 2001, despite
its enormous value for basic and applied genetics, it became quickly apparent that the job of
understanding the relationship between the genetic code and cellular function was only half
completed. For example, only 5% of the human genome is conserved, and of that, only 30%
lies within the exons of protein-encoding genes. The rest lies in the so-called “dark matter”
of the human genome—Ieading to efforts such as the ENCyclopedia Of DNA Elements
(ENCODE)? to identify regulatory components. Identifying genes and controlling regions,
such as promoter, insulator and enhancer sites turns out to be a major undertaking in itself.
However, once these sites are identified, there are still multiple regulatory levels related to
various epigenetic marks modifying the accessibility of the DNA, such as histone
acetylation, methylation and ubiquitination, and DNA methylation.

DNA methylation is a covalent modification of DNA in which a methyl group is transferred
from S-adenosylmethionine to the C-5 position of cytosine by a family of DNA
methyltransferases (DNMT’s). This usually occurs in the context of CpG dinucleotides in
mammals.1% Histone modifications include acetylation, methylation and phosphorylation of
dozens of residues on the amino-terminal tails as well as core regions of most histones,
although primarily H3 and H4 have been studied.!! It has become increasingly apparent that
epigenetic inheritance is a major component of the differences between one differentiated
cell type and another, between somatic cells and stem cells, and between normal and
diseased cells, including cancer. This view is supported by findings that although few
genetic changes apparently account for the difference among differentiated cell types, the
epigenetic pattern of the cell changes dramatically through differentiation and aging.2-12 The
first known epigenetic alteration identified in cancer was altered DNA methylation, found
initially in human colorectal cancer and premalignant adenomas.1314

While epigenetic mechanisms are generally accepted as important surrogates for oncogene
activation or tumor suppressor gene silencing in cancer initiation and progression, the idea
that they might play a role in cancer predisposition is relatively new.1:15-17 Despite the fact
that epigenetic alterations are found ubiquitously even in small benign neoplasms, relatively
little attention has been given to the apparently normal tissues that ultimately become foci of
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cancer development, even though the cells in tissues can undergo repeated environmental,
genetic and age dependent stress, toleration of which largely accounts for the long latency of
cancer. Age-related association of DNA methylation has been observed, for example, in the
estrogen receptor gene.18:19 Furthermore, we have recently found that DNA methylation
patterns change significantly with age in the same individual, lending further credence to an
epigenetic role in late-onset diseases.20 It is also important to bear in mind that while
mutations have been found in many genes in human cancers, known germline mutations
account for a very small fraction of cancer risk in the general population. For example, in
colorectal cancer, the highly penetrant hereditary cancer syndromes account for <1% of
cancer cases, 2122 even though 20% of CRC occurs in patients with two or more first or
second degree relatives?3 and there is a greater than two-fold risk for CRC among first
degree relatives of patients with CRC.24

Colorectal Cancer

Carcinogenesis typically occurs through a series of genetic mutations, each giving the tumor
cancer hallmarks such as self-sufficiency in growth signals, insensitivity to anti-growth
signals, evasion of apoptosis, infinite replicative potential, the ability to induce angiogenesis,
and finally the ability to invade tissue and metastasize.2> Having a predisposition for cancer
can mean that one of the genetic mutations has already occurred in the germline, rather than
somatically. A classic example of this is childhood retinoblastoma, which requires two “hits”
to occur—if an individual has the germline mutation, he develops retinoblastoma bilaterally,
and with a higher frequency, than if the mutation occurs sporadically—as the tumor only
needs a single somatic mutation to occur, rather two sequential somatic mutations occurring
in the same cell lineage.2® This paradigm is termed Knudson’s two-hit hypothesis.

Although there are many different paths for a cell to become cancerous, frequently such cells
take advantage of a specific tissue- specific signaling pathway. For instance, in colorectal
cancer, a possible weak link is the Wnt/B-catenin pathway. By an alteration or mutation of
this pathway, cells in the colon frequently take the first step towards unrestricted growth. In
fact, in sporadic colon carcinomas, over 90% carry an inactivated APC gene, whereas a
minority have a mutant B-catenin or axin, part of the same complex2’ (Fig. 1).

The canonical Wnt/p-catenin signaling pathway ultimately controls the concentration of the
free B-catenin and its localization within the cell (Fig. 1). Freshly produced B-catenin forms
a complex with axin and adenomatous polyposis coli (APC). This allows the
phosphorylation of p-catenin by glycogen synthase kinase-3 P (GSK3P) and casein
kinase-1a (CK1a). The phospho- rylated p-catenin is then ubiquitinated by b-TrCP, and
degraded.28 This proteosomic degradation endows B-catenin with a turnover time of around
20 minutes. The Wnt/B-catenin canonical pathway acts through the binding of the secreted
morphogenic ligand Wnt to the complex of Frizzled and low density lipoprotein receptor-
related protein (LRP) on the cell surface. This complex acts to inhibit the action of the -
catenin degradation complex in a poorly understood manner, though the recruitment of axin
to the Wnt-activated receptor is a likely candidate.28 The inhibition of degradation causes -
catenin to accumulate first in the cytosol, then in the nucleus. Upon arrival in the nucleus, it
binds to the Tcf and Lef families of transcription factors, activating a series of target genes.
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In intestinal epithelium, Tcf4 seems to be the primary factor driving intestinal epithelial stem
cell self-renewal, and a Wnt signal gradient appears to control the differentiation of cells
throughout the crypts, since a knockout of this factor denudes the intestine of its epithelial
lining.2° The B-catenin/Tcf4 complex is likely the critical control point for determining the
balance of differentiation and replication in intestinal crypts, likely through its control of c-
MYC and p21CIPYWAFL requlators of the cell cycle.30

One hereditable perturbation to the Wnt signaling system occurs in familial adenomatous
polyposis (FAP), in which the one of the germline APC alleles generally has a truncating
mutation.2’ If the allele from the unaffected parent undergoes a mutation or is lost (loss of
heterogeneity), APC is inactivated, preventing the degradation of B-catenin. The probability
of acquiring a single mutation (1075 per cell division) which leads to the formation of
adenomas is expected to be far higher than the probability acquiring two (10712).26 Of
course, this is not strictly accurate, as the first mutation might allow for larger zones of
proliferative cells within the crypts, increasing the number of cells with a possibility of
mutation. After identifying APC as a tumor suppressor gene from the study of FAP, later
analysis showed that somatic mutations of APC occur in the majority of colorectal
carcinomas and adenomas.?2’

Another hereditary colorectal cancer is hereditary nonpolyposis colorectal cancer (HNPCC),
which acts through a deficiency in mismatch repair (MMR) genes. The deficiency in MMR
genes leads to an increase in microsatellite instability, an increased possibility for DNA
mutation, with mutation rates 2—3 times higher than normal.2” Nevertheless, initiation of
adenomas occurs at the same rate as in the general population, much slower than in FAP,
which may demonstrate adenomas as early as the preteen years.2327 However, once an
adenoma does develop, it rapidly progresses to malignancy, leading both FAP and HNPCC

groups to develop carcinoma at approximately the same average age, 39 and 45 respectively.
23

Signaling by Insulin-Like Growth Factor 2 (IGF2)

Genetic mutation is not the only change which may lead to a predisposition for cancer.
Epigenetic marks such as histone modification and DNA methylation have also been linked
to cancer.31 When epigenetic marks are used to silence or express genes in a parent-of-
origin specific fashion, it is termed genomic imprinting. Genomic imprinting is a parent-of-
origin-specific allele silencing, meaning that only the paternal or maternal copy of the gene
is expressed, controlled in part by differentially methylated regions within or near the gene.
However, if the imprinting marks are lost, the parent-specific pattern of allele expression is
also lost, causing the imprinted gene to be either silenced or biallelically expressed.32

This epigenetic modification is exemplified by loss of imprinting (LOI) of the insulin-like-
growth factor 2 gene (1gf2). Normally only the paternal copy of /gf2is expressed, due to the
methylation of the imprinting control region (ICR) (Fig. 2). Methylation of this region
prevents binding of the insulating CTCF protein, allowing the enhancer region (E) to act in
concert with the /gf2promoter. In contrast, the maternal ICR is unmethylated, allowing
CTCF binding and preventing the enhancer from controlling /gf2. When imprinting is lost,
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the maternal ICR becomes hypermethylated, causing the expression of its /g2 copy as well.
Recently, an alternative mechanism of LOI for Igf2 has been suggested, involving
hypomethylation of the ICR as well as a region within the /g£2 gene, referred to as DMRO.33

Loss of imprinting leads to a 2—3 times higher dose of IGF2 in the individuals with this
epigenetic alteration. Perhaps more importantly, LOI of human /GFZ2has been associated
with several types of cancer. Specifically, colorectal cancer is 5 times more prevalent in
individuals who are LOI(+).34

IGF2 acts as a growth signal through the IGF family of receptors. There are three 3 receptors
with significant affinity for IGF2, IGF1 receptor (IGF1R), IGF2 receptor (IGF2R) and the
insulin receptor, which has two splicing variant isoforms (IRa and IRb). There are also IGF
binding proteins 1-6 (IGFBPs) which are present in the extracellular space and act to
stabilize and sequester IGFs.

IRa, IRb and IGF1R are members of the receptor tyrosine kinase family of receptors. These
receptors are very similar to each other, e.g., IGF1R is 70% homologous to IR.35 These
receptors are composed of two extracellular ligand binding « subunits and two
transmembrane p subunits with tyrosine kinase activity. Both IGF1R and IRa can effectively
bind IGF2, having the highest specificity for this ligand. Between the insulin receptor
splicing variants, IRa is dominant in fetal tissues, hematopoietic lineages, neural tissues and
some malignant cancers, while IRb is dominant in most adult tissues.36:37 The relative
expression of the different splicing variants may be altered through signaling, for example
by applying a dose of insulin to the cells.38 This alternative splicing seems to be independent
of mutation, suggesting that signaling changes the splicing, though transiently.3°

The IGF2 receptor (IGF2R), one of two known mannose-6- phosphate receptors, is more
commonly recognized for its role in protein trafficking. Upon binding IGF2, the receptor is
internalized and trafficked to a lysosome, where dissociation and degradation of IGF2 takes
place, with receptor then recycled back to the cell surface. This function is important for
regulating the amount of IGF2 present in the extracellular space for signaling. This
regulation was demonstrated in IGF2R knockout mice, which exhibit overgrowth and
usually die perinatally, but are rescued by knocking down either /gffror /gf240 The
mechanism for rescue is through either removing the excess IGF2, with an /g2 paternal
knockout, or the removal of one of the major IGF2 receptors, by /gfirdouble knockout. As
1gfirknockout by itself is normally lethal, it is thought that the IRa, in combination with the
extra IGF2, compensates for the lack of the IGF1R pathway.

When either IGF1R or IRa binds IGF2, the tyrosine kinase domain of the receptor is
autophosphorylated, activating its kinase activity (Fig. 3). The tyrosine kinase then
phosphorylates an insulin receptor substrate (IRS), which subsequently recruits
phosphatidylinositol 3-kinase (PI13K).#1 PI3K then acts to convert the lipid
phosphatidylinositol(4,5)P2 (P1P2) to phosphatidylinositol(3,4,5)P3 (PIP3), a process which
is balanced by phosphatase and tensin homolog (PTEN) phosphatase activity, converting
P1P3 back to PIP,.42 PIP5 then acts as a docking point for pleck- strin homology domain
containing proteins, e.g., protein kinase B, also known as Akt. Once localized to the
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membrane by this binding, Akt is phosphorylated at Thr308 by 3-phosphoinositide-
dependent protein kinase-1 (PDK1) leading to its partial activity, and at Ser473 by 3-
phosphoinositide-dependent protein kinase-2 (PDK2) for full activity.42

Akt is a major player in signal transduction, especially in ways which are relevant to cancer
growth. It acts to promote cell survival, cell proliferation and to increase cell size. Two of
Akt’s pro-apoptotic targets are BAD, a member of the BCL2 family, and FKHR, a member
of the Forkhead family, both of which Akt inactivates through phosphorylation. It may also
upregulate the NFkB pathway through phosphorylation and activation of 1kB kinase (IKK),
which then acts to degrade an NFkB sequestering protein, IkB. IkB usually binds to NFKkB,
keeping it in the cytoplasm, but upon 1kB degradation, NFkB migrates to the nucleus, and
activates a series of anti-apoptotic signals.3 Similarly, Akt participates in phosphorylation
and activation of MDMZ2, a p53 binding protein. MDM2 acts by migrating to the nucleus
after phosphorylation, and degrades p53, preventing the expression of apoptotic, cell cycle
arresting or DNA repair genes.** The mammalian target of rapamycin (mTOR) is also
activated by Akt, either through direct phosphorylation®® or through inactivation of the
tuberous sclerosis complex 2 through phosphorylation, which prevents it from interfering
with Rheb, required for mTOR activation.*® The mTOR pathway is one of the major
pathways activated by Akt, but also has a negative feedback role, only part of which is
known, through downregulation of IRS.#6 However, perhaps the most interesting target of
Akt activation is GSK3P, mentioned previously in the context of Wnt signaling. Akt
phosphorylates GSK3P, inactivating it, and preventing it from acting either in Wnt signaling
through phosphorylation of B-catenin, or in cell cycle regulation, through the
phosphorylation and subsequent degradation of cyclin D1.4” Consistent with the putative
role of Akt in GSK3P inactivation, it has been shown that IGF1R activation, by itself, does
not cause transcriptional activity of B-catenin through the Lef/Tcf complex, but rather acts as
an enhancer to Wnt based signaling.48

The IR and IGF1R receptors also activate other pathways than the IRS/PI3K/Akt pathway.
Shc is bound and phosphorylated by the tyrosine kinase receptor, allowing Shc to bind Grb2,
which then binds Son Of Sevenless (Sos). Sos then interacts with Ras, causing it to release
GDP and bind GTP, activating the Ras pathway, which involves the PI3K/Akt pathway, the
Ral-GEF pathway, and the mitogen-activated protein kinase (MAPK) pathway.4!

Also of potential importance is the direct interaction of IGF1R with P-catenin and E-
cadherin. A major function of B-catenin in epithelial cells is its binding to the intracellular
domain of cadherins, specifically to E-cadherin, a cell-cell adhesion protein. When cancer
cells are transformed from epithelial-like cells to mesenchymal, highly malignant cells, it is
often due to the loss of E-cadherin function.#? It has been shown that one of the possible
causes of this loss of function, through this degradation of cell-cell adhesion, can be IGF
signaling, with IGF1R inactivating E-cadherin through phosphorylation.*8

Recent Results from Animal Models: IGF2 Addiction and Chemoprevention

As described above, LOI of /GF2is a relatively common human epigenetic variant,
important due to its association with Wilms tumor,° Beckwith-Wiedemann syndrome,5! and
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risk of colorectal cancer.15:34 Our recently reported analysis! showed that LOI of /g72
increases expression of genes associated with proliferation in intestinal crypts and increases
the chances for formation of aberrant crypt foci (ACFs). The most important point of this
result was that the developing neoplastic growths have a stronger dependence on the IGF2
signaling pathway than those that form in wild-type samples. Blocking the kinase activity of
IGF1R in vivo in our LOI mouse model substantially inhibited ACF formation in LOI mice,
but had no effect on ACF inhibition in wild type mice. Thus, the colonic crypt cells in LOI
mice were /gf2-addicted, i.e., dependent on continued IGF2 stimulation at least for
neoplastic susceptibility if not proliferation per se. These cells were also likely IGF2-
dependent for cell proliferation, as cell cycle genes showed increased expression in LOI
mice, which was abated by IGF2 inhibition. This IGF2- addiction in epigenetically altered
cells suggests a novel epigenetic chemoprevention strategy, in which cells with IGF2-
addicted cells undergo reduced tumorigenesis in the colon upon IGF2 pathway blockade.

We propose a model linking epigenetic changes to the dynamics of signal transduction,
illustrated in Figure 4. In the normal crypt cell, growth, differentiation and apoptosis are
balanced, with the Wnt pathway thought to be the prime force behind controlling this
equilibrium. When /gf2is overexpressed epigenetically as in LOI, it leads to an increased
signalling for a given amount of IGF2, at least in part mediated by overexpression of IGF1R,
and subsequent increase in the downstream effects of the IGF2 axis. Cell growth is thus
increased, differentiation is reduced or slowed, and apoptosis is inhibited. The IGF2 axis is
linked to the primary differentiation pathway in the colon through inhibition of GSK3p, a
major player in the Wnt pathway. In contrast, when treated with an IGF1R kinase inhibitor,
cells regain equilibrium, and preneoplastic cells addicted to IGF2 by the epigenetic
perturbation are now less prone to form tumors. A corollary of the model is that the genetic
mutations in cells with epigenetic alterations that are most successful in leading to tumors
are tailored to the IGF2-rich environment. When this strong signalling is abruptly removed
by a drug, growth is decreased, and differentiation and apoptosis are increased, leading to a
reduction in proliferative cells.

LOI(+) has been shown to cause a marked expansion in the size of colonic crypts, as
revealed by markers such as MusashiZl, due to the mitogenic and proliferative effects of
IGF2.17 Using RNA extracted from laser capture microdissected (LCM) crypts for
microarray analysis, we found a marked difference between crypts extracted from LOI(+)
and LOI(-) animals, accompanied by upregulation of proliferative genes, such as Cacé,
Mcmb, Mcm3, Chafia, Ligland Ccnel, along with the expected doubling of /g72 expression.
1 This is likely due to the proliferative compartment of the crypts being expanded. Indeed,
IGF2 has recently been shown to be one of the key ligands for stem-cell self-renewal and
regulation.52

Considering that IGF2 is a soluble ligand, one must take into account how the local
concentration of this ligand is regulated, as well has how the colon tissue is organized. IGF2
triggers a growth signal, but, due to a relatively low diffusivity and potentially high removal
rates, it might only act only within a small spatial region, where its concentration is above
the signaling threshold. The size of this region increases when the production of IGF2
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doubles (through biallellic expression)—expanding the proliferative cell compartment which
may enhance the probability of malignant growth when a mutation arises.>3

To analyze the effect of this double dose of IGF2 and upregula- tion of proliferative genes,
we treated our LOI(+) animal model with azoxymethane (AOM), a well established colon
carcinogen.>* This is an especially realistic cancer model, as it allows the epigeneti- cally
expanded crypt compartments to form before the exposure to carcinogen, similar to the
gradual loss of imprinting in humans and the subsequent development of adenomas. AOM
dosage in rodents usually seems to perturb the B-catenin signal pathway, through a mutation
of either APC or B-catenin.>®

After dosing the mice with carcinogen, we found that they developed ACFs, which have
been identified as a precursor to colon cancer.%8 Aberrant crypt foci are preneoplastic lesions
often used by histologists as a measure of carcinogenesis. They are typically formed by
either K-ras mutations or B-catenin/APC mutations.> LOI(+) mice demonstrate a higher
number of ACF after AOM treatment (1.6 fold higher), when compared to wild-type mice.

Receptors of mitogenic pathways, pathways frequently implicated in cancer formation, are
often targeted by various therapeutic strategies, either through blocking of the receptor site
or inhibition of the receptor tyrosine kinase domain.>”-58 Two possible therapies exist for
targeting IGF2 receptors—either a small molecule inhibitor targeting the tyrosine kinase
domain,® or a monoclonal antibody to directly block the ligand binding site.%9 Using the
former (NVP-AEW541; small molecule inhibitor), ACFs from these LOI(+) mice were
found to be sensitive to perturbations of the IGF2 signaling pathway. The number of ACFs
in LOI(+) mice dropped significantly when dosed (61% decrease in ACF, 56% decrease in
ACF/cm? colon), even below wild-type without the drug (37% ACF, 33% ACF/cm?). In
contrast, LOI(=) mice show no significant effect by the drug, rather, they have slightly more
ACFs after correcting for colon length. These data provide confirmation of the ability to
exploit IGF2 addiction in LOI(+) cells as a strategy for cancer chemoprevention.

Signal Transduction in the Context of Loss of Imprinting

The increased dependence on IGF2 of developing neoplastic lesions in LOI(+) mice is an
important result, with implications for tailored therapy, but the mechanics behind the
dependence were somewhat opaque. In order to make a start at unravelling this mystery, we
undertook a cellular level analysis. Using microfluidic devices, we tested the signal response
of mouse embryonic fibroblasts (MEFs) derived from the LOI(+) mouse model.

In wild-type cells, IGF2 caused a transient phosphorylation of Akt, with a peak at 10—40
minutes and an eventual return to basal levels. However, LOI(+) cells showed a persistent
phosphorylation of Akt at the lowest IGF2 dose (400 ng/mL). At the intermediate dose (800
ng/mL) of IGF2, the signal resembled a peak again, though delayed versus the wild-type
cells. At the highest dose (1,600 ng/ mL) of IGF2, there was no observed peak at all. To
check the cellular response to the kinase inhibitor, LOI(+) and wild-type MEFs were dosed
with both a 400 ng/mL dose of IGF2 and a 3 puM dose of NVP-AEWS541 for 60 minutes, and
the Akt phosphorylation was measured. We found that the phosphorylation level was similar
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for wild-type cells with and without drug, but for LOI(+) cells, the phosphorylation was
markedly weaker with the drug.

To help unravel this mystery, we decided to perform genetic analysis of these MEF cells. We
used quantitative real-time PCR to determine the relative expression of IGF1R, IGF2R and
IR in LOI(+) and wild-type MEF cells. We found that IGF1R and IR were significantly
upregulated in LOI(+) MEFs as compared to WT MEFs. This indicated that the double-dose
of IGF2 itself was able to cause an upregulation of the receptors which bind it. The
underlying mechanism is not fully established, but this finding suggests the intriguing
possibility of secondary changes in cell state caused by LOI(+). In fact, the epigenetic state
of the cell may even have changed due to this sustained IGF2 double dose. The resulting
increase in both IGF2 and IGF1R levels might spur tumor progression.51

It is likely that the colonic crypts, when developing the neoplastic lesions, are influenced by
the upregulated IGF2 pathway. Developing ACFs usually require a mutation in the Wnt/p-
catenin pathway, whether it be in P-catenin itself, APC, or a different gene.>® Though the
majority of colorectal cancers seem to require a mutation first in the APC gene, allowing
APC to claim the role of gatekeeper for CRC, these mutations are not all identical 62.63

Most APC mutations result in a truncated version of the protein which has no axin binding
motifs, and only partial p-catenin downregulation function. Inactivation of both alleles of
APC s usually required for most intestinal tumors, following Knudson’s two-hit hypothesis.
However, the second mutation might be dependent on the nature of the first mutation.52 For
example, in patients with FAP, the second genomic “hit” found in adenomas depends on the
nature of the germ-line mutation. If the germ-line mutation still has partial function, the
second hit must remove all function from the second allele. If, however, the germ-line
mutation causes a complete loss of function, the second hit seems to retain partial function
of APC. Thus it appears that a reduction but not complete elimination of signaling in the
Whnit/B-catenin pathway is needed for cancer proliferation and growth. It will be important to
test whether cells addicted to IGF2 from LOI have a different set point for Wnt/p-catenin
pathway signaling. It is possible that alteration in IGF2 axis signaling perturbs the set point
for carcinogenic B-catenin signaling, thereby altering the numbers of ACFs observed.

Implications for Diagnosis and Treatment

If these results are borne out on further study, and in particular in humans with LOI of /GF2
or other epigenetic changes that may confer risk of cancer, then they suggest a novel strategy
of chemo- prevention for cancer. Currently, pharmaceutical research directed at epigenetic
discoveries is targeted at reversing the epigenetic lesion, with drugs, for example, DNA
demethylating drugs that have a broad effect across the genome, activating many genes that
might not be desired.54 In contrast, if patients at risk of cancer have altered signaling
dynamics specific to the at-risk cell population, then one might design targeted intervention
with a high therapeutic ratio, i.e., benefit to side effect, and reduce risk of cancer before even
small benign tumors develop. This would be a strategy akin to the use of lipid-lowering
drugs to prevent heart disease. Obviously, much more research will be needed to connect
these dots, but it is a hopeful and new line of thinking.
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Figure 1.

Schematic of Wnt/B-catenin pathway. (Left) In a naiive cell, p-catenin, when produced,
binds to the APC/Axin complex, and is phosphorylated first by CK1 a, then by GSK3p. This
phosphorylation leads to inactivation. The Tcf factor in the nucleus is bound by Groucho, a
member of the Grg transcription factor family, which inhibits transcription. p-catenin also
has a role in cell-cell adhesion, forming a complex with actin, p-catenin and E-cadherin to
form a desmosome. (Right) In contrast, when Whnt is present, it binds to the Frizzled/LRP6
receptor complex, activating Disheveled (Dsh), which acts to inactivate p-catenin

degradation, either through sequestering Axin or through inactivation of GSK3p. The

accumulation of p-catenin in the cell allows for accumulation in the nucleus, allowing -

catenin to bind to Tcf and activate transcription.
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Figure 2.
Normal imprinting of the /gf2/H19locus. The imprinting control region (ICR) on the

paternal chromosome is normally methylated, preventing the binding of the zinc-finger
protein CTCF. This causes the upstream enhancer region (E) to act on the /g2 gene, and
silences H19. In contrast, the unmethylated ICR on the maternal chromosome allows CTCF
binding, insulating the enhancer region from /gf2. This causes the expression of A#Z9and the
silencing of /gf2.
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Figure 3.
Schematic of the IGF2 signaling pathway. IGF2 is present in the extracellular space, with

free and IGFBP bound portions in equilibrium, acting to stabilize and control the
concentration. IGF2 binds to IGF1R or INSR, which causes autophosphorylation of the
receptor tyrosine kinase domain. The activated tyrosine kinase domain then acts to
phosphorylate IRS, which then binds PI3K. PI3K acts to convert PIP, to PIP3, which is
balanced by the action of PTEN to convert PIP3 back to PIP,. PIP3 is a powerful second
messenger, which, among other things, acts as a docking point for the pleckstrin homology
domain of PKB/Akt. With Akt recruited to the membrane, it is then phosphorylated by
PDK1 and PDK2, activating it. Akt then acts to phosphorylate a variety of factors,
enhancing proliferation and preventing apoptosis. IGF1R may also activate other pathways,
such as Shc/Grb2/SOS which activates the Ras pathway.
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Model of IGF2 effects on colonic epithelia. (A) With normal, monoallelic expression of

IGF2, the IGF1R receptor acts to stimulate growth and inhibits apoptosis (through

CARD11) and differentiation (through GSK3p). This is coupled to the Wnt pathway, as they
both inhibit GSK3p. (B) In the case of LOI of /g72, the biallelic expression of /gf2leads to
more IGF1R expression, as well as a reinforcement of the growth pathway while inhibiting
the differentiation and apoptotic pathways. (C) However, when an inhibitor of IGF1R action
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is applied, these pathways are curtailed, leading to an increase in apoptotic pathways and
reestablishment of the differentiation equilibrium.
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