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Abstract

Background and aim—Analysis of clinical colon cancer specimens show alterations in the CD95
(Fas Ag/Fas L) pathway as tumors progress from local to metastatic disease, suggesting this pathway
may play a role in invasive behavior of colon cancer. However, direct causality between these
alterations and clinical disease progression has not been shown.

Methods—Surgically resected metastatic colon cancer samples were evaluated for Fas Ag/L and
apoptosis. Alterations in the Fas signaling pathway found in human samples was recreated through
a series of staged transfection experiments in the MC38 mouse colon cancer cell line and the effects
on growth tested in vitro, and in vivo.

Results—Expression of FLICE like inhibitory protein (FLIP) confers apoptosis resistance,
increasing the incidence of primary tumors through a survival advantage by avoiding apoptosis and
inducing Fas mediated proliferation. Co-expression of Fas L enables colon cancer cells to metastasize
to the liver from local tumors as well as from intravenous injection of cells. MC38-FasL/FLIP colon
cancer cells induce apoptosis in hepatocytes via activation of type 2 Fas Ag signaling, thus creating
a niche conducive to tumor growth and fueling their own growth via Fas proliferative signaling.
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Conclusion—Alterations in the Fas Ag pathway which inhibit apoptosis and increase Fas mediate
proliferation directly increases local colon cancer growth and enhances metastasis to the liver.
Delineating points in the pathway responsible for growth and metastasis will offer targets which may
be exploited for therapy.

Introduction

The machinery which allows a cell to undergo apoptosis or programmed cell death appears to
be retained in all cells regardless of the level of cellular differentiation and is essential to
maintain appropriate cell numbers and remove damaged cells. Cancer cells share several
growth characteristics essential to sustain malignant growth (1). Central to the survival of
cancer is the ability to avoid apoptosis, therefore, it is not surprising that numerous mechanisms
to avoid apoptosis have been identified in cancer cells. Indeed, studies from tissue culture
models, mouse models of cancer and descriptive analysis of human cancer samples support
the notion that acquired apoptosis resistance is a hallmark of most, and perhaps all types of
cancer (1).

One mechanism by which colon cancer cells avoid apoptosis is to acquire resistance to CD95 /
Fas Ag mediated apoptosis. Similar to gastric cancer (2) colon cancer cells retain Fas receptor
expression, and in some cases over express the receptor. Despite abundant receptor, colon
cancer cells appear resistant to Fas mediated apoptosis (3—-6) through a variety of mechanisms
including the up regulation of inhibitor proteins (4,7,8) or the production of non-signaling
decoy receptors which act to titrate death inducing signal away from functioning receptors
(9). The fact that there is rarely loss of surface receptor suggests the Fas pathway may serve
functions in addition to apoptosis and may be a beneficial pathway for the cell to retain.

Investigation of human colon cancer cell lines support the notion that loss of Fas apoptotic
function correlates with progression from local to invasive tumors. Cell lines derived from
local lesions or from metastatic foci demonstrate a progression from a Fas apoptosis- sensitive
phenotype to a Fas apoptosis-resistant phenotype in the invasive and metastatic lesions.
Additionally, paired cell lines derived from the same host demonstrate that when the primary
tumor is Fas —sensitive, the metastatic tumors are Fas resistant, suggesting a pressure to acquire
apoptosis resistance (10). This correlation between decreased Fas mediated apoptosis and
metastatatic behavior has been analyzed in cell lines derived from rodent models as well (11)
though the precise mechanism of apoptosis resistance was not established. Though a clear
association has been shown, a direct causal role for the Fas pathway in the progression of colon
cancer has not been established in vivo. Interestingly, total disruption of the Fas pathway using
molecular based strategies does not reproduce a metastatic phenotype (10) suggesting that
additional cellular changes need to be acquired in vivo to allow metastasis to occur or
conversely that abrogation of the pathway in its entirety differs from selective inhibition of Fas
mediated apoptosis.

Interestingly, in addition to avoidance of Fas apoptosis, colon cancer cells often express Fas
L which has been suggested to function in either an “immune counter attack” manner- engaging
and killing off attacking lymphocytes, or to have a role in the formation of metastasis by
inducing apoptosis within endothelial cells or target organs such as the liver (12). In vivo proof
for these concepts however is lacking.

Examination of normal, nonmalignant human colonic epithelium demonstrates that
coexpression of Fas Ag and Fas L is rare. However, early in the adenoma to carcinoma
sequence, Fas L upregulation is noted and is evident at the stage of dysplasia. This coexpression
of both Fas Ag and Fas L has not been shown to result in apoptosis of the colonic cells
suggesting that either cells had acquired a mechanism of apoptosis resistance or the Fas ligand
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and receptor were unable to interact; this distinction was not addressed (6). Metastasizing colon
carcinoma cells have also been shown to upregulate Fas L expression, the significance of which
has been debated. Within the liver, sinusoidal endothelial cells express Fas Ag and are sensitive
to ligand induced apoptosis. In vitro, CC531s colon cancer cells expressing Fas L induce
apoptosis in rat liver sinusoidal endothelial cells (13) implying that the Fas Ag/L system may
be used by blood borne cells to gain access to tissues by disrupting the endothelium. These
authors demonstrate sinusoidal endothelium disruption by intravenous injection of CC531s
cells, but their model did not demonstrate metastasis foci formation (13).

Here we use the well described murine colon cancer cell line MC38 to address the role of Fas
Ag, Fas L and Fas apoptosis resistance in the behavior of colon cancer cells. We demonstrate
that Fas Ag mediated proliferative signaling is responsible for local tumor growth. Fas ligand
functions to stimulate proliferative signaling in an autocrine/paracrine fashion and further aids
in metastasis by creating a niche in the liver, where blood borne tumor cells can settle and
propagate. These data strongly support the role of the Fas Ag/L signal transduction cascade in
the invasion and metastatic behavior of colon cancer and suggests this pathway as a possible
target for cancer therapy.

Fas Ag/L are co-expressed in human colon cancer

Fas Ag is expressed minimally and Fas L is not expressed in non-neoplastic colonic epithelial
cells (Figure 1A, n=10) consistent with reported studies (5,6). Invasive colon adenocarcinoma
expresses both Fas Ag (10/10 samples) and Fas L (6/10 samples) (Figure 1B). Metastatic colon
cancer within the liver expresses high levels of both Fas Ag (14/14 samples) and Fas L (13/14
samples) within the same cells. Anti-cleaved caspase 3 IHC revealed abundant apoptotic
hepatocytes surrounding Fas L expressing metastatic foci (Figure 1E), while liver at a distance
from the tumor did not stain for cleaved caspase 3, and did not contain apoptotic cells (Figure
1D).

Characterization of cell lines

Invasive behavior of local tumor, and apoptosis of surrounding hepatocytes supports, but does
not prove a direct causal effect of the Fas signaling pathway. Therefore, we began our
investigation of the Fas signaling pathway in colon cancer progression by establishing a series
of colon cancer cell lines. MC38 cell line (14) was originally described as forming locally
invasive and metastatic lesions; subsequent in vivo analysis in various laboratories
demonstrates a more modest phenotype with fewer primary tumors and a less robust metastatic
profile suggesting there may be selection in culture for an attenuated phenotype. We first
characterized the FasAg and FasL expression profile of these cells, and then in order to examine
the contribution of Fas Ag signaling to colon cancer growth and metastasis, we created a series
of cell lines which recapitulate the staged acquisition of signaling proteins found in human
colon tumors, and assayed their behavior in vitro and in vivo.

MC38 cells express surface FasAg and not FasL (Figure 2A) survivin or XIAP protein (data
not shown). They express mutated p53 (15) and do not undergo spontaneous apoptosis. With
the addition of 50ng/ml soluble Fas L approximately 30% of cells were apoptotic at 24 hours
(Figure 2C, D) and by 72 hours, there were no viable cells identified.

Overexpression of FLICE-like inhibitory protein (FLIP) inhibits Fas mediated apoptosis but
is expected to leave other signaling pathways emanating from the DISC intact. Stable
transfected cell lines were isolated and FLIP expression verified by western blot (Figure 2B).
MC38 cells expressing the anti apoptotic protein FLIP (MC38/FLIP) phenotypically resemble
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MC38 cells, however they are relatively resistant to apoptosis induced by the addition of
exogenous soluble Fas L. After 24 hours in culture with 50 ng/ml soluble Fas L only 8.5% of
cells over-expressing cFLIP undergo apoptosis compared to 30% of cells not over-expressing
cFLIP (Figure 2C, D).

Expression of Fas L in the absence of FLICE or other inhibitor of apoptosis protein has not
been reported in colon cancer. Without a way to avoid paracrine activation of the Fas pathway,
ligand expressing colon cancer cells would likely be eliminated. In order to test the effect of
Fas L expression in the absence of anti-apoptotic proteins, the MC38 cells were engineered to
express Fas L on the surface (MC38/L). MC38/L cells grow well when sparsely plated:;
however, when cultures become confluent, cell numbers begin to decline (Figure 2D).
Interestingly, cells that survive in culture become apoptosis resistance (Figure 2 D, E) by one
of several mechanisms including down regulation of Fas Ag receptor, down regulation of Fas
L, and/or acquisition of anti-apoptotic proteins (data not shown) supporting the notion that
acquiring apoptosis resistance is vital for colon cancer cell survival.

In order to further test the effects apoptosis resistance, and of non-apoptotic Fas signaling on
colon cancer cell growth, we engineered MC38 cells to express FLIP (MC38FLIP), or FLIP
and Fas L (MC38FLIP/L). Under normal culture conditions, MC38FLIP cells grow in a similar
fashion to MC38 cells (Figure 2D). Cells resistant to apoptosis and expressing surface ligand
(MC38FLIP/L) grow faster than control cells at all time points (Figure 2D). Addition of 50 ng/
ml of soluble Fas ligand to cell cultures results in near elimination of MC38 cells at 3 days
while cells expressing the anti-apoptotic protein FLIP are protected from apoptosis (Figure
2E).

Colon cancer cells which are sensitive to Fas mediated apoptosis are weakly tumorigenic

We next determined the local growth and metastatic ability of colon cancer cells in vivo. Five
million MC38 cells injected subcutaneously formed tumors in 40% of mice by 4 weeks (n=30,
Figure 3A, B). Tumors were not locally invasive. Intravenous (Figure 3A, B) or intrasplenic
(data not shown) injections failed to produce gross or microscopic lung, cardiac or liver
metastasis (n=10 each group).

There is a selective pressure for colon cancer cells to become apoptosis resistant

As previously stated, MC38 cells engineered to express Fas L on the cell surface grew poorly
in culture. Once confluent, there is considerable apoptosis presumable due to paracrine
signaling. Interestingly, subcutaneously injected MC38/L cells formed tumors, though they
were unable to initiate metastatic disease when injected intravenously (Figure 3B).
Examination of tumors confirmed the majority of tumor cells had lost Fas L expression, though
the mechanism of this loss was not investigated (supplemental data Figure 1). Cells that retained
ligand expression were found in areas of apoptosis (supplemental Figure 1) confirming activity
of the Fas apoptotic pathway in these cells.

Resistance to Fas apoptosis increases local tumor growth and increases metastasis of colon

cancer cells

We next tested the in vivo activity of colon cancer cells resistant to Fas mediated apoptosis. In
sharp contrast to Fas sensitive colon cancer cells which form local tumors in 40% of mice, 77%
of mice injected subcutaneously with the apoptosis resistant MC38/FLIP cell line formed
tumors (figure 3B). The range in size of tumors was very broad (MC38; 0.5-6.2g vs MC38/
FLIP; 1.5-8.3g) which may have masked any significant difference in size between the two
groups. PCNA staining and mitotic body enumeration was similar (data not shown). Fas
apoptosis resistance dramatically increased the number of tumors but not their size which may
be because of the relative lack of Fas ligand availability within tumors. Early after injection of
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tumor cell, local inflammation supplies abundant Fas L which can bind to and signal the colon
cancer cells. As the tumor cell mass enlarges, cells within the tumor have less exposure to
inflammatory cells.

Intravenous injection of MC38 cells did not form lung, liver or cardiac tumors. When 5 million
MC38/FLIP cells were injected intravenously, 44% of mice (n= 4 of 9) developed 1 -5
metastatic lesions in the liver at 4 weeks. No lung metastases were detected (Figure 3B).
Interestingly, mice that developed hepatic tumors also developed invasive right atrial
intracardiac tumors.

Expression of Fas L on colon cancer cells greatly increases their local growth and ability to
metastasize to the liver

Locally aggressive and metastatic human colon tumors are Fas apoptosis resistance, and
express Fas L (Figure 1A-D). Therefore, we next evaluated the in vivo activity of MC38 cells
engineered to express both FLIP and Fas L. Subcutaneous injection of 5 million cells formed
tumors in 100% of mice (n=10). Tumors were larger and grew faster than those formed from
cells not containing Fas L, necessitating euthanasia at 3 weeks (compared at 4 weeks for the
other groups) (Figure 3B). Proliferation was 3 fold higher in the MC38/FLIP/FasL cell derived
tumors than in tumors derived from MC38 cells (Figure 4A, B).

Quite strikingly, MC38/FLIP/L tumors had a marked increase in tumor vascularity with grossly
large vessels from the overlying skin feeding the tumor (Figure 4C) compared to relatively
smaller and fewer vessels in the MC38 tumors. Microscopically, numerous platelet endothelial
cell adhesion molecule-1 (PECAM-1) expressing vascular channels (Figure 4 C,D) were
identified in the MC38/FLIP/L tumors while rare PECAM positive channels were identified
in the MC38 cell derived tumors. MC38/FLIP/L subcutaneous tumors spontaneously
metastasize to the liver (2/10). (Supplemental figure 2). In order to form liver metastasis, tumors
must first establish an adequate blood supply, tumor cells must then migrate through the
endothelium to gain access to the circulation and find a hospitable environment for anchorage
and growth. Reports suggest that Fas L expressing colon cancer cells induce apoptosis in the
vascular endothelium (13) and gain access to the circulation. This reported model however did
not develop metastatic lesions. In order to determine the degree to which MC38/FLIP/L cells
are capable of establishing lesions once in the blood stream, we used intravenous injection of
cells to bypass the restrictions local tumor size has on the time of these experiments.

Intravenous injection of as few as 1 x 108 MC38/L/FLIP cells resulted in numerous large liver
metastasis in 100% of the mice at 4 weeks (Figure 3A, B). All mice developed intra cardiac
tumors indistinguishable from the MC38/FLIP cardiac tumors and multiple lung metastasis.
All mice had greater than 20 liver lesions, with some having greater than 100. Microscopically,
there was little to no inflammation surrounding lesions confirmed by specific anti-CD3 and
anti-neutrophil antibody IHC (supplemental figure 3), suggesting neither lymphocytes nor
neutrophils play a prominent role in this model.

Fas L creates a niche by killing Fas Ag bearing liver cells

Colon cancer cells which express Fas L have in vivo metastatic activity. It is not clear how the
expression of Fas L enables cells to metastasize. We addressed the interaction between FasL
expressing colon cancer cells and hepatocytes using complimentary in vivo and in vitro
approaches.

We hypothesized that ligand bearing colon cancer cells would induce apoptosis in hepatocytes.
We used IHC to detect cleaved caspase 3 within cells of metastatic lesions and surrounding
hepatic tissue. MC38/FLIP tumors had few apoptotic tumor cells within the tumor (Figure 5
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A, B arrows), and no apoptotic liver cells (figure). Metastatic liver tumors derived from MC38/
FLIP/L cells showed intense apoptosis at the tumor — liver interface while cells within the
tumor, and liver cells distant from the tumor-liver interface had few apoptotic cell. (Figure 5).
TUNEL staining confirmed hepatic cell apoptosis (Figure 5C) suggesting the invading cancer
cells created a niche within the liver by inducing apoptosis in the liver parenchyma.

MC38/FLIP/L cells induce hepatocyte apoptosis in vivo and in culture via a type Il signaling

pathway

We did not observe any immune infiltrating cells in our tumor models, however we could not
definitively exclude an interaction between the host leukocytes and the colon cancer cells to
contribute to the metastatic phenotype in vivo. In order to directly address this issue, and we
took advantage of the fact that hepatocytes use a type Il mitochondrial dependent Fas apoptotic
pathway (16) and leukocytes utilize a type | pathway which does not involve the mitochondria
(16). Bid knockout (Bid KO) mice are deficient in type Il signaling but maintain type I signaling
allowing us to separate out MC38FLIP/L-hepatocyte and MC38/FLIP/L-leukocyte
interactions in vivo (16). Bid KO mice develop subcutaneous tumors with MC38, MC38 /FLIP
(not shown) and MC38FLIP/L colon cancer cells (Figure 3B). Bid KO mice do not develop
spontaneous liver metastasis with MC38FLIP/L cells, and intravenous injection of 1 x 108
MC38/FLIP/L cells did not produce gross or microscopic hepatic metastasis at 4 weeks (Figure
5D). Intravenous injection of Bid KO mice with 5 x 106 MC38/FLIP/L cells resulted in few
small hepatic tumors in 20% of the Bid KO mice. The incidence, size and appearance of lung
metastasis did not differ between wild type mice and Bid KO mice injected with MC38/FLIP/
L expressing cells suggesting lung metastasis does not require Fas-mediated apoptosis of lung
parenchyma for lesions to become established.

To further address signaling between Fas L bearing colon cancer cells and hepatocytes, the
liver cell line, Hep1.6-EGFP was co-cultured with either MC38, MC38/FLIP, MC38/L or
MC3B8/FLIP/L cellsin in an over- confluent fashion to allow direct cell — cell contact for 24
hours. MC38 and MC38/FLIP / hepatocyte cultures grew together without apparent change in
either cell type (figure 6A, B). Co-culture of the MC38/L and the MC38/FLIP/L cells with
Hepl.6-EGFP cells resulted in significant cell death at 24 hours. (Figure 6 C, D). In order to
discern which cell type was undergoing apoptosis, we collected both floating and adherent
cells at 24 hours. Cells were fixed with 1% paraformaldehyde for 1 hour and separated into
fluorescent (Hep1.6-EGFP) and nonfluorescent (MC38 derived cell lines) cells through
fluorescence-activated cell-sorting. A standard propidium iodide staining and flow cytometry
cell cycle analysis demonstrated a significant increase the level of apoptosis (sub G1 cells) in
the hepatocytes cultured with the Fas ligand expressing colon cancer cells. (Figure 6). MC38/
L cells also became apoptotic due to self stimulation with ligand.

Discussion

Colon cancer is a leading cause of morbidity and mortality in the US. Local disease is controlled
by surgical or endoscopic resection, however, therapies directed at metastatic disease are less
effective. Therefore, understanding the signaling pathways involved in allowing malignant
cells to engraft and grow in peripheral organs such as the liver will potentially provide new
targets for therapy and improve the outcome of treatment.

Fas Ag/Fas L while best known as an inducer of apoptosis has roles outside of inducing cell
death including proliferation (2,16), organ regeneration (17), neuronal development,
differentiation and regeneration (17-19). The signaling pathways responsible for these diverse
outcomes are still under investigation and involve signal cascades directly activated by FasAg/
L and influenced by other concurrently activated signaling pathways. Our laboratory has
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previously shown that gastric mucosal cells proliferate via direct Fas Ag/L induced Erk1/2
pathway (2) suggesting a role for Fas proliferative signaling in the luminal GI tract.

The Fas Ag/L pathway also has a “dark side” — serving a more sinister role in cancer cell
growth. It is well established that most tumors inactivate the Fas Ag apoptotic pathway as they
progress from local to invasive disease, and a substantial number also express Fas L. There
remains however, much controversy over the exact role of Fas signaling in the evolution and
survival of tumor cells as a whole. In general, avoidance of apoptosis is easy to understand
from a cancer cell survival perspective; it has been less clear how gain of ligand expression
confers an advantage to cancer cells. First consider Fas Ag induced apoptosis. Fas apoptotic
signaling is avoided by tumor cells in a variety of ways including at the receptor level (20),
through regulation of anti apoptotic proteins such as Bcl2, FLIP, IAP and survivin (21),
regulation of caspase abundance or activity (22) and through the influence of other signal
transduction cascades activated within the cell (23). Clinical effects likely depend upon the
mechanism by which cells avoid apoptosis and the cell type involved as signaling outcomes
appear to differ substantially between tissue types.

Involvement of Fas ligand in normal tissue homeostasis and in tumor growth and progression
is more controversial (24,25). Ligand expression on normal “immune privileged” cells such
as in the cornea, testis and brain has been postulated to function as a form of “counter attack”
by engaging and killing Fas Ag bearing immune cells. However the data supporting this claim
has recently come under attack (24-26). A similar mechanism of immune cell killing by Fas
L expressing cancer cells has been invoked to explain tumor cell survival based on clinical
data correlating expression of ligand on tumor cells with worse clinical outcome. While
appealing, direct evidence for this is sparse and the mechanism by which Fas L functions in
cancer cells is still not known for certain. In its purported role of engaging and killing immune
cells in an “immune counter attack™ other Fas Ag bearing cells such as vascular endothelial
cells and hepatocytes may also be at risk for tumor-ligand induced cell death (19). Based on
these findings, enforced expression was pursued as a means to allow transplanted tissues to
escape rejection. Unexpectedly, enforced expression of ligand often times results in a
paradoxical increase in inflammation and death of ligand bearing cells. In line with these
findings, Fas L has been reported to chemoattract neutrophils to tissues. While this may be
detrimental to normal tissue, it appears to exert a paradoxical effect on tumor cells (27-30).
Instead of facilitating tumor death, it appears that neutrophils secrete cytokines and growth
factors which tumor cells use for proliferation. Fas ligand in soluble form, membrane bound,
or in truncated form may have different physiologic effects, offering yet another mechanism
by which cells regulate the pathway.

When one specifically looks at colon cancer cells, there is a graded progression of defects
within the Fas Ag pathway from premalignant lesions to metastatic lesions whereby Fas Ag is
first expressed coincident with one of several anti-apoptotic proteins such as FLIP. As local
tumors progress in size and aggressive behavior, Fas L expression becomes prominent.
Metastatic lesions almost universally have acquired Fas L (6). We provide a clear
understanding of how these changes in the Fas Ag pathway initiate and enhance metastatic
activity in colon cancer cells. Our data supports the notion that Fas Ag/L signaling in colon
cancer is multifaceted, and includes both anti-apoptotic and proliferative signaling in tumor
cells themselves and induces apoptosis in normal tissue into which the cancer cells metastasize
(Figure 7). The crucial factor for colon cancer cell survival appears to be the early avoidance
of apoptosis through expression of FLIP which offers the cancer cell a tremendous bonus- a
previously tumor suppressor mechanism is usurped for proliferation and becomes a tumor
promoter. Ligand expression is associated with more aggressive local disease and metastatic
disease and appears to function in both autocrine and paracrine stimulation of Fas Ag
proliferative signaling, bypassing the need for exogenous stimulation. Ligand expression by
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colon cancer cells also functions in the induction of apoptosis in endothelial cells and
hepatocytes to establish metastasis. In our model, lymphocytes were not seen in or around
tumors suggesting in this system, immune counterattack is not a prominent means of
maintaining tumor survival. It is not clear if immune counter attack is a prominent function in
human colon cancer. Also neutrophils were not prominent in or around tumors, and were not
present in hepatic metastasis suggesting neutrophil mediated proliferation is not a central
component in our system.

Itis not yet clear what pathway is utilized for Fas proliferative signaling in the colon as different
cell types appear to possess unique signaling pathways (31) including Erk1/2 and NF-kappaB
activation (32) inhibiting Fas receptor mobility within lipid rafts (20) and alterations in the
cFLIP/FLICE ratio (2). In the liver for example, damage is associated with activation of several
antiapoptotic pathways including Akt, STAT3 and NK-kappB which may act to prevent Fas
mediated apoptosis, however the details of this switch are not yet fully delineated (17,33).
Dissecting the signaling pathway for colon cancer -Fas proliferative signaling will provide
additional potential targets for therapy.

The Fas Ag pathway has been recognized as central to the survival of many cancer types;
alterations to the pathway play a pivotal role in the local growth and metastasis of tumors.
Understanding the role of Fas signaling in colon cancer metastasis will offer new targets for
therapy. Induction of hepatic and endothelial resistance to tumor-induced apoptosis may
decrease metastatic spread of tumor, while decreasing ligand availability may serve to decrease
local tumor growth. Targeting downstream signaling cascades responsible for proliferation
may decrease growth and allow more effect from conventional therapy. However, it appears
that restoration of Fas apoptosis sensitivity to tumor cells would be the most efficient target
for therapy.

Material and Methods

For full details please see supplemental material.

Cell line, plasmids

MC38 cells (Dr. Timothy Wang) were engineered to express Fas L and/or FLIP. Expression
of surface receptor, surface ligand and anti apoptotic proteins were verified by FACS and
western blot.

Cell growth and apoptosis assay

Cells were seeded at equal number (10,000) into 6-well plates +/— Fas L and growth evaluated
by manual cell counts in replicate plates (3 wells for each condition, repeated at least two
times). Cell apoptosis was evaluated as sub-G1 population on standard propidium iodide
staining and flow cytometer cell cycle analysis.

Co-culture of Hepatocyte and MC38 cells

GFP labeled Hep1.6 cells were grown in direct contact with either MC38, MC38/FLIP MC38/
L, or MC38/FLIP/L cells at a ratio of 1:5. At 24 hours cells were collected fixed with 1%
paraformaldehyde, and GFP positive cells sorted and evaluated for apoptosis by PI staining
and cell cycle analysis.

Animals

Approval was obtained from the UMass IACUC prior to initiation of the study. Six week old
male or female C57BL/6 mice (Jackson Laboratories) and Bid knock out (KO) mice (agenerous
gift from Dr. Stanley J. Korsmeyer) were used in these studies.
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Subcutaneous and metastatic tumor model

One-five million viable cells resuspended in 500pl PBS (or PCS alone as control) were injected
subcutaneously in the scapular region under light isofluorane anesthesia, or via single tail vein
injection. At 3—4 weeks, tumors fixed and processed for histology, IHC or TUNEL.

Immunohistochemistry

Tissue was processed for routine histology, or immunohistochemistry using antibodies raised
against: PCNA, PEcam, Fas Ag, Fas Ligand, cleaved caspase-3, CD3e, 8 tubulin, granulocytes.
In H&E sections, mitotic bodies and PECAM were counted per 60x field. PCNA staining was
scored as the percent positive cells per field. For each parameter 10-12 fields were counted
per tumor to provide an average for each animal.

TUNEL staining

Apoptosis was detected using In Situ Cell Death Detection Kit, TMR red (Roche) according
to the manufacturer’s protocol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunohistochemistry to detect Fas Ag, Fas L and cleaved caspase 3 in human colon
carcinoma

Serial sections of A) histologically normal colonic mucosa B) locally invasive adenocarcinoma
and C) adenocarcinoma metastatic to liver were stained with antibody directed against Fas Ag
and Fas L. D) liver parenchyma distal to metastatic lesions failed to stain with anti-cleaved
caspase 3 Ab. E) Areas of liver parenchyma surrounding tumor (denoted by T) contain
numerous cleaved caspase 3 + hepatocytes (arrow heads). Arrow points out a drawn line to
delineate the border between the tumor and the liver parenchyma. All images 60x.
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Figure 2. Creation and characterization of cell lines
The MC38 colon cancer cell line was stably transfected with plasmids expressing cFLIP and /
or Fas L. A) Surface Fas Ag and Fas L expression was verified by FACS. Arrow denotes shift
with appropriate antibody in cell lines expressing surface Fas Ag or Fas L protein. B) cFLIP
expression was verified by Western blot. C) Fas L 50 ng/ml was added to cell cultures as
indicated and subG1 population (an indication of apoptotic cells) was detected by FACS at 24
hours. Bar in subG1 area indicates the apoptotic population and is shown in graph form in D.
Cell populations were grown in E) control media or F) media + 50ng/ml FasL and cell growth/

death graphed. * P<0.02.
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Figure 3. In vivo effects of alterations in the Fas Ag signaling pathway

A) MC38 or M38/FLIP/L cells were injected subcutaneously or intravenously in C57BL/6
mice. At 4 weeks local and metastatic tumor growth was evaluated. B) Tumor characteristics.
N=10 for all groups except MC38 where n=30, MC38/FLIP where n=9. All tumors were
evaluated at 4 weeks except * = 3 weeks due to large tumor size).
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Figure 4. Expression of FLIP and FasL increase colon cancer proliferation and neovascularization
MC38 and MC38/FLIP/L tumors were evaluated for tumor cell growth and vessel formation.
A) mitotic bodies were evaluated in hematoxylin and eosin stained sections (arrows). B) PCNA
immunohistochemistry. Positive signal is seen as brown cytoplasmic staining. C) Gross image
of the tumor surface taken at necropsy demonstrates large blood vessels feeding the tumors.
Arrows draw attention to the vessels originating from the overlying skin. D) Small blood
vessels within the tumor are enumerated as PECAM positive channels and counted as the
number of channels per high powered field. Arrows show one such channel which is shown at
higher power in the boxed region. Microscopic images 20x, enlarged box in D; 60x, gross
image in C; 2x.
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Figure 5. Fas L on colon cancer cells induces hepatocyte apoptosis via type 11 signaling

Liver sections containing metastatic colon cancer were evaluated by immunohistochemistry
directed against cleaved caspase 3. A) MC38/FLIP tumors cells (apoptosis resistant, but not
expressing Fas L ligand, and B) MC38/FLIP/L tumor cells (apoptosis resistant and expressing
Fas L). T; tumor, L; liver. Boxed areas are shown in higher power to the right of the image.
Arrow heads point out brown cytoplasmic staining within apoptotic cells. Apoptosis of
hepatocytes was confirmed by TUNEL staining of liver tissue containing MC38/FLIP/L tumor
cells. Bright field image on the left has the liver-tumor border defined by line. Fluorescent
microscopy image on the right. TUNEL positive cells- red fluorescent protein (red), nuclei;
DAPI (blue). Bid-/-mice, deficient in type Il Fas signaling develop significantly fewer liver
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metastasis when injected with MC38/FLIP/L colon cancer cells than wt mice. D) Hematoxylin
and eosin staining of liver. Images; low power, 10x; high power, 40x.
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Figure 6. Hepl.6 cells undergo apoptosis in contact with Fas L expressing MC38 cell lines

After 4 hours (Pl DNA content determination) and 24 hours (gross appearance of culture),
Hep1.6 cells in contact with control (MC38) and apoptosis resistant colon cancer cells (MC38/
FLIP) do not undergo apoptosis. Hep1.6 cells in contact with colon cancer cells expressing Fas
L (MC38/FasL and MC38-FLIP/L) undergo apoptosis as early as 4 hours, with widespread
apoptosis at 24 hours.
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Figure 7. Fas signaling in metastatic colon cancer

A) Fas Ag type 1l apoptotic signaling cascade. The non-apoptotic pathway is not fully defined
(arrows, unknown portions of the pathway). B) Our proposed model of the interaction between
apoptotic resistant colon cancer cells and hepatocytes.
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