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Abstract

We have shown that loss of ELF, a stem cell adaptor protein, disrupts TGF- signaling through
Smad3 and Smad4 localization. Notably e/f*~/smad4* ~ mice develop gastric cancer presenting
this as an important model for analyzing molecular event in gastric carcinogenesis. To gain further
insight into the functional role of ELF in gastric cancer suppression, we carried out a detailed
characterization of cell cycle events leading to gastric tumorigenesis. e/f”~ cells and e/f*/7/
smaad4*~ mice demonstrate a marked alteration of cell cycle regulators, such as Cdk4, K-Ras, and
p21. Levels of Cdk4 increased compared to normal controls, suggesting loss of ELF results in
functional abnormalities in cell cycle regulation. We further demonstrate that the e/f”~ MEFs
show a disruption of G4/S cell cycle transition and a significant reduction in senescence. Thus, in
response to ELF deficiency, the abnormalities of G1/S checkpoint and senescence contribute their
increment of susceptibility to malignant transformation.
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Gastric carcinoma is a leading cause of cancer-related deaths worldwide. With
approximately 755,000 new cases diagnosed each year, it ranks second in incidence only to
lung cancer. Most gastric cancers are diagnosed at an advanced stage, contributing to a
dismal 5-year survival rate of under 20% [1-3]. The factors that govern progression from
gastric epithelial cell hyperplasia through dysplasia to in situ carcinoma and invasive disease
remain poorly understood and are thought to involve multiple pathways.

Helicobacter pyloriis one of the most prominent reasons in gastric oncogenic activation by
the cytotoxic-associated antigen A (cag A), which is known to bind signaling molecules
such as erb2, c-met, and zo-1. Infection with H. py/ori perturbs several signaling pathways
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thus promoting gastric carcinogenesis [4]. Germ line mutations in E-cadherin has been one
of the first few genes clearly implicated in diffuse type of gastric cancer. Subsequently
oncogenic activation of f-catenin (17-27%) in the differentiated type, K-Ras (up to 18%) in
diffuse and differentiated types, as well as amplification of c-erbB2 or c-met in
approximately 10% of both cancer types have been identified. Among tumor suppressors,
APC mutations although frequent in gastric adenoma are rarely found in gastric cancers.
Similarly, mutations in p16 and p53 are seen in up to 20% of cases. Microsatellite instability
(MSI) is present in up to 33% of gastric tumors [5], and is in turn associated with more
frequent frameshift mutations of TGF RII, BAX, and hMSH3 genes [6]. Other involved
molecules are CD-44, c-erb2, tie-1, c-met, and more recently, Smad4 [7].

Recent genetic studies using mouse knockouts have demonstrated a strong role for the TGF-
{3 signaling pathway in gastric carcinogenesis. The TGF-§ family encompasses a number of
ubiquitous growth and differentiation factors. These proteins control cell fate by regulating
differentiation, proliferation, migration, and apoptosis. Their signaling mechanism is
mediated through type | and Il receptors, transmembrane serine/threonine kinases, and
transmitted to Smads, specific intracellular mediators. Activation of Smads results in nuclear
translocation and activation of gene expression [8-10]. Vertebrates possess at least nine
Smad proteins falling into three functional classes: (i) Receptor activated Smads (R-Smads):
Smad1, Smad2, Smad3, Smad5, and Smads; (ii) Co-mediator Smads: Smad4 and Smad10;
and (iii) Inhibitory Smads: Smad6 and Smad7. Smad2 and Smad4 are known tumor
suppressors in humans, and inactivation of Smad4 is a common aberration noted in human
gastrointestinal tumors [11-13]. The pleiotrophic effects of Smad proteins and their
interactions with various transcriptional factors, adaptors, and ubiquitinators. Among these,
Runx transcriptional activators play a prominent role in suppressing gastric cancer. Runx3-
null mice exhibit gastric hyperplasia, and approximately half of human cancers lack Runx
expression due to hemizygous deletion and DNA methylation of the Runx promoter [14,15].

In addition, the activities of Smads can be modulated by adaptors such as embryonic liver
fodrin (ELF), filamin or Smad anchor for receptor activation (SARA), as well as functional
interactions with multiple signal transduction pathways [16,17]. These adaptor proteins play
a critical role in localizing Smad and facilitating the functions of TGF-f. ELF is a key
protein involved in endodermal stem/progenitor cell commitment to foregut lineage [17]. It
is also crucial for protein sorting, cell adhesion, and the development of a polarized
differentiated epithelial cell. In prior work, we have demonstrated that TGF-f triggers
phosphorylation and association of ELF, a B-spectrin, with Smad3 and Smad4 resulting in
nuclear translocation [16]. e/f*/~ mice display a phenotype similar to mice with compound
haploinsufficiency at smadZ2and smad3loci. Disruption of e/fgene expression may be an
important modulator of TGF- inactivation. An examination of e/f*/~and e/f*~/smacd4*’~
mice for tumor development revealed that 40% of e/f*”~ mice developed tumors of varying
etiology. This tumor incidence was comparable to that seen in smad4*~ mice (45%).
Interestingly, 90% of e/f*~/smad4*~ double heterozygous mutants developed tumors,
suggesting a cooperative interaction between ELF and Smad4 leading to enhanced
tumorigenesis [18,19].
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Inhibition of cell proliferation is central to the TGF-f response in epithelial, endothelial,
hematopoietic, neural, and certain types of mesenchymal cells. Escape from this response is
a hallmark of many cancer cells. TGF- can induce anti-proliferative gene responses at any
point during the division cycle. These responses are effective at inhibiting cell cycle
progression primarily during G;. Once a cell becomes committed to executing DNA
replication in late G, the division cycle will proceed for the most part undeterred by TGF-
until the cell enters G4 again following mitosis, at which point the cell cycle will arrest [20].
The mechanism of TGF- mediated growth arrest at the G4 phase in epithelial cells includes
the inhibition of cyclin D, E, and A mRNA expressions [21-23], a reduction of cyclin-
dependent kinase 4 (Cdk4) synthesis, and a down-regulation of Cdk2 kinase activity [24,25].
Additionally, p21°iP1, a Cdk inhibitor, has been reported to be a potential cellular mediator
in TGF-B induced cell cycle arrest [26-28]. The induction or redistribution of these
molecules by TGF-p effectively suppresses the activity of the G1 cyclin/Cdk complex.

Epistatistically increased gastric tumors in e/f*/~/smad4*/~ mutant mice present an ideal
model for further analysis of the genetic cooperation between ELF and Smad4. In this study,
we sought to demonstrate changes in cell proliferation and expression of proteins involved
in cell cycle regulation, such as Cdk4, Ras, and p21 in e/f” cells and e/f*/~smad4*~ mice.
Interestingly, we found that loss of ELF upregulates the level of these proteins in cultured
cells and hyperplastic tissues. We further demonstrate that e/f”~ MEFs show impairment of
transition at the G4/S cell cycle checkpoint and a significant reduction of senescence. Our
results indicate that the loss of ELF, a modulator of the TGF-f pathway, leads to
deregulation of cell cycle control and senescence. The presence of a prominent gastric tumor
phenotype in the e/f*/~/smad4*/~ with the significant disruption of key cell cycle regulation
indicates a strong tumor suppressor role for ELF and Smad4 in gastric carcinogenesis.

Materials and methods

Mouse maintenance and analysis

Mice were monitored at least twice a week for possible symptoms related to tumor
formation. At autopsy, the esophagus and stomach were bisected and flattened during
fixation or were expanded with fixative by clamping the adjacent duodenum/esophagus and
infusing the lumen with a syringe. They were then cleaned of blood, food, and feces, fixed
overnight in 10% buffered formalin, processed, and embedded in paraffin. Animal care was
in accordance with institutional guidelines and under approved animal care protocols.

MEFs generation and culture

MEFs were derived from E14.5 embryos generated from intercrosses between e/f*/~ mice.
The comparisons between wild type and mutant cells were performed between littermates.
To immortalize the wild type and mutant MEFs, the cells were seeded 1 x 10° cells in a 10-
cm dish and left untouched (except for the medium change every 3 day) for at least a month.
Individual colonies were picked and sub-cultured sequentially through 24-well, 12-well, 6-
well, and 10-cm plates.
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G1/S cell cycle analysis

For G41/S checkpoint analysis, MEFs plated 1 day before were synchronized at Gg by
incubation for 4 days in starvation medium containing 0.5% fetal bovine serum (FBS). The
synchronized cells were released by changing medium to complete medium containing 15%
FBS. After harvesting the cells by trypsin treatment, the cells were fixed by 70% ethanol,
stained by propidium iodide, and analyzed by using FAC-SCalibur flowcytometer (BD
Biosciences). Three embryos from different littermates representing each genotype were
used. Data are represented as the average of three experiments. The DNA contents and cell
cycle of MEFs were analyzed by CellQuest (BD Biosciences).

Cell senescence analysis

MEFs were plated as 5 x 104 MEF cells per 1-well chamber slide (Becton Dickinson) for 3
day, and then processed for acidic f-galactosidase activity. In brief, cells were washed, fixed
5 min in 1 mM MgCl,, 0.5% glutaraldehyde in PBS, washed, and incubated at 37 °C with
freshly prepared senescence staining solution: 1 mg/ml 5-bro-mo-4-chloro-3-indolyl 3-D-
galactoside/40 mM citric acid/sodium phosphate (pH 6.0)/5 mM potassium ferrocyanide/5
mM potassium ferricyanide/150mM NaCl/2mM MgCls.

Histology, immunohistochemical staining, and Western blotting

Sections of hyperplastic gastric tissue (5 pm thickness) were immersed in xylene to remove
paraffin, then dehydrated in graded alcohol, and rinsed in PBS. Endogenous peroxide was
quenched using 3% hydrogen peroxide (Sigma). Non-specific binding sites were blocked
using PBS containing 3% goat serum and 3% BSA. The sections were incubated overnight
at 4 °C in a humid chamber with primary antibody. The sections were then incubated with
peroxidase-conjugated secondary antibody (Jackson Immunoresearch Laboratories).
Between reagent changing, tissues were extensively washed by PBS with 0.1% Tween 20.
The insoluble peroxidase substrate, DAB (Sigma), was added to cover the entire tissue on
the slide, and color development was monitored under the microscope. After rinsing in
distilled water for 2 min, counterstaining was performed with modified Harris hematoxylin
(Sigma) for 2 min followed by a rinse in distilled water for 3 min. Sections were dehydrated
by passage through graded alcohol concentrations and finally xylene. Coverslips were
mounted using DPX (Fluka) before observation. Western blot analysis was carried out
according to standard procedures using ECL detection (Amersham). The following primary
antibodies were used: ELF (against residues 2-14) Cdk4, cyclin D1, K-Ras, p21, Smad4, -
actin (Santa Cruz), Mdm2 (Calbiochem), and p53 (Oncogen Research Products).
Horseradish peroxidase-conjugated donkey anti-rabbit or sheep anti-mouse antibodies
(Jackson Immuno Research) were used as secondary antibodies.

Statistical analysis

Global 42 test was used to test the hypothesis that the coefficient of each variable was equal
to 0. Sample sets of data were compared to assess the significance. A Pvalue <0.05 was
required for statistical significance, and all tests were two-sided. All tests were done with
SPSS 10.1 software (SPSS Incorporation).
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Overexpression of Cdk4 in elf~ MEFs

Loss of ELF results in rapid development of gastric cancer within a year in mutant mice.
Strong expression of ELF in normal gastric tissues was observed in epithelial cells of the
glandular stomach and weak expression in the fore-stomach epithelia. ELF expression was
greater in parietal and surface mucous cells than in the chief cells. Strongest biosignals could
be found in the stem cell zone (Fig. 1A). ELF inactivation leads to multiple gastrointestinal
tumors. We therefore hypothesized that ELF inactivation leads to multiple gastrointestinal
tumors and loss of ELF leads to deregulation of cell cycle control in e/f*/~and e/f”’/
smad4*/~ mutant mice. To explore our hypothesis that cell cycle proliferation and
deregulation occur in e/f*~and elf*/~/smad4*~ mutant mice, we focused on expression of
G checkpoint and G4/S transition proteins in the absence of ELF. We compared the
expression level of Cdk4 in the early passage of e/f”~ MEFs with wild type control. The
levels of Cdk4 were increased over twice in e/f”~ MEFs (Fig. 1B). This result suggests that
loss of ELF causes upregulation of Cdk4 and may induce deregulation of the cell cycle.

Loss of ELF results in abrogation of G41/S cell cycle transition and senescence

Since ELF-deficient MEFs exhibit markedly upregulated pattern of Cdk4 as compared to
wild type, we tested whether loss of ELF prevented proper control of G1/S checkpoint
proteins. e/f”~and wild type cells were synchronized by starvation and released by
changing to complete medium. e/#”~ mutant cells showed reduction of G; population
comparing wild type control indicating that loss of ELF promotes faster entry into S-phase
(Fig. 2A). To confirm the function of ELF in G4/S checkpoint regulation, we studied the
expression of p21, a critical regulator of the G1/S checkpoint in the cultured cell (Fig. 2B).
The expression of p21 was only 62% in mutant MEFs as compared to the wild type. These
results suggest that loss of ELF induced the abnormal G/S checkpoint transition
contributing for genetic stability and tumor formation.

We next investigated whether deregulated S-phase entry of mutant cells interferes with their
ability to undergo senescence, which prevents the growth of defective cells. When we
cultured the wild type and mutant MEFs followed by NIH 3T3 culture protocol, we did not
find any significant difference in early passage (P1). However, on progressive passage,
elf”~ cells appeared smaller than comparing flattened wild type. To see whether this
changing of cell shape is related with the senescence, we performed the X-gal stain in
several different passages of MEFs (Fig. 3). At P3 passage, statistically significant reduced
X-gal positive population of e/f”~ MEFs indicates that loss of ELF prevents proper
senescence, leading to the accumulation of defective cells which are more susceptible to
tumorigenesis.

Loss of ELF leads to an alteration of oncogenic and cell cycle proteins

To provide further insight into the progression to tumorigenesis, we generated immortalized
cell lines from the primary MEFs and examined the expression pattern of regulatory protein
by Western blot (Fig. 4A). e/fmutant cells showed a higher expression of Cdk4 (183%) and
Smad4 (570%), indicating abnormal cell cycle arrest and over-compensation of the TGF-3
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signaling pathway, respectively, during immortalization. In order to find out the relationship
between loss of ELF and gastric malignancy, we examined the expressions of ELF, p53, and
p21 in human cancer cell lines of gastric origin (Fig. 4B). Among the seven gastric cell
lines, loss of ELF was found in two cell lines with stabilized but non-functional p53 which
cannot transactivate the expression of p21. These results suggested that loss of ELF may
require the inactivation of p53 pathway in the immortalization process to overcome p53-
dependent tumor protection system including G1/S checkpoint and senescence.

To explore our hypothesis that cell cycle deregulation occurs due to loss of ELF, we
examined the expression of Cdk4 and cyclin D1, G1/S checkpoint proteins, in hyperplastic
gastric tissue of e/f”’~/smad4*/~ mice (Fig. 4C). Immunohistochemical analysis showed an
increased expression of Cdk4 and cyclin D1 proteins in the gastric tissue of e/f”/~/smad4*/~
mice compared to the wild type. These results indicate that escaping from TGF- growth
inhibition results in increased cyclin D1 and activation of Cdk4 kinase activity. Next, to
examine whether these tumors contain common genetic alterations or different secondary
genetic events, we analyzed the expression of Mdm2 and K-Ras. Increased expression of
Mdmz2 and K-Ras was seen in e/f*/~/smad4*/~ gastric tissue compared to wild type controls.
In summary, our results suggest that a mutation in the e/flocus enables the cells to undergo
faster entry into the S-phase of cell cycle, conferring resistance to senescence and apoptotic
stimuli and susceptibility to transformation.

Discussion

The TGF-f pathway occupies a central position in the signaling networks that control
growth, differentiation, and apoptosis [23]. TGF-f induces inhibition of cell cycle
progression during the G, phase through the control of Cdks. In mammalian cells, tightly
regulated cyclins-Cdks act sequentially during the G;/S transition and are required for cell
cycle progression through this period. Loss of TGF-f responsiveness results in deregulated
cellular growth and is believed to be a crucial step in the development of various tumors,
including gastric cancer [29]. We have previously noted a higher rate of gastric proliferation
in elf*~|smad4*/~ mutant mice, suggesting that the disruption of TGF-p signaling noted in
elf-deficient mice results in inhibition of growth arrest [18]. Our preliminary experiments
show that e/f*"Ismad4*/~ and smad4*/~ mice exhibit a tendency to develop tumors as a
function of age. Importantly, smad4*/~ mice are a well-established model for gastric
carcinoma. smad4*/~ mice develop fewer tumors at a later time point (45% at 1214
months) than those of e/f*/~ smad4*/~ animals (90% at 7-10 months). Our present work
seeks to further elucidate the contribution of ELF in the enhanced susceptibility of the e/f”/~/
smaad4*’~ mice to the development of gastric tumors and determine the nature of secondary
events that lead to tumor formation.

The mechanisms whereby TGF-f arrests the cell cycle have been studied mainly in
epithelial cells, such as mink lung epithelial cells and human keratinocytes, focusing on the
regulation of G4 cyclin-dependent kinases. In mink lung epithelial cells, TGF-f treatment
induces inhibition of Cdk4 synthesis and Cdk?2 inactivation and subsequent G, arrest [30]. In
HaCaT cells, TGF-f induces growth arrest through the downregulation of cell-cycle
regulators, including cyclin E, cyclin A, Cdk2, and Cdk4 [31]. Several cyclin-dependent
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kinase (Cdk) inhibitors have been implicated in TGF-f3 induced cell cycle arrest. TGF-
binds to cyclin D/Cdk4, consequently releasing the p27 proteins from Cdk4, which then
binds to Cdk2, blocking its activity [32—34]. Thus, sequential action results in inhibition of
the cyclin-dependent kinases, which prevent progression of the G4 phase of the cell cycle.
The Cdk inhibitor p21 has also been implicated in TGF-p mediated growth inhibition in
many different cell types. Expression of p21 is induced by TGF- through the transcription
factors, Sp-1 and Sp-3, thus inhibiting the kinase activity of cyclin E/Cdk2 [33]. However,
the fact that there exist multiple cell cycle regulators involved in TGF-f action prompts
several questions relating to their actual roles in a certain cell type, whether they act via
redundancy or in a coordinate manner, and whether their relative importance is largely
common or different depending on cell type.

Our study specifically examines the role of ELF, a modulator of TGF-f signaling, in the
dysregulation of cell cycle events leading to gastric cancer. Our results demonstrate a
markedly higher expression of Cdk4 in e/f~ cells and e/f*~/smad4*~ mice, implying that
TGF-B induced G arrest has been disrupted by the loss of ELF. The expression of p21 was
also markedly decreased in e/~ cells even in the presence of TGF-B. This is consistent
with previous data in which p21 was demonstrated to be a major downstream target of TGF-
{3 in gastric cancer cell lines [35]. TGF-f treatment of SNU16 gastric cancer cells induces
expression of p21 with subsequent inhibition of Gq-cyclin-associated Cdks [35]. Inhibition
of G1-Cdk enzymatic activities results in under phosphorylation of p130, that binds to
transcription factors such as the E2F family. Upregulation of p21 was shown to be sufficient
to arrest the cells in G1 phase [35]. Furthermore, inhibition of p21 by anti-sense RNA results
in the abrogation of sensitivity to TGF-f induced growth arrest [35]. Thus loss of the p21
gene or failure of p21 induction may contribute to TGF-f3 resistance in gastric carcinoma
cells.

Senescence is a programmed cellular response in normal cells, the induction of which
depends on the accumulated number of cell divisions [36]. Unlike cells undergoing
apoptosis, senescent cells have a large and flat morphology, express acidic f-galactosidase,
and show a permanent cell cycle G, phase arrest [37]. Senescent cells contain an activated
p53 transcription factor [38,39] and elevated levels of p21 [40]. The elevated level of p53 in
response to multiple stress signals results in an increase in the transcription of the p21 gene.
The p21 protein is a general inhibitor of CDKSs, which phosphorylate Rb and allow G to S-
phase progression [41,42]. In addition, p21 protein also inhibits PCNA-mediated DNA
replication, a mechanism by which p21 functions as a growth inhibitor independent of its
CDK inhibitor activity [43,44]. Taken together, these results indicate the possibility that the
G1/S cell cycle checkpoints are critical controls for senescence. Our results demonstrated
that the loss of ELF causes reduced senescence, and decreases the ability to abolish
defective cells, leading to an accumulation of mutated cells that are more susceptible to
tumorigenesis.

Our data suggest that loss of ELF also results in common genetic alterations or a group of
diverse secondary genetic events such as stabilization of p53 and induction of oncogenic
Ras. p53 and K-Ras genes are frequently mutated and stabilized in cancer [45,46]. K-Ras
mutations are seen up to 28% of gastric carcinomas [47-49]. Our study demonstrates
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increased expression of p53 and K-Ras in e/f”~ cells and e/f*/~/smad4*/~ gastric tissue,
respectively. p21 is a downstream effector of activated K-Ras, and downregulation of p21 in
elfmutated tissue may induce the development of tumors.

In summary, we have demonstrated abnormalities in the expression of several cell-cycle
proteins in e/f”~ cells and the gastric tissues of e/f*”~/smad4*/~ mutant mice. We also
demonstrate that the loss of ELF leads to the abnormality of G4/S checkpoint and
senescence. This, in turn, then leads to cancer development in mutant mice. Our data suggest
that the disruptions in TGF-3 signaling mediated by the loss of ELF result in profound and
previously unrecognized interactions with cell-cycle regulation. We are thus provided with
intriguing and potentially useful insights into the tumor biology of gastric cancers, and in the
future may be able to utilize these cell cycle proteins in the early diagnosis and targeted
therapeutics of these potentially lethal cancers.
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Fig. 1.
Expression of elf in normal gastric tissue and overexpression of Cdk4 in e/f”~ MEFs. (A)

Immunohistochemical staining of gastric tissue sections from wild type mice. Images of
sections were detected by the primary antibodies against ELF. p and mn represent parietal
and mucous cells, respectively. (B) Cdk4 expression patterns of wild type (W1, W2) and
elf”~ (M1, M2) MEFs. B-Actin was used as loading control.
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Fig. 2.
Loss of ELF alters of G1/S arrest of cell cycle. (A) Representative histograms of FACS

showing DNA content of synchronized and released wild type (WT) or e/f”~ (MT) MEFs.
When releasing, cells were also treated with nocodazole (100 ng/ml) to prevent the
continuous cycling of cells. Graphs represent percentages of cells distribution in indicated
stages of cell cycle in flow cytometry analysis. (B) Western blot analysis of p21 in type
(WT) or elf”~ (MT).
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Fig. 3.

Se%escence phenotype in e/f”~ MEFs. Photographs of acidic f-galactosidase activity
staining of wild type (A) and e/f”~ (B) MEFs in passage 3. Arrows indicate the senescence-
resistance cells. (C) To provide a quantitative comparison, X-gal stained passage 1 (P1) and
passage 3 (P3) of wild type (WT) or e/f”~ (MT) MEFs were counted. Statistically
significant differences (P> 0.01) are indicated by asterisks.
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Fig. 4.

Lgss of ELF leads to an alteration of oncogenic and cell cycle proteins in vitro and in vivo.
Protein expression patterns in immortalized MEFs (A) and cancer cell lines (B). (C) Loss of
elfincrease in cyclin D1, Cdk4, Mdmd2, and K-Ras in e/f*/~/smad4*/~ mutant mice, as
compared to wild type controls. Arrows indicate the positive signals.
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