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Abstract

Eomesodermin (Eomes) is a T-box transcription factor that has been implicated in the etiology of
colorectal cancer and other human malignancies. We screened a panel of human primary colon
cancers and patient-matched controls (n = 30) and detected Eomes overexpression at the mMRNA
and protein level. Similar results were obtained in a panel of rat colon tumors and adjacent normal-
looking colonic mucosa (7= 24). In human colon cancer cells, forced overexpression of Eomes
enhanced cell viability and protected against staurosporine-induced apoptosis. On the other hand,
knocking down Eomes resulted in reduced cell viability, Go/M cell cycle arrest, and apoptosis
induction. The apoptotic mechanism centered on the reciprocal downregulation of anti-apoptotic
BIRCS5 (Survivin) and upregulation of proapoptotic Bcl-2 modifying factor (BMF). In patients
with colorectal cancer, high EOMES expression (1= 95) was associated with poor overall survival
compared with individuals exhibiting low EOMES levels (1= 80). We conclude from the current
investigation, and prior literature, that Eomes has a divergent role in cancer development, with
evidence for tumor suppressor and oncogenic functions, depending on stage and tissue context.
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Further studies are warranted on the apoptotic mechanisms linked to the reciprocal regulation of
BMFand B/RC5in human colorectal cancers characterized by Eomes overexpression.
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Introduction

Eomes, also known as T-brain gene 2 (TBR2), was initially identified in Xenopus as a key
early gene in mesoderm differentiation of gastrula stage embryos [1]. In mammals, Eomes
regulates neurogenesis in the cortical subventricular zone [2], and is essential for
hippocampal lineage progression from neural stem cells to intermediate progenitors and
neurons [3]. Eomes also regulates CD8 T cell and natural killer (NK) cell differentiation and
function, and is required for NK lineage cells to be maintained [4]. In CD8 T cells, Eomes is
associated with the self-renewal of antigen-specific central memory cells. Eomes-deficient
CD8 T cells undergo primary clonal expansion, but are defective in long-term survival,
populating the bone marrow niche and re-expanding after re-challenge [5]. In human
embryonic stem cells and mouse epiblast stem cells, EOMES is among the first genes
induced upon endoderm differentiation and is regulated by pluripotency factors such as
Nanog, Oct4 and Sox2 [6].

There is accumulating evidence for a role of Eomes in cancer etiology. In medulloblastoma,
TBR1 (another T-box transcription factor) and Eomes/TBR2 were inversely associated and
linked to the extent of DNA hypermethylation [7]. In bladder cancer, EOMES
hypermethylation was one of several urinary biomarkers used for early detection of tumor
recurrence [8]. Approximately 25% of patients with no EOMES methylation experienced a
recurrence within 2 years, compared with recurrence in over 50% of subjects who were
positive for EOMES methylation [8]. In human hepatocellular carcinoma, analyses of DNA
methylation and hydroxymethylation identified EOMES as a candidate tumor suppressor
[9]. In human colorectal cancer, EOMES expression was analyzed using /in situ
hybridization, identifying 46/88 (52%) and 42/88 (48%) of cases as being Eomes negative
and Eomes positive, respectively [10]. A significant inverse correlation was noted for
EOMES expression in colorectal cancers and the presence of lymph node metastases [10].
Another T-box transcription factor, T-bet, like Eomes, was implicated in the immunological
control of tumor spread in colorectal cancer, via activated cytolytic CD8 T cells [11].

Given that both high and low Eomes expression has been observed in human colorectal
cancer [10], we sought to clarify the role of Eomes using (i) human primary colon cancers
and patient-matched controls, (ii) a preclinical model of colon tumor formation, and (iii)
human colon cancer cells subjected to Eomes knockdown or overexpression. Mechanistic
studies reported here implicated the reciprocal regulation of proapoptotic Bcl-2 modifying
factor (Bmf) and antiapoptotic Survivin associated with Eomes overexpression in colorectal
cancer.
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Materials and methods

Source of tumors

Thirty pairs of frozen primary human colon adenocarcinoma specimens and patient-matched
adjacent normal-looking tissues were kindly provided by Steven F. Moss and Lelia Simao
(Rhode Island Hospital, Providence, RI). Human colon normal slides (ab4327) were
obtained from Abcam (Cambridge, MA, USA), whereas colon cancer tissue microarrays
(TMAs, BN05011) were purchased from US Biomax, Inc. (Rockville, MD, USA).

Colon tumors and matched adjacent normal-looking colonic mucosa samples were from
one-year carcinogenicity bioassays in which male F344 rats were treated with a heterocyclic
amine [12-16]. In some experiments, colonic mucosa from rats treated with no carcinogen
was used as a negative control. The studies received prior approval from the Institutional
Animal Care and Use Committee.

Quantitative real-time RT-PCR (qRT-PCR)

Frozen colon tumor samples and matched controls were thawed, and mMRNA was extracted
using the RNeasy kit (Qiagen, Valencia, CA, USA). RNA (2 ug) was reverse-transcribed
using SuperScript 111 (Life Technologies, Grand Island, NY, USA). EOMES, BMF and
BIRC5 mRNA levels were measured by qRT-PCR and normalized to ACT7B. Forty cycles of
PCR (95 °C/10s, 58 °C/10 s, 72 °C/10 s) were run on a LightCycler 480 11 system (Roche,
Indianapolis, USA), in 20 pl total reaction volume containing cDNA, SYBR Green | dye
(Roche), and target-specific primers. The amount of specific mMRNA was quantified by
determining the point at which the fluorescence accumulation entered the exponential phase
(Cy), and the C; ratio of the target gene to ACTB was calculated for each sample. At least
three separate experiments were performed for each sample.

Immunoblotting

Proteins were immunoblotted using the methodologies reported [17-23]. Primary antibodies
were from the following sources: Eomes/anti-TBR2 (Abcam); poly(ADP-ribose)polymerase
(PARP), cleaved caspase 3, cleaved caspase 7, Survivin and Bmf (Cell Signaling, Beverly,
MA, USA); B-actin (Sigma, St. Louis, MO, USA). Proteins were visualized and quantified
as reported [18,19,23].

Immunohistochemistry

Tissues were sectioned at 4-5 um, and Eomes antibody (Abcam, ab23345) was used at 1:25
dilution for human normal or colon cancer specimens, or 1:250 dilution for rat colon tumors
and Swiss-rolled normal rat colonic tissue. Other details of the basic methodology were
reported elsewhere [12,13].

Cell culture and transient transfection

Human HCT116, HT29, and other colon cancer cells (American Type Culture Collection,
Manassas, VA, USA) were maintained in McCoy’s 5A medium (Life Technologies)
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Hyclone Laboratories,
Logan, UT, USA), 100 units/ml penicillin, and 100 ug/ml streptomycin at 37 °C in 5% CO,.
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Cells (6 x 10°) were seeded in 6-well plates overnight in antibiotic free media. For siRNA
transfection, £omes siRNA (SASI_Hs02_00339597, Sigma) or non-target siRNA control
(SiRNA universal negative control #1, SIC001, Sigma) at 100 nM final concentration was
mixed with 12 pl Lipofectamine RNAiMax (Life Technologies) in serum reduced medium
for 15 min at room temperature. For cDNA transfection, 1 pg Eomes cDNA construct
(Origene Technologies, Rockville, MD, USA) or the corresponding pCMV6-AC-GFP empty
vector was mixed with 2 pl X-tremeGENE HP transfection reagent (Roche) in serum
reduced medium for 20 min, and then added to cell medium. Unless stated otherwise, cells
were harvested 48 or 72 h after transfection.

In some experiments, 48 h after knockdown or overexpression of Eomes, staurosporine
(STS, Abcam) was added to a final concentration of 0.5 pM in cell culture medium, with
dimethylsulfoxide (DMSO) serving as vehicle control. Cells were examined 24 h later under
the fluorescence microscope for signs of chromatin condensation, nuclear fragmentation, or
membrane blebbing indicative of apoptosis. Cells also were harvested for immunoblotting,
as described above.

Cells (3 x 10%) in 100 pl media were seeded in 96-well plates overnight and transfected with
SiRNA or cDNA, as described above. At 24, 48, 72 and 96 h after transfection, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added and incubated for
3 h, followed by 100 pl of 10% SDS in 0.01 N HCI. Formation of formazan dye was
assessed colorimetrically at 550 nm.

Cell cycle distribution

Cells treated with £omes siRNA for 48 and 72 h, as described above, were harvested in cold
PBS, fixed in 70% ethanol, and stored at 4 °C for 48 h. Fixed cells were washed with PBS
and resuspended in propidium iodide/Triton X-100 staining solution containing RNase A.
Samples were incubated in the dark for 30 min before determining the DNA content on an
FC 500 Beckman Coulter flow cytometer. Cell cycle distribution was assessed using
Multicycle Software (Phoenix Flow Systems, San Diego, CA).

Immunocytochemistry

Cells were grown on poly-L-lysine coated coverslips in 12-well plates. Forty-eight hours
after transfection with Eomes expression construct or empty vector, and 24 h after STS or
vehicle treatment (see above), cells were fixed with 5% buffered formalin phosphate, pH 7.2
for 10 min, washed with PBS, and incubated with methanol for 15 min. After treatment with
2.1% citric acid solution containing 0.5% Tween 20 for 10 min, cells were incubated with
1% BSA in PBS for 1 h. Primary antibody was incubated overnight at 4 °C, and after
washing with PBS, Chromeo 642 goat anti-rabbit antibody (Active Motif, Carlsbad, CA,
USA) was applied for 1 h at room temperature. ProLong® Gold Antifade with DAPI (Life
Technologies) was applied and cells were examined by fluorescence microscope.
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Data were expressed as mean + s.d. and comparisons were made between control and
treatment groups (Student’s #test). In the figures, significant results were indicated as
follows: *P< 0.05, **P< 0.01, and ***P < 0.001.

Eomes is overexpressed in human and rat colon tumors

Human primary colon cancers had significantly elevated EOMES mRNA levels when
compared with patient-matched controls (Fig. 1a). Specifically, EOMES had a relative
expression level of 3.1 + 1.2 x 1073 in tumors compared with 0.26 + 0.1 x 1073 in normal-
looking controls (***P < 0.001), representing a ~ 12-fold increase overall in human colon
cancers expressing high EOMES mRNA levels. The thirty primary human colon cancers
were characterized histopathologically as well-differentiated adenocarcinomas, and higher
EOMES expression was detected in each case compared with the corresponding patient-
matched control (30/30 = 100%).

In rat colon tumors archived from a previous study [12,13], £omes mRNA expression was
elevated 5-fold compared with adjacent normal-looking colon, or 78-fold compared with
colonic mucosa from untreated controls (Fig. 1b). Normal-looking colonic mucosa adjacent
to tumor also had 16-fold higher £omes mRNA expression compared with colonic mucosa
from untreated rats (Fig. 1b).

In human primary colon cancers, immunoblotting detected bands at ~75 kD and ~60 kD,
corresponding to different Eomes isoforms (UniProtKB-095936). In most cases, Eomes
isoforms were elevated in tumors compared with patient-matched controls (Fig. 1c). Eomes
protein expression also was consistently higher in rat colon tumors compared with adjacent
normal-looking colon, whereas it was scarcely detectable in normal colonic mucosa from
untreated controls (Fig. 1d).

Human normal colon had Eomes mainly immunolocalized to lymphocytes (Fig. 2a),
whereas human primary colon cancers had Eomes strongly expressed in epithelial cells, as
well as in stroma lymphocytes (Fig. 2b). In rat colon tumors and adjacent normal-looking
colonic mucosa, Eomes was immunolocalized mainly to lymphocytes (Figs 2c,d), with a
staining pattern and lymphocytic infiltrate that tended to be more prominent within the
tumors. The Human Protein Atlas also revealed that human colorectal cancers had Eomes
localized to cytoplasmic and membrane compartments (HumanProteinAtlasEOMES: http://
www.proteinatlas.org/ENSG00000163508-EOMES/cancer/tissue/colorectal+cancer).

Eomes overexpression attenuates staurosporine-induced apoptosis

We screened a panel of human colon cancer and non-transformed colonic epithelial cell lines
for EOMES mRNA expression; HCT116 cells had intermediate EOMES mRNA levels (data
not shown) and were chosen for knockdown and overexpression experiments. Transient
transfection of an Eomes expression construct revealed strong nuclear localization in cells
that were GFP-positive, consistent with the transcription factor role of Eomes, whereas
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diffuse GFP expression was observed in cells transfected with the vector control (Fig. 3a). In
cells transiently transfected with Eomes expression construct, cell viability was increased
significantly between 48 and 96 h (Fig. 3b). Transient transfection of the Eomes construct
for 48 h followed by 24 h incubation with staurosporine (STS) resulted in cleaved caspase
levels that were noticeably reduced compared with the corresponding vector control treated
with STS (Fig. 3c, red dashed boxes). Cells that overexpressed exogenously transfected
Eomes (e.g., white dashed regions in Fig. 3h) were resistant to STS-induced apoptosis, as
shown by the absence of cleaved caspase 3 in those cells (white dashed regions in Fig. 3i).
On the other hand, cells that lacked exogenous Eomes (e.g., white boxed areas in Fig. 3h)
had abundant cleaved caspase 3 (Fig. 3i) and nuclear condensation/ fragmentation indicative
of apoptosis (e.g., Fig. 3g, arrows).

Transient transfection of the Eomes construct for 48 h followed by 24 h incubation with STS
also was performed in HT29 cells (Fig. 3j). Forced expression of Eomes rescued HT29 cells
from the reduced viability caused by STS treatment (*~ < 0.05), and lowered STS-induced
apoptotic markers, such as cleaved caspase 3 (Fig. 3j, red dashed box) and cleaved PARP
(Fig. 3j, arrow). These results indicated that Eomes overexpression attenuated STS-induced
apoptosis in HCT116 cells containing wild type p53, and in HT29 cells harboring mutant
p53. Changes in cell density paralleled the findings from the MTT assays, although cell
counts were not specifically recorded after Eomes overexpression or knockdown (see next).

Eomes knockdown causes reduced cell viability and activates apoptosis

Subsequent experiments used Eomes-specific siRNA as a knockdown strategy (Fig. 4). In
contrast to enhanced cell viability after Eomes overexpression (Fig. 3b), cell viability was
inhibited significantly after 48 h in HCT116 cells transfected with Eomes-specific SiRNA
(Fig. 4a, solid bars). At 48 and 72 h post-transfection, 22% and 14% of the cells incubated
with non-target siRNA occupied Go/M of the cell cycle, compared with 43% and 62% of the
cells after Eomes knockdown (Fig. 4b, black bars), indicating G,/M cell cycle arrest. At the
later time-point of 72 h, 15.90% of cells treated with Eomes-specific SIRNA were present in
the sub-Gy/G1 compartment, compared with 6.63% of cells treated with non-target siRNA.
Enhanced apoptosis due to Eomes knockdown was evident from morphological criteria,
such as membrane blebbing and nuclear condensation (hot shown), and from increased
levels of cleaved caspases and PARP (Fig. 4c). Similar results were obtained in other colon
cancer cell lines transfected with Eomes-specific siRNA (data not shown). We conclude that
Eomes knockdown was synonymous with reduced cell viability and the activation of
apoptosis.

Eomes reciprocally regulates Bmf and Survivin in human colon cancer cells

To investigate the apoptotic mechanism in more detail, multiple survival factors were
profiled, as reported [17]. These experiments highlighted proapoptotic BMF and anti-
apoptotic B/RC5 (the gene for Survivin) as key regulators of Eomes-mediated apoptosis in
human colon cancer cells. Knockdown experiments using Eomes-specific SiRNA induced
BMF markedly while attenuating B/RC5 (Fig. 5a, solid bars), whereas transient
overexpression of Eomes had the opposite effects, downregulating BMF and increasing
BIRC5 (Fig. 5a, open bars). Immunaoblotting confirmed the loss of Survivin with increased
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Bmf after Eomes knockdown, and increased Survivin with attenuated Bmf following Eomes
overexpression (Fig. 5b).

Discussion

In this investigation, rat colon tumors and primary human colon cancers were found to
overexpress Eomes at the mRNA and protein level. In human colon cancer cells, forced
overexpression of Eomes increased cell viability and protected against STS-induced
apoptosis, whereas Eomes knockdown resulted in reduced cell viability, G,/M arrest, and
apoptosis induction. A key question for the future is whether the phenotypic changes
observed in cell-based assays involving Eomes overexpression and knockdown might be
recapitulated /n vivo, for example, in mouse tumor xenograft experiments designed to track
tumor growth rates and drug sensitivity. An array-based screen of multiple survival factors in
human colon cancer cells implicated B/RC5and BMF as critical players in the apoptotic
mechanism of Eomes. In accordance with a possible direct transcriptional role, the BMF
gene promoter has an Eomes binding site upstream of the transcription start site [6], in a
region known to interact with transcription factors such as STAT3 and Sp3 [17].
Investigation of the corresponding region in B/RC5 identified no Eomes interactions (data
not shown), consistent with prior work that detected Eomes on B/RCZ2, BIRC6, and BIRC?7,
but not on B/RC5 [6]. Post-transcriptional regulation of BMFand B/RC5 also might be an
important mechanism, via the actions of one or more microRNAs [24-27], which also serve
to regulate Eomes [28,29]. Further studies are warranted on the reciprocal regulation of
BMFand BIRC5in response to changes in Eomes expression.

The results reported here imply an oncogenic role for Eomes in the large intestine.
Interestingly, colorectal cancer dataset GSE17537 in PrognoScan [30] suggested worse
overall survival in patients with high versuslow EOMES expression (Fig. 6a). Mining of
colorectal cancer data in the Cancer Browser indicated that patients in the upper quartile of
EOMES expression had significantly worse overall survival than those in the lower quartile
(Fig. 6b).

These findings are not in accordance with Eomes as a general protective factor in cancer
etiology. In medulloblastoma, bladder cancer, and hepatocellular carcinoma, low Eomes
expression and DNA hypermethylation coincided with a better prognosis [7-9]. However, in
human colorectal cancer, /n situhybridization studies suggested a broad range of EOMES
expression, with approximately half having low/no and half having high EOMES levels [10].
The current investigation of Eomes focused on colonic epithelial cells, rather than the tumor-
infiltrating immune cells involved in metastasis [11]. Thus, for Eomes, stage of colorectal
cancer may be an important consideration. The heterocyclic amine-induced rat colon
carcinogenesis model used here is characterized by activation of B-catenin-dependent
signaling [31-33], but does not typically involve invasion and metastasis [34—39].
Interestingly, in heterocyclic amine-treated mice, immunosuppressive effects were linked to
the inhibition of T cell proliferation [40] and immunotoxicity in lymphoid tissues of the gut
[41]. In these animal models, it might be instructive to assess immune cell infiltration and
mechanisms governing the functional activity of T lymphocytes, via T-box transcription
factors such as Eomes.
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In summary, the current investigation and prior literature reports highlight a possible
divergent role for Eomes in cancer etiology. Overexpression of EOMES in human and rat
colon cancers prompted mechanistic work in human colon cancer cells that implicated a
reciprocal regulation of BMFand BIRCS. Further studies are warranted on the timing of
Eomes upregulation, from early stages through invasion and metastasis, and the precise
apoptotic mechanisms involved.
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Fig. 1.

Eomes overexpression in human primary colon cancers and rat colon tumors. (&) gRT-PCR
data for EOMES normalized to ACT7B in primary colon cancers and patient-matched
controls, 7= 30, mean £ s.d.; ***P< 0.001. (b) gRT-PCR data for £omes normalized to
Actb in carcinogen-induced rat colon tumors (7 = 24), adjacent normal-looking colonic
mucosa (17 = 24), and colonic mucosa from untreated controls (7= 8), mean + SD; ***P <
0.001. (c) Immunoblotting of primary human colon tumors (T) and patient-matched normal
colon (N). (d) Rat colon tumors (T) and adjacent normal-looking colon (N). Immunoblots
included normal colonic mucosa (C) from untreated rats as additional controls. Immunoblot
data are from a single experiment and are representative of findings from two or more
separate experiments. Note: EOMES = human, Eomes = rat gene designation.
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Fig. 2.
Eomes immunohistochemistry. (a) Human normal colon. (b) Human colon adenocarcinoma.

(c) Rat normal-looking colonic mucosa adjacent to tumor. (d) Rat colon tumor. Arrows,
Eomes-positive lymphocytes. Scale bar indicates 50 or 100 um, as shown in the
corresponding panel.
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Fig. 3.
Forced expression of Eomes enhances cell viability and resists apoptosis induction. (a)

HCT116 cells after transient transfection with green fluorescent protein (GFP)-vector
control or GFP-Eomes expression construct, with 4”,6-diamidino-2-phenylindole (DAPI) as
a nuclear counterstain. (b) MTT assays revealed increased cell viability after Eomes
overexpression. Data = mean + s.d., n=3; *P< 0.05; **P < 0.01. (c) Immunoblotting
revealed attenuated staurosporine (STS)-induced caspase activation after forced expression
of Eomes. (d)—(i) STS-treated cells after transient transfection with vector or Eomes
construct. Arrows, nuclear condensation/fragmentation in cells positive for cleaved caspase
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3; white dashed lines, cells resistant to STS-induced apoptosis after forced Eomes
expression; white boxes, cells lacking GFP (no exogenous Eomes) that underwent apoptosis,
as evidenced by the presence of cleaved caspase 3. (j) Additional experiments with STS and
forced expression of Eomes were conducted in HT29 cells. Data bars = mean £ s.d., 7= 3;
*P<0.05. Arrow, cleaved poly(ADP-ribose)polymerase (PARP).
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48 h 72 h

Page 16

Knockdown of Eomes reduces cell viability and triggers G,/M arrest and apoptosis. Human
HCT116 cells treated with Eomes-specific siRNA exhibited (a) reduced viability, (b) Go/M

arrest, and (c) apoptosis induction. Arrow, cleaved PARP. Results were from a single

experiment, each repeated at least twice. Data in (a) indicate mean = s.d., n=3; ***P<

0.001.
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Fig. 5.

BMFand BIRC5 (Survivin) are reciprocally regulated by Eomes. (a) Fold changes in BMF
and B/IRC5mRNA levels after knockdown or overexpression of Eomes; gRT-PCR data
(mean % s.d., 7= 3) were normalized to ACTB and then expressed relative to the
corresponding non-target SiRNA or vector control. (b) Immunoblots showing reciprocal
changes in Survivin and Bmf protein expression (red boxes) after knockdown or
overexpression of Eomes. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Survival curves for colorectal cancer patients in relation to EOMES expression. (a) Kaplan—
Meier curves for colorectal cancer dataset GSE17537 in PrognoScan [30], stratified by high
vs. low EOMES expression. (b) COADREAD results from The Cancer Genome Atlas
(http://cancergenome.nih.gov/). Patients were stratified into upper and lower quartiles
according to EOMES expression.
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