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Abstract
Background & Aims—During tumorigenesis, loss of rapid messenger RNA (mRNA) decay
allows for overexpression of cancer-associated genes. The RNA-binding proteins Hu antigen R
(HuR) and tristetraprolin (TTP) bind AU-rich elements in the 3′ untranslated region of many
cancer-associated mRNAs and target them for stabilization or rapid decay, respectively. We
examined the functions of HuR and TTP during colon tumorigenesis and their ability to regulate
cyclooxygenase (COX-2), a mediator of prostaglandin synthesis that increases in the colon tumor
microenvironment.

Methods—We evaluated expression of HuR and TTP during colorectal tumorigenesis and in
colon cancer cells and associated them with COX-2 expression. HuR and TTP-inducible cells
were created to investigate HuR- and TTP-mediated regulation of COX-2.

Results—In normal colon tissues, low levels of nuclear HuR and higher levels of TTP were
observed. By contrast, increased HuR expression and cytoplasmic localization were observed in
76% of adenomas and 94% of adenocarcinomas, and TTP expression was lost in >75% of
adenomas and adenocarcinomas. Similar results were obtained for HuR and TTP mRNA levels in
normal and staged tumor samples. In both adenomas and adenocarcinomas, COX-2
overexpression was associated with increased HuR and decreased TTP (P < .0001); similar
associations were observed in colon cancer cells. HuR overexpression in cells up-regulated
COX-2 expression, whereas overexpression of TTP inhibited it; limited TTP expression
antagonized HuR-mediated COX-2 overexpression.

Conclusions—Increased expression of the mRNA stability factor HuR and loss of the decay
factor TTP occurs during early stages of colorectal tumorigenesis. These changes promote COX-2
overexpression and could contribute to colon tumorigenesis.
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Colorectal cancer is the third most common cancer among adult Americans and accounts for
approximately 10% of all cancer-related deaths. In colorectal tumors, various genetic
alterations have been identified that promote the initiation and progression of tumorigenesis.
As a consequence of these defects, activation of multiple signaling pathways leads to
enhanced expression of many growth- and inflammation-associated immediate-early
response genes. A critical point in controlling the expression of these factors in intestinal
epithelium occurs through posttranscriptional mechanisms that promote rapid mRNA decay,
and a majority of immediate-early gene transcripts are inherently unstable because of the
presence of 3′-untranslated region (3′UTR) adenylate- and uridylate (AU)-rich elements
(AREs) that target the mRNA for rapid decay.1 However, dysregulation in ARE-mediated
decay is observed in colon cancer cells and tumors,2,3 indicating the functional significance
of posttranscriptional regulation in carcinogenesis.4

AREs mediate their regulatory function through association with multiple RNA-binding
proteins that display high affinity for AREs.1 The best studied ARE-binding proteins can
promote rapid mRNA decay, mRNA stabilization, and translational silencing.1 The Hu
antigen R (HuR) protein is a ubiquitously expressed member of the ELAV-like family of
RNA-binding proteins. HuR can function in an mRNA stabilizing capacity; when
overexpressed in cells, HuR stabilizes ARE-containing transcripts and promotes their
translation.5 Contrasting the effects of HuR, tristetraprolin ([TTP], ZFP36, TIS11) is a
member of a small family of tandem Cys3His zinc finger proteins and promotes rapid decay
of ARE-containing mRNAs.6 The binding of TTP to AREs targets the mRNA for rapid
degradation through exosome recruitment and association with mRNA decay enzymes.7

Cyclooxygenases (COX) are key enzymes in the production of prostaglandins, and
overexpression of the inducible isoform COX-2 has been shown to occur at multiple stages
of colon carcinogenesis allowing for elevated prostaglandin synthesis to occur in the tumor
microenvironment.8 In normal cells, COX-2 expression levels are potently regulated through
AREs present in its mRNA,9 whereas, under conditions of neoplastic transformation, the
ability of the COX-2 ARE to promote posttranscriptional regulation is compromised.10 Our
prior work has demonstrated the ability of HuR to promote the stability of COX-2 and other
ARE-containing mRNAs.2 These findings and others demonstrate increased expression of
HuR to occur in a variety of human cancers, including colorectal tumors, and promote ARE-
containing gene expression.2,3 However, the status of TTP expression and its ability to
promote ARE-mediated mRNA decay in colorectal cancer is not known. In this report, we
demonstrate that elevated HuR expression occurs concomitant with loss of TTP expression
at an early stage of colorectal tumorigenesis that is associated with increased COX-2
expression and defines the role these opposing RNA-binding proteins have in controlling
COX-2 expression. These findings offer what we believe are new insights into the loss of
posttranscriptional regulation allowing for enhanced expression of COX-2 and other cancer-
and inflammation-associated genes in colorectal cancer.

Materials and Methods
Colorectal Tissue Specimens

Immunohistochemical analysis was performed on paraffin-embedded human tissue array
samples obtained from 2 sources. The colorectal carcinoma progression tissue array
(CHTN2003CRCprog) from the Cooperative Human Tissue Network (National Cancer
Institute [NCI], Rock-ville, MD) contained 42 normal colorectal tissue samples derived from
14 cases of nonneoplastic colonic mucosa, 42 adenoma tissue samples derived from 14 cases
of adenomatous polyps, and 42 adenocarcinoma tissue samples derived from 14 cases of
primary colorectal adeno-carcinomas classified by pTNM staging. The colon cancer tissue
array CO801 (US Biomax, Rockville, MD) contained 40 tissue cores each of colorectal
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adenocarcinomas and matched or unmatched adjacent normal tissue graded by histology.
TissueScan qPCR colon cancer arrays (HCRT501) classified by American Joint Committee
on Cancer staging were obtained from Origene (Rockville, MD).

Immunohistochemistry
Detection of HuR, TTP, and COX-2 protein was performed on serial sectioned tissue arrays.
The following antibodies were used for immunohistochemical staining: monoclonal 19F12
HuR antibody (Molecular Probes, Eugene, OR) at 160 ng/mL (1:1250), 2 polyclonal TTP
antibodies (N-18 and G-20) used in combination (Santa Cruz Biotechnology, Santa Cruz,
CA) each at 800 ng/mL (1:250), and polyclonal COX-2 antibody (160126; Cayman
Chemical Company, Ann Arbor, MI) at 1250 ng/mL (1:400). Standard staining protocols
were used. Briefly, slides were hydrated, and antigen retrieval was performed in citrate
buffer in a steam bath for 30 minutes. All primary antibodies were incubated on slides for 18
hours at 4°C. After washing in TBST, slides were incubated in corresponding biotinylated
secondary antibodies following the Vecta Stain ABC kit protocol (Vector Laboratories,
Burlingame, CA). Immunohistochemistry was visualized using the DAB peroxidase
substrate kit (Vector Laboratories) and counterstained with hematoxylin (Sigma–Aldrich, St.
Louis, MO).

Immunoreactivity Scoring
Stained tissues were examined for intensity of staining using a method similar to that
previously described.11 The intensity of staining in tumor sections was evaluated
independently by 2 blinded investigators (L.E.Y. and D.A.D.). For each tissue section, the
percentage of positive cells was scored on a scale of 0 to 4 for the percentage of tissue
stained: 0 (0% positive cells), 1 (<10%), 2 (11% to 50%), 3 (51% to 80%), or 4 (>80%).
Staining intensity was scored on a scale of 0 to 3: 0, negative staining; 1, weak staining; 2,
moderate staining; or 3, strong staining. The 2 scores were multiplied resulting in an
immunoreactivity score (IRS) value ranging from 0 to 12. These scores were then grouped
together in 1 of 2 IRS categories: low (IRS, 0–6) and high (IRS, 7–12).

Messenger RNA Analysis
Relative levels for HuR, TTP, and COX-2 messenger RNA (mRNA) in human colon cancer
tissues were determined by real-time PCR (qPCR) using the TissueScan qPCR colon cancer
array (Origene, Rockville, MD). qPCR was performed according to the manufacturer’s
guidelines using Taqman probes for TTP (ZFP36) and HuR (ELAVL1) purchased from
Applied Biosystems (Foster City, CA) using the 7300 PCR Assay System (Applied
Biosystems). qPCR for COX-2 was performed using SYBR green PCR master mix (Applied
Biosystems) and primers for COX-2 sense, 5′-GTCACAAGATGGCAAAATGCTG-3′ and
antisense, 5′-TAAGATAACACTGCAGTGGCTC-3′. β-actin amplification was used as a
loading control. Fold change in mRNA expression levels for each individual sample were
normalized to the cycle threshold (Ct) using the first normal sample (N1). Total RNA
extracted from HuR and TTP-inducible HeLa cells was used for complementary DNA
(cDNA) synthesis as previously described,9 and COX-2 mRNA levels were detected using
Taqman probes for COX-2 (PTGS2) and normalized to 18S ribosomal RNA (rRNA) levels.

Cell Culture, DNA Transfection, and Adenoviral Infection
Human colon cancer cell lines LoVo, HT-29, SKCO1, and CaCo2 were obtained from the
American Type Culture Collection (ATCC; Manassas, VA); HCA7 and Moser cells were
kindly provided by S. Kirkland (Imperial College, London, United Kingdom) and R. D.
Beauchamp (Vanderbilt University Medical Center, Nashville, TN), respectively. COS7
cells were purchased from the ATCC, and HeLa tetracycline (Tet)-OFF cells were
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purchased from BD Clontech (Mountain View, CA). All cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS; Hyclone, Logan, UT) except SKCO1 and CaCo2 cells, which were maintained in
Eagle’s medium containing 10% and 20% fetal bovine serum (FBS), respectively; HeLa
Tet-OFF cell media were supplemented with 100 jug/mL G418 (Cellgro, Herndon, VA).

Transient transfections of COS7 cells with full-length COX-2 cDNA expression plasmid
(pRC/cytomegalovirus immediate-early gene [CMV]-COX-2+3′UTR)9 along with Flag
epitope-tagged HuR (pcDNA3-HuR-C-Flag)2 and TTP cDNAs (pcDNA3.1-TTP-Flag)12

were accomplished using Lipofectamine Plus (Invitrogen, Carlsbad, CA) according to the
vendor’s protocol for 48 hours. Stable transfections of HeLa-Tet-OFF cells with Flag
epitope-tagged HuR cDNA cloned into pTRE2hyg (Clontech, Mountain View, CA) to create
pTRE2hyg-HuR-Flag or Flag epitope-tagged TTP to create pTRE2hyg-TTP-Flag were
accomplished using Lipofectamine Plus (Invitrogen, Carlsbad, CA). Stably transfected cells
were selected in normal growth medium containing 100 µg/mL G418, 200 ug/mL
hygromycin B (Invitrogen, Carlsbad, CA), and 2 µg/mL doxycycline (Dox) (Clontech) for
2–3 weeks. Individual clones were isolated by limiting dilution in 96-well plates. Positive
HeLa-Tet-OFF/HuR-Flag and HeLa-Tet-OFF/TTP-Flag clones were screened by growing
cells in the presence or absence of Dox (2µg/ mL) for 48 hours to induce expression of HuR-
Flag or TTP-Flag, respectively; the absence of Dox induces expression. For stable cell
maintenance, the hygromycin B concentration was reduced to 100 µg/mL.

TTP-Flag expressing adenovirus was created by cloning TTP-Flag cDNA into the shuttle
vector Dual-CCM-CMV-EGFP (Vector Biolabs, Philadelphia, PA), which contains dual
CMV promoters to drive expression of TTP-Flag and GFP. Construction of TTP-expressing
adenovirus (AdGFP/ TTP-Flag) was conducted by Vector Biolabs. Control GFP-expressing
adenovirus (AdGFP) was purchased from Vector Biolabs. HCA7 and Moser cells were
infected at the indicated multiplicity of infection (MOI) in serum-free DMEM for 2 hours,
after which FBS was added to 10%. Forty-eight hours after infection, phase contrast images
were obtained, and cells were harvested in SDS-PAGE lysis buffer for Western blot
analysis.

Immunofluorescence
Cells grown on coverslips were fixed in 4% paraformaldehyde for 20 minutes and
permeabilized with 0.2% Triton X-100 in phosphate-buffered saline (PBS) for 5 minutes.
After blocking with 10% horse serum diluted in 1% bovine serum albumin (BSA)/PBS for
1.5 hours, cells were incubated for 1 hour with monoclonal 19F12 HuR antibody (800 ng/
mL, 1:250) diluted in blocking serum. Fluorescent anti-mouse secondary antibody
conjugated to fluorescein (5 µg/mL, 1:100; Vector Laboratories, Burlingame, CA) was used
for secondary detection. Cells were counterstained with DAPI (300 nmol/L in PBS), and
confocal images were obtained using a Zeiss LSM 510 META confocal microscope (Zeiss
MicroImaging Inc, Thornwood, NY).

Immunoblot Analysis
Western blots were performed as previously described2 using a monoclonal anti-HuR
antibody (clone 3A2; Santa Cruz Biotechnology, Santa Cruz, CA) at 1:12,500 for 1 hour at
room temperature, a polyclonal anti-TTP antibody (ab36558; Abcam, Cambridge, MA) used
at 324 ng/mL (1:10,000) for 16 hours at 4°C, a monoclonal anti-COX-2 antibody (160112;
Cayman Chemical Company, Ann Arbor, MI) used at 1:1000 for 16 hours at 4°C, and a
monoclonal anti-Flag antibody (F3165; Sigma–Aldrich) used at 330 ng/mL (1:15,000) for 1
hour at room temperature. Where indicated, blots were stripped and then probed with β-actin
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antibody (Clone C4; MP Biomedicals, Aurora, OH). Detection and quantitation of blots
were performed as described.9

Statistical Analysis
χ2 Contingency table analysis was used to determine the significance of the differences in
the number of tissue cores displaying low vs high IRS for HuR, TTP, or COX-2 in normal
colonic epithelium, colon adenomas, and colon adenocarcinomas. Student t test was used to
determine significant differences between normal cDNA samples and tumor cDNA samples
for each tumor stage (I–IV). P values less than .05 were considered significant.

Results
HuR, TTP, and COX-2 Protein Expression in Human Colorectal Tumorigenesis

We and others have shown increased HuR expression to occur in human colorectal
tumors2,3,11; however, the state of TTP expression in colon cancer is not known. Based on
the opposing effects these RNA-binding proteins elicit on ARE-containing gene expression,
we sought to determine whether corresponding changes in HuR and TTP expression exist
during colorectal tumorigenesis. HuR and TTP immunoreactivity were evaluated on serial
sections of human tissue arrays containing adenocarcinomas, adenomas, and specimens
extracted from matched or unmatched normal tissue samples (Figure 1). In normal colon
tissue, HuR was localized solely to the nucleus of epithelial cells in 89% of samples. HuR
immunoreactivity was increased in adenomas and more intense in adenocarcinomas. The
cytoplasmic abundance of HuR was increased in adenomas, with 76% of samples displaying
cytoplasmic HuR and 94% of adenocarcinoma samples show this change in HuR subcellular
localization compared with normal mucosa (Figure 1A and Supplementary Figure 1, see
supplementary Figure 1 online at www.gastrojournal.org). By contrast, expression of TTP
was highest in normal colonic epithelium and predominantly localized to the cytoplasm. In
both adenomas and adenocarcinomas, TTP immunoreactivity is substantially decreased with
heterogeneous TTP staining observed in nonneoplastic stromal cells (Figure 1B and
Supplementary Figure 1).

To evaluate expression patterns of HuR and TTP in normal colonic epithelium compared
with adenomas and adenocarcinomas, tissue sections were grouped into low or high
expression categories based on the IRS. As shown in Table 1 and Figure 2, low HuR
staining was observed in 53 of the 81 normal epithelium tissues (65.4%). In adenomatous
tissue, HuR expression displayed a shift toward high immunoreactivity in 71.1% of the
samples (P < .0001). Adenocarcinomas exhibit the largest number of samples with high HuR
immunoreactivity scores in 63 of 76 samples (82.9%, P < .0001), consistent with prior
observations demonstrating increased HuR expression in colorectal adenocarcinoma.2,3,11

Interestingly, expression patterns for TTP provided opposite results of those observed with
HuR. In normal tissue samples, TTP immunoreactivity was high in 72 of 82 (87.8%)
samples, whereas expression was significantly lower in 33 of 42 adenoma samples (78.6%,
P = .00019). Additionally, 65 of 72 (79.3%) adenocarcinoma tissue samples display low
TTP expression (P < .0001).

Based on the ability of both HuR and TTP to regulate COX-2 expression
posttranscriptionally through the COX-2 ARE,2,10,12 we investigated the correlation
between HuR or TTP expression and COX-2 immunoreactivity. As shown in Figure 1C and
Table 1, normal tissue sections display little to no COX-2 expression, whereas there was
significant COX-2 immunoreactivity in the tumor tissue sections. In adenomas, COX-2
overexpression was observed in approximately 61% of the samples (P < .0001), and 78.2%
of adenocarcinomas had elevated COX-2 (P < .0001), consistent with previous results.8
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There was a significant association among low COX-2 IRS, low HuR, and high TTP
expression (P < .0001) in normal tissues. Furthermore, increased COX-2 immunoreactivity
observed in tumor tissues was associated with high HuR levels and decreased TTP in both
adenomas and adenocarcinomas (P < .0001). Taken together, these results demonstrate that
distinct changes in HuR and TTP expression occur early during colorectal tumorigenesis and
indicate that this alteration in ARE-binding protein expression is associated with increased
COX-2 levels observed in tumors.

Altered Expression of HuR and TTP mRNA Occurs in Colorectal Tumors
To determine whether changes in HuR and TTP mRNA expression correlate with those
observed on the protein level, colorectal tumors of various stages were assayed for HuR and
TTP mRNA by qPCR. HuR mRNA expression was increased in essentially all of the tumor
samples compared with normal tissue (Figure 3A). The Student t test revealed that changes
between normal samples and individual tumor stages were all significant (Table 2).
Conversely, TTP mRNA was expressed at high levels in all normal samples, and low levels
were detected in tumor samples (Figure 3B). The Student t test comparing normal samples
to each tumor stage determined that changes in TTP mRNA levels were also significant
(Table 2). Consistent with these observations, elevated COX-2 mRNA expression was
detected in all stages I and II tumors, 71% of stage III tumors, and 60% of stage IV tumors
as compared with normal tissues (Figure 3C). These results agree with those obtained via
immunohistochemistry of normal/tumor tissue and imply that these changes arise through
respective changes in HuR and TTP gene expression occurring at an early stage of
tumorigenesis.

Overexpression of Cytoplasmic HuR and Loss of TTP Are Observed in Colon Cancer Cell
Lines

In normal cells, HuR is localized predominantly in the nucleus, and nuclear export of HuR
to the cytoplasm is associated with ARE-containing mRNA stabilization.5 Based on this, we
sought to determine whether increased cytoplasmic localization of HuR could contribute to
COX-2 overexpression observed in tumor tissue. As shown in Figure 4A, HuR was almost
exclusively localized to the nuclei of LoVo cells, which is consistent with rapid degradation
of COX-2 mRNA in this cell line.2 In contrast, cytoplasmic HuR was robustly detected by
immunostaining in HCA7 and Moser cells. To demonstrate the relationship between HuR
and COX-2 expression, Western blot analysis of colon cancer cell lines was performed
(Figure 4B). HuR expression was variable among the cell lines, with LoVo cells expressing
approximately 2.5-fold less HuR than HCA7, Moser, HT29, SKCO1, and CaCo2 cells.
Similarly, COX-2 expression correlated with HuR expression patterns in colon cancer cells.
Concurrent with increased HuR levels, TTP protein was undetectable in colon cancer cell
lines compared with control cells transfected with a human TTP expression vector (Figure
4C). These findings further support the observation that expression of TTP is deficient in
colon cancer.

HuR and TTP-Mediated Regulation of COX-2 Expression
To demonstrate the ability of these ARE-binding proteins to specifically impact endogenous
COX-2 expression, Tet-regulated HuR or TTP expression system in HeLa cells was
established. HeLa Tet-OFF cells were stably transfected with Tet-regulated expression
vectors containing either a Flag epitope-tagged HuR or TTP cDNA; cells grown in the
absence of Dox allow for the overexpression of HuR or TTP. As shown in Figure 5A, in
both actively growing cells or cells stimulated with interleukin (IL)-1β for 24 hours,
overexpression of HuR promotes an increase in both COX-2 mRNA and protein expression.
However, inducible expression of TTP strongly inhibited COX-2 mRNA and protein
expression in both nontreated and IL-1β-stimulated cells (Figure 5B). Similar results were
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obtained from 3 other independent HuR or TTP HeLa Tet-OFF clones. Control HeLa Tet-
OFF parental cells grown in the presence or absence of Dox did not show any differences in
COX-2 expression (data not shown).

The findings above demonstrate the ability of TTP to target COX-2 for down-regulation,
whereas HuR overexpression promotes COX-2 overexpression. Because both HuR and TTP
share overlapping ARE-binding specificity to the COX-2 mRNA, we sought to determine
whether TTP could antagonize the ability of HuR to promote COX-2 expression when
overexpressed. COS7 cells were transfected with expression vectors containing the full-
length COX-2 (COX-2 + 3′UTR), HuR, and TTP cDNAs; COX-2 and HuR vector amounts
were kept constant, and TTP vector amounts were progressively increased. As demonstrated
in Figure 5C, TTP effectively down-regulates COX-2 protein expression even at the lowest
concentration despite the presence of elevated levels of HuR. The ability of TTP to
antagonize HuR-mediated COX-2 expression did not appear to involve their physical
interaction because coimmunoprecipitation of TTP with HuR was not observed
(Supplementary Figure 2).

TTP-Mediated Down-Regulation of COX-2 and Growth Inhibition in Colon Cancer Cells
Based on our data demonstrating the ability of TTP to attenuate COX-2 expression in HeLa
cells, adenoviral delivery of TTP to colon cancer cells was performed to determine its
impact on COX-2 levels and cell growth. As shown in Figure 6A and B, both HCA7 and
Moser cells showed a dose-dependent decrease in COX-2 expression when infected with
increasing amounts of adenovirus expressing TTP compared with the control adenovirus
expressing GFP. Consistent with this, adenoviral delivery of TTP to HCA7 and Moser cells
dramatically inhibited cell growth (Figure 6C). These results demonstrate the ability of TTP
to target COX-2 for down-regulation in the presence of elevated HuR and impact colon
cancer cell growth similar to treatment of colon cancer cells with selective COX-2
inhibitors.13

Discussion
The control of COX-2 expression is a complex regulatory process that requires input from
multiple pathways impacting gene expression on both transcriptional and posttranscriptional
levels.10 It is generally well accepted that transcriptional activation of the COX-2 gene
PTGS2 is an early event in tumorigenesis because evidence demonstrates the presence of
COX-2 mRNA in virtually all colorectal adenomas, adenocarcinomas, and colon cancer
cells.2,10,14,15 However, the presence of COX-2 mRNA does not necessarily reflect
respective protein levels because variable expression of COX-2 protein and prostaglandins is
observed in colon cancer tissue and cells.2,8,15,16 These results imply that enhanced
expression of COX-2 protein requires loss of posttranscriptional regulation to occur. This is
consistent with observations demonstrating that tumors with increased size and invasiveness
display elevated COX-2 mRNA and protein levels17–19 and indicate a link between tumor
progression and defects in both the regulation of PTGS2 gene transcription and subsequent
mRNA decay.

This study set out to examine the basis for the loss of COX-2 posttranscriptional regulation
occurring in colorectal tumors. The expression levels of the mRNA stability factor HuR and
decay factor TTP were evaluated in normal colonic epithelium compared with colorectal
adenomas, adenocarcinomas, and colon cancer cell lines. Normally expressed at low levels
and located in the nucleus, HuR overexpression and cytoplasmic localization were observed
in tissues obtained from colon adenomas, adenocarcinomas, and metastases (Figure 1 and
Supplementary Figure 1, and data not shown). Furthermore, in cells displaying elevated
HuR, we observed a concurrent loss of TTP expression. Consistent with these observations,
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overexpression of the ARE-containing gene COX-2 coincided with elevated HuR and loss
of TTP expression. Several studies indicate that HuR overexpression and cytoplasmic
localization are a marker for elevated cancer-associated gene expression that is correlated
with advancing stages of malignancy and poor clinical outcome.11,20–22 The findings
presented here are in agreement indicating a role for HuR overexpression in colon cancer
development. It is not known whether HuR overexpression is an oncogenic event in colon or
other cancers. Using an ubiquitously expressed HuR transgenic mouse model, Levadoux–
Martin et al23 demonstrated impaired gametogenesis to occur; however, loss of transgene
expression in somatic tissues limited determination of the oncogenic capacity of HuR in
vivo. Similarly, an inducible HuR transgene restricted to myeloid cell lineages promoted
stabilization of inflammatory mediator mRNAs but did not induce an observable neoplastic
phenotype.24 Although these in vivo studies do not indicate a putative role for HuR
overexpression as a tumor-initiating event, they suggest a possible function for HuR
overexpression in tumorigenesis by serving as a tumor growth promoter or in a tumor
maintenance capacity.

The results presented here imply that the accompanied loss of TTP expression is a critical
factor for cancer-associated gene overexpression in tumors. The tumor-derived loss of TTP
is of significance because low levels of TTP can efficiently suppress COX-2 expression in
the presence of elevated HuR (Figure 5C) along with attenuating COX-2 overexpression and
cell growth in colon cancer cells (Figure 6). This ability to antagonize HuR-mediated
COX-2 mRNA stabilization implies that both loss-of-TTP and gain-of-HuR function are
required events for COX-2 overexpression. Furthermore, the presence of TTP in normal
colon epithelium suggests that it serves in a protective capacity by controlling inflammatory
mediator expression levels. This is evident in TTP knock-out mice that develop multiple
inflammatory syndromes resulting from increased COX-2 and inflammatory factors because
of defects in their respective rapid mRNA turnover.25 These aspects, coupled with the
observation that TTP can inhibit tumorigenesis of an H-ras-dependent mast cell model
through degradation of ARE-containing IL-3 mRNA,26 suggest that TTP can serve in a
tumor suppressor capacity by attenuating ARE-containing gene expression.

The mechanisms allowing for HuR overexpression and TTP loss in colon tumors are largely
undefined. The data presented here in colon tumors (Figure 3) are consistent with prior
results demonstrating increased HuR and decreased TTP mRNA levels to occur in colon
cancer cell lines.2,27 The HuR (ELAVL1) and TTP (ZFP36) genes are located on 19p13.2
and 19q13.1, respectively, and do not appear to lie in regions of genomic alterations
occurring in colorectal cancer.28 Pertaining to HuR overexpression, an alternative
explanation suggests that increased HuR transcription contributes to overexpression in colon
tumors. With regard to this, characterization of the human and murine HuR promoter has
identified a number of responsive elements associated with cellular signaling pathways
commonly altered in colon cancer.29,30 One explanation for the lack of TTP expression
observed in tumor tissue may reside in epigenetic silencing of the TTP promoter.
Examination of the human TTP promoter (accession No. AY771351) identified a putative
CpG island present in the proximal 3′ region of the promoter, and, in colon cancer cell lines
that were deficient in TTP expression, the presence of hypermethylation was observed
(unpublished observations). Based on this, we hypothesize that epigenetic alterations
governed by changes in DNA methylation or altered chromatin structure promote TTP gene
silencing in colorectal tumors. Alternatively, TTP has been demonstrated to regulate its own
expression through a negative feedback loop by binding an ARE present in its 3’UTR.31

However, we are unable to detect TTP protein in tumor tissue or colon cancer cells,
suggesting that this mechanism of TTP autoregulation may be a means to limit TTP levels in
nonneoplastic cells under inflammatory conditions.
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There is a growing body of evidence suggesting that defects in ARE-mediated mRNA decay
play a central role in chronic inflammation and tumorigenesis. It is estimated that 5%–8% of
the human transcriptome is composed of ARE-containing mRNAs,32 and recent findings
have demonstrated an enrichment of this subset of transcripts to occur during colon
tumorigenesis. Gene expression profiling comparing adenomas to late-stage
adenocarcinomas shows a 3- to 4-fold enrichment in ARE-containing genes compared with
the genome as a whole, and a similar enrichment is observed as early as stage I tumors.33

The findings presented here provide a mechanistic basis for these results and indicate ARE-
mediated posttranscriptional gene regulation to be an important regulatory mechanism
involved during the early stages of colorectal tumorigenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Immunohistochemical detection of HuR, TTP, and COX-2 expression in colon tissue.
Representative serial sections from tissue samples of normal colon epithelium (left), tubular
adenoma (center), and adenocarcinoma (stage T3; right) were examined for HuR, TTP, or
COX-2 expression. (A) Nuclear HuR localization is observed in normal epithelium, and
elevated HuR expression localized to the nucleus and cytoplasm occurs in adenoma and
adenocarcinoma. (B) Cytoplasmic TTP expression is observed in normal epithelium,
whereas TTP immunostaining of tumor tissue is low or negative. (C) COX-2 expression is
negative in normal epithelium and elevated in adenoma and adenocarcinoma. Original
magnification, 200×.
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Figure 2.
Immunoreactivity score (IRS) distribution of HuR (A) and TTP (B) protein expression in
normal colon tissue, adenomas, and adenocarcinomas. Scores were calculated and plotted as
percentage of samples displaying a low IRS from 0 to 6 (grey bars) and high IRS from 7–12
(black bars) for each tissue type.
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Figure 3.
HuR, TTP, and COX-2 mRNA expression are altered in colorectal cancer. Human colon
tissue (N1-N5, normal; T1-T41, tumors) gene expression panels were analyzed for HuR (A),
TTP (B), and COX-2 (C) expression by qPCR and standardized using β-actin. The data are
represented as fold change in mRNA expression normalized to N1 for HuR, TTP, or COX-2.
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Figure 4.
HuR and TTP expression in colon cancer cell lines. (A) Immunofluorescent detection of
HuR, shown in green, in LoVo, HCA7, and Moser colon cancer cell lines; nuclei are shown
in blue. Moser cells treated without primary antibody are shown. (B and C) Western blot
analysis of HuR, COX-2, and TTP expression in LoVo, HCA7, Moser, HT29, SKCO1, and
CaCo2 cells. Total protein extracts were analyzed by SDS-PAGE and probed for HuR,
COX-2, or TTP. β-actin served as a loading control. COS7 cells transfected with a human
TTP expression vector served as a positive control for TTP.
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Figure 5.
Regulation of COX-2 by HuR and TTP. (A) COX-2 protein (top panel) and mRNA (bottom
panel) expression in HeLa-Tet-OFF/HuR-Flag cells grown in the presence or absence of
Dox (2 µg/mL) to induce HuR-Flag. After 48 hours of growth, cells were treated with IL-1β
(10 ng/mL) or left untreated for 24 hours. (B) Identical treatments were performed using
HeLa-Tet-OFF/TTP-Flag cells. COX-2, Flag-TTP, Flag-HuR, and β-actin were detected by
Western blot. COX-2 mRNA was examined by qPCR and normalized to 18S rRNA levels.
Values shown are based on COX-2 levels from uninduced cells (+ Dox). (C) TTP
antagonizes the ability of HuR overexpression to promote COX-2 expression. Expression
constructs containing full-length COX-2 (COX-2+3’ UTR), Flag-tagged HuR, and Flag-
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tagged TTP were trans-fected into COS7 cells. The amount of COX-2 and HuR constructs
was kept constant at 0.2 and 0.4 µg, respectively. Increasing amounts of TTP construct were
transfected using empty vector to keep total DNA transfected at 1 µg. COX-2, Flag-TTP,
Flag-HuR, and β-actin were detected by Western blot.
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Figure 6.
TTP expression in colon cancer cells inhibits COX-2 and attenuates cell growth. HCA7 (A)
and Moser (B) cells infected with AdGFP or AdGFP/TTP-Flag virus at the indicated MOI
for 48 hours were examined for TTP and COX-2 expression by Western blotting. β-actin
was used as a loading control. (C) Phase contrast microscopy of HCA7 and Moser cells after
48 hours of infection with AdGFP or AdGFP/TTP-Flag virus using MOIs of 100 and 20,
respectively. Uninfected cells are shown. Original magnification, 100×.
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Table 1

Immunoreactivity Score Distribution for HuR, TTP, and COX-2 Protein Expression in Colon Tumor Samples

Tissue type Total (n) Low immunoreactivity score, n (%)a High immunoreactivity score, n (%)a Significanceb

HuR

  Normal 81 53 (65.4) 28 (34.6)

  Adenoma 38 11 (28.9) 27 (71.1) <.0001

  Adenocarcinoma 76 13 (17.1) 63 (82.9) <.0001

TTP

  Normal 82 10 (12.2) 72 (87.8)

  Adenoma 42 33 (78.6) 9 (21.4) .00019

  Adenocarcinoma 82 65 (79.3) 17 (20.7) <.0001

COX-2

  Normal 81 70 (87.0) 11 (13.0)

  Adenoma 41 16 (39.0) 25 (61.0) <.0001

  Adenocarcinoma 78 17 (21.8) 61 (78.2) <.0001

a
Immunoreactivity score for each tissue was on a scale of 0 to 12 as indicated in Materials and Methods section; low immunoreactivity score

distribution ranged from 0 to 6, and high immunoreactivity score distribution ranged from 7 to 12.

b
χ2 Test.
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Table 2

Summary of Statistical Analysis for HuR and TTP mRNA Expression in Colon Tumor Samples

Group Total (n) Meana Standard error Significanceb

HuR

  Normal 5 0.870 0.054

  Stage I 5 4.332 1.197 .0115

  Stage II 16 3.128 0.423 .0004

  Stage III 14 2.053 0.293 .0312

  Stage IV 6 2.765 0.598 .0303

TTP

  Normal 5 1.028 0.078

  Stage I 5 0.017 0.005 <.0001

  Stage II 16 0.053 0.016 <.0001

  Stage III 15 0.088 0.018 <.0001

  Stage IV 6 0.087 0.044 <.0001

a
Average relative mRNA expression.

b
Student t test.
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