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Abstract
Constitutive activation of the NF-κB transcription factor plays a key role in chronic colonic
inflammation and colon tumorigenesis. However, the mechanisms by which the tightly regulated
NF-κB pathway becomes constitutively activated during colonic pathogenesis remain obscure.
Here, we report that PDLIM2, an essential terminator of NF-κB activation, is repressed in various
human colorectal cancer cell lines, suggesting one important mechanism for the constitutive
activation of NF-κB. Indeed, expression of exogenous PDLIM2 inhibited constitutive NF-κB
activation in these colorectal cancer cells. Importantly, the PDLIM2 expression was sufficient to
suppress in vitro anchorage-independent growth and in vivo tumor formation of these malignant
cells. We have further shown that the PDLIM2 repression involves promoter methylation.
Accordingly, treatment of the colorectal tumor cell lines with the DNA methyltransferase inhibitor
5-aza-2′-deoxycytidine (5-aza-dC) restored PDLIM2 expression and resulted in growth arrest.
These studies thus provide new mechanistic insights into colon tumorigenesis by identifying a
novel tumor suppressor role for PDLIM2.

Introduction
Colon cancer is the third most common malignancy and the second leading cause of cancer
death (1). One major predisposition for colon cancer development is chronic colonic
inflammation, particularly in patients with inflammatory bowel diseases (IBD) including
Crohn’s disease and ulcerative colitis (2). For example, the cumulative incidence of colitis-
associated cancer (CAC) is up to 20–50% in patients with ulcerative colitis, accounting for
one sixth of deaths in IBD patients (3). Both mouse and human studies suggest that the NF-
κB transcription factor plays a causative role in chronic colonic inflammation and
subsequent the pathogeneses of IBD and CAC. An NF-κB defect in mouse intestinal
epithelial cells or myeloid cells leads to a significant decrease in CAC (4), constitutively
activated NF-κB is detected in gut macrophages and epithelial cells of biopsy specimens as
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well as in colorectal cancer but not in adjacent normal tissue from IBD patients (5–8).
Moreover, inhibition of NF-κB reduces the risk of CAC by 75% to 81% (9,10).

NF-κB activity is tightly controlled under physiological conditions (11). In response to
different stimuli, NF-κB is rapidly activated but usually transiently (12). One essential
mechanism for the quick termination of the NF-κB response involves nuclear degradation of
its prototypic member p65 (13), which is predominantly mediated by PDLIM2 (14).
PDLIM2 is a newestly discovered PDZ-LIM domain-containing protein. It has been
suggested that the C-terminal LIM domain of PDLIM2 is required for promoting
ubiquitination of nuclear p65, while its N-terminal PDZ domain is involved in shuttling
nuclear p65 along the nuclear framework into discrete intranuclear compartments for the
proteasome-mediated degradation. Accordingly, PDLIM2 knockout mice are more sensitive
to lipopolysaccharide (LPS)-induced shock due to enhanced NF-κB/p65 activation and
augmented production of inflammatory cytokines (14).

Currently, the mechanism of constitutive NF-κB activation during intestinal pathogenesis
remains largely unknown. Here, we show that PDLIM2 is epigenetically repressed in
various human colorectal cancer cell lines. PDLIM2 re-expression inhibited NF-κB
constitutive activation, in vitro anchorage-independent growth and in vivo tumor formation
of these malignant cells. These studies suggest one important mechanism for the constitutive
activation of NF-κB in colon tumorigenesis and a novel tumor suppressor role for PDLIM2
in colorectal cancer.

Materials and Methods
Expression vectors and reagents

pQCXIP-myc-PDLIM2, κb-TATA luciferase reporter constructs and PDLIM2 antibody
have been described before (15). The anti-Myc antibody was generated from the 9E10
hybridoma as described (16). Nucleoside analog 5-aza-dC, calcein AM and puromycin were
purchased from Sigma.

Cell lines
The human colorectal cancer cell lines HCT116, SNU1040, DLD1, SW480, FET, COLO32
and HT29, the human breast epithelial cell line MCF10A, and the human embryonic kidney
(HEK) cell line 293T were obtained from the ATCC and cultured according to their
protocols..

Real-time PCR analysis
Total RNA was prepared with TRIZOL reagent and cDNA was generated with SuperScript
II reverse transcriptase (Invitrogen), followed by real-time PCR assays as described (17).
Primer pairs used were: PDLIM2, forward 5′-GCCCATCATGGTGACTAAGG, reverse 5′-
ATGGCCACGATTATGTCTCC; β-actin, forward 5′-ATCAAGATCATTGCTCCTCCT,
reverse 5′-GAGAGCGAGGCCAGGATGGA; DNMT1, forward 5′-
GGTTCTTCCTCCTGGAGAATGTC, reverse 5′-GGGCCACGCCGTACTG; DNMT3a,
forward 5′-GCCTCAATGTTACCCTGGAA; reverse 5′-CAGCAGATGGTGCAGTAGGA;
DNMT3b, forward 5′-CCCATTCGAGTCCTGTCATT, reverse 5′-
GGTTCCAACAGCAATGGACT.

Cell growth assays
Cells were seeded into 12-well plates at a density of 5000 cells per well, followed by 5-aza-
dC (5 μM) or vehicle treatment. The drug-containing medium was replenished each day.
Cell density was determined by replacing the medium with 2 μM calcein AM in 1x
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dissociation solution (Trevigen, Gaithersburg, MD) at the indicated time points. After 1 hour
incubation, diesterase activity (relative fluorescence unit, RFU) was measured with a Tecan
Infinite 200 Microplate Reader (Durham NC), using an excitation wavelength of 485 nm
and emission wavelength of 520 nm (18).

Bisulfite genomic DNA sequencing
Genomic DNA from 5-aza-dC treated or mock-treated cells was isolated using the PureLink
Genomic DNA Purification Kit (Invitrogen). Genomic DNA aliquots were there treated with
sodium bisulfite using the EZ DNA Methylation-Gold Kit (Zymo Research), followed by
PCR to amplify the PDLIM2 promoter using Hot-Start Taq enzyme (Qiagen). Primers
designed to recognize the bisulfite-modified regions (−1084 to −800) of the PDLIM2
promoter were: forward 5′-AGAGGAGTTTATATATATTTAGG, reverse 5′-
TACCTAACAACCCTCTCTCC. The PCR products were then directly for DNA
sequencing or subcloned into the SmaI restriction site of pEGFP-N2 (Clontech) for single
colony sequencing to determine the methylation status of the CpG dinucleotides with the
PDLIM2 promoter.

Luciferase gene reporter assays
The indicated colon cancer cell lines were transfected with a κb-TATA luciferase reporter
plasmid in the presence of increasing amount of Myc-PDLIM2. At 40 hrs post-transfection,
luciferase activity was measured as described before (15). The expression of the Myc-
PDLIM2, p65 and Hsp90 proteins was detected by direct immunoblotting (IB) assays. To
reduce background, we used the cytoplasmic extraction for p65 detection.

Retroviral transduction and generation of stable transfectants
HEK293T cells were transfected with pQCXIP-myc-PDLIM2, followed by viral supernatant
collection and infection of the indicated colorectal cell lines as described before (19). Stable
transfectants were obtained by selection with puromycin.

Colony formation assays
Cell suspension in culture medium containing 0.6% SeaPlaque low melting agarose was
added to plates coated with an initial underlay of 1% agarose in culture medium. Colony
growth was scored after 21 days.

In vivo tumorigenicity assays
Five-week old female SCID mice (Charles River) were challenged subcutaneously in the
hind back with control or modified colorectal cancer cell lines as indicated. The recipient
mice were sacrificed for tumor evaluation 14 days post-injection.

Results and Discussion
PDLIM2 expression is repressed in human colon cancer cells

Given the causative role of NF-κB in colon tumorigenesis and the involvement of PDLIM2
in the termination of NF-κB activation, we hypothesized that PDLIM2 may be involved in
the pathogenesis of colon cancer. To test the hypothesis, we examined expression levels of
PDLIM2 in different colon cancer cell lines, as PDLIM2 expression has recently been found
to be repressed by the human T-cell leukemia virus type I (HTLV-I), the etiological agent of
adult T-cell leukemia (ATL) (15). Indeed, PDLIM2 protein levels were much lower in all
colon cancer cell lines we examined, compared to those observed in MCF10A, a
nontumorigenic epithelial cell line (Fig. 1A). In correlation with protein down-regulation,
PDLIM2 mRNA levels were also significantly decreased in these colon cancer cell lines
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(Fig. 1B). These data indicate that PDLIM2 is repressed at both RNA and protein levels in
human colon cancer cells.

PDLIM2 repression in colon cancer cells involves DNA methylation
To investigate the mechanism of PDLIM2 repression in colon cancer cells, we examined the
potential role of DNA methylation, one major mechanism responsible for repression of
tumor suppressor genes in neoplastic cells (17). To do so, we examined expression levels of
DNMT1, DNMT3a and DNMT3b, three DNA methyltransferases responsible for DNA
methylation. Compared with their expressions in nontumorigenic epithelial cells, all three
enzymes were consistently and significantly upregulated in each colon cancer cell line,
although to different extents (Fig. 2A).

To establish a connection between DNA methyltransferase up-regulation and PDLIM2
expression, we examined the effect of 5-aza-dC, a highly specific DNA methyltransferase
inhibitor, on PDLIM2 expression in these cancer cells. In agreement with our recent finding
that HTLV-I-mediated repression of PDLIM2 is mediated by DNA methylation (17), 5-aza-
dC treatment efficiently restored PDLIM2 expression in all seven colon cancer cell lines
examined (Fig. 2B). These data suggest that like HTLV-I-mediated repression, PDLIM2
repression in colon cancer cells also involves DNA methylation.

In association with recovery of PDLIM2 expression, 5-aza-dC treatment also led to growth
inhibition of different colon cells (Fig. 2C, and Supplemental Fig. 1). On the other hand,
normal epithelial cells were largely resistant to the 5-aza-dC treatment (Supplemental Fig.
2). These data were consistent with the fact that 5-aza-dC is toxic to cancer cells but not
normal cells both in vitro and in vivo (17,20). Since 5-aza-dC showed an efficient antitumor
activity in phase III clinical trials for patients with MDS/AML (20), these studies not only
substantiate the PDLIM2 epigenetic repression but also suggest a potential therapeutic
strategy for human colon cancer. Clearly, the effect of 5-aza-dC can not only be attributed to
the reactivation of PDLIM2. Other yet-identified targets of this anti-tumor drug may also
play very important roles in the colon cancer growth inhibition.

To investigate whether the PDLIM2 promoter is methylated in colon cancer cells and
whether 5-aza-dC-mediated recovery of PDLIM2 expression involves reverse of the
methylation of the PDLIM2 promoter, we performed the bisulfite genomic DNA
sequencing. As shown in Fig. 2D, the PDLIM2 promoter was hypermethylated in colon
cancer cell lines, in comparison with normal control cell line. As expected, treatment of 5-
aza-dC induced a dramatic decrease in methylation of the PDLIM2 promoter. These data
strongly suggest that promoter methylation directly controls the expression of PDLIM2.

PDLIM2 re-expression prevents constitutive activation of NF-κB in colon cancer cells
To establish a mechanistic connection between PDLIM2 epigenetic repression and NF-κB in
colon tumorigenesis, we performed luciferase gene reporter assays to examine the effect of
PDLIM2 restoration on the constitutive activation of NF-κB in human colon cancer cells. As
shown in Figs. 3A–3D, PDLIM2 re-expression resulted in a dose-dependent suppression of
NF-κB activation in four independent colorectal cancer cell lines, which was associated with
decreased p65 expression. Our mechanistic studies further indicated that PDLIM2 shuttled
p65 into the nuclear matrix for the proteasomal degradation in these colorectal cancer cells
(Supplemental Fig. 3). These data imply that PDLIM2 repression is one important
mechanism contributing to the constitutive activation of NF-κB in colon cancer cells.
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PDLIM2 re-expression suppresses anchorage-independent growth and tumor formation of
malignant colon cancer cells

To investigate the significance of PDLIM2 repression in colon tumorigenesis, PDLIM2 was
stably expressed in the colorectal cancer cell lines HCT 116 and DLD1 (Supplemental Fig.
4). We then measured soft agar colony forming activity in comparison to the control cells
transduced with an empty vector. As expected, the colon cancer cell lines readily formed
colonies, indicative of their anchorage-independent growth potential (Figs. 4A & 4B).
However, the colon cancer cell lines stably expressing PDLIM2 formed far fewer and much
smaller colonies in soft agar. These data suggest that PDLIM2 suppresses the tumorigenicity
of colon cancer cells in vitro.

To confirm the in vitro studies in vivo, we subcutaneously injected the control and PDLIM2-
expressing colon cancer cell lines into opposite flanks of individual SCID mice. As shown in
Figs. 4C and 4D, both control and PDLIM2 stable colon cancer cell lines developed tumors
at the injection sites in mice. However, the tumors formed by the PDLIM2-expressing
cancer cell lines were significantly smaller than those formed by the vector control cell lines.
These results indicate that PDLIM2 suppresses the tumorigenicity of colon cancer cells in
vivo.

Recent biochemical, pharmacological and genetic studies from both humans and animals
strongly support a causative role for NF-κB in intestinal inflammation-associated
tumorigenesis (4–10). However, the mechanisms by which NF-κB is constitutively activated
during intestinal pathogenesis are largely unclear. Data presented in this study indicate that
one important mechanism of NF-κB constitutive activation involves PDLIM2 repression via
epigenetic silencing. Importantly, the DNA methyltransferase inhibitor 5-aza-dC not only
re-activates PDLIM2 expression in multiple human colorectal cancer cell lines, but also
reverts their tumorigenic phenotype. Although this anti-tumor drug also reverses promoter
methylation of genes other than PDLIM2, specific re-expression of PDLIM2 alone is able to
suppress the tumorigenicity of the malignant colon cancer cells both in vitro and in vivo.
These data therefore provide mechanistic insights into colon tumorigenesis and a potential
therapeutic strategy for human colon cancer.

Our data also suggest a novel tumor suppression role for PDLIM2. In support of this, our
recent studies have shown that PDLIM2 is repressed epigenetically by HTLV-I (17).
Similarly, the PDLIM2 repression is one important mechanism of HTLV-I-mediated ATL
(15). In addition to colon cancer and ATL, our more recent data suggest that PDLIM2 is
repressed in certain other cancer types including breast cancer (21). It is noteworthy that the
pathogenesis of these PDLIM2 repression-associated cancers has already been linked to NF-
κB, suggesting a common tumor suppressor function of PDLIM2.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PDLIM2 expression is repressed in colorectal cancer cell lines. A, Protein expression of
PDLIM2 in the indicated cell lines was analyzed by immunoblotting (IB) using a PDLIM2
specific antibody. B, The relative levels of PDLIM2 mRNAs in the indicated colon cancer
cell lines were analyzed by real-time PCR using β-actin mRNA as a control. The data are
represented as the mean percent of expression observed in control MCF10A cells ± standard
deviation (n = 3).
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Figure 2.
PDLIM2 repression in colon cancer cells involves DNA methylation. A, RNA levels of
DNMT1, DNMT3a and DNMT3b in the indicated colon cancer cells were analyzed by real-
time PCR using β-actin mRNA level as a control and represented as fold induction in
mRNA abundance relative to those in MCF10A cells (set as 1). The data presented are the
mean ± standard deviation (n = 3). B, The indicated cell lines were treated with the DNMT
inhibitor 5-aza-dC (5μM) for 48 h, followed by real-time PCR to determine relative mRNA
levels of PDLIM2. Changes in PDLIM2 mRNA abundance following 5-aza-dC treatment
are represented as fold induction relative to those observed in an RNA sample from mock-
treated cells. C, The indicated colon cancer cell lines were treated with 5 μM 5-aza-dC or
vehicle for the indicated time points, followed by cell growth assay. D, The indicated cell
lines were treated with 5 μM 5-aza-dC or vehicle for 5 days, followed by the bisulfite
genomic DNA sequencing as described in Material and Methods. Each circle represents a
CpG site; open circles represent unmethylated CpG dimucleotides whereas filled circles
represent methylated CpG sites. The ratios of the filled area in circles represent percentiles
of the methylation in the CpG sites. The position of each CpG nucleotide relative to the
PDLIM2 transcription initiation site (+1) is indicated at the top.
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Figure 3.
PDLIM2 inhibits NF-κB constitutive activation in colon cancer cells. A–D, The indicated
colon cancer cell lines were transfected with κb-TATA driven luciferase reporter in the
presence of increasing amounts of Myc-PDLIM2, followed by luciferase assay. The
luciferase activities were presented as the percentile of that in cells without Myc-PDLIM2
transfection (denoted as 100). The protein expression levels of Myc-PDLIM2, p65 and
Hsp90 were detected by direct immunoblotting assays and the non-specific bands were
indicated by the asterisks.
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Figure 4.
PDLIM2 re-expression suppresses tumorigenicity of colorectal cancer cell lines. A & B,
DLD1 and HCT116 colon cancer cells stably expressing Myc-PDLIM2 or an empty vector
were plated in soft agar and colony numbers were counted at day 21 after plating. The data
presented are the mean ± standard deviation (*p<0.01). C & D, The DLD1 and HCT116
stable cell lines were subcutaneously inoculated into the hind back of the SCID mice. The
mice were sacrificed at day 14 after inoculation and tumor weights were measured. The data
presented are the mean ± standard deviation (**p<0.05).
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