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Abstract

Histone deacetylase 3 (HDACS3) is over-expressed in approximately half of all colon
adenocarcinomas. We took an RNAI approach to determine how HDAC3 influenced chromatin
modifications and the expression of growth regulatory genes in colon cancer cells. A survey of histone
modifications revealed that HDAC3 knockdown in SW480 cells significantly increased histone H4-
K12 acetylation, a modification present during chromatin assembly that has been implicated in
imprinting. This modification was found to be most prominent in proliferating cells in the intestinal
cryptand in APCMIN tumors, but was less pronounced in the tumors that over-express HDAC3. Gene
expression profiling of SW480 revealed that HDAC3 shRNA impacted the expression of genes in
the Wnt and vitamin D signaling pathways. The impact of HDAC3 on Whnt signaling was complex,
with both positive and negative effects observed. However, long-term knockdown of HDAC3
suppressed p-catenin translocation from the plasma membrane to the nucleus, and increased
expression of Wnt inhibitors TLE1, TLE4 and SMO. HDAC3 knockdown also enhanced expression
of the TLE1 and TLE4 repressors in HT-29 and HCT116 cells. HDAC3 shRNA enhanced expression
of the vitamin D receptor in SW480 and HCT116 cells, and rendered SW480 cells sensitive to 1,25-
dihydroxyvitamin D3. We propose that HDAC3 over-expression alters the epigenetic programming
of colon cancer cells to impact intracellular Wnt signaling and their sensitivity to external growth
regulation by vitamin D.
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Introduction

Carcinogenesis involves the mutation of key tumor suppressor genes and oncogenes, which
impact cell proliferation, differentiation and death Litis becoming increasingly clear that
epigenetic changes also alter the gene expression patterns of cells to promote their carcinogenic
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potential 26, Epigenetic modifications are manifested by inheritable alterations in chromatin
structure that enforce the expression of specific genes in cell progeny. Present data indicate
that epigenetic alterations can occur early in the carcinogenic sequence 7-10: 3 number of
growth-regulatory genes have been found to be epigenetically silenced in colonic mucosa in
older individuals, and this silencing may contribute to the increased risk of carcinogenesis
associated with aging 11,12 Understanding the protein complexes involved in regulating the
epigenetic changes associated with aging and cancer could provide mechanistic insight into
the carcinogenic process and potentially identify new targets for cancer treatment and
prevention.

Inheritable changes in chromatin structure are frequently directed by DNA methylation.
Methylated cytosines in CpG dinucleotides serve to recruit histone deacetylases (HDACS) and
other transcription-repressing proteins through a family of methyl-cytosine binding proteins
13,14 Epigenetic regulation may also occur in a manner that is independent of DNA
methylation. In this case, specific chromatin markings (including histone acetylation) facilitate
the inheritance of an “open” or “closed” chromatin structure 15, Oncogenic fusion proteins
found in leukemia cells have been indentified that perform this function. Fusion of the AML1/
RUNX protein with the transcriptional co-repressors TEL or ETO facilitates the recruitment
of HDAC-containing co-repressors to specific genetic loci in acute lymphoblastic leukemia
16-19 | jkewise, the fusion of RARa to the PML protein in acute myeloid leukemias suppresses
the expression of RAR target genes 20-22 1 addition to the formation of fusion proteins, the
over-expression of chromatin-silencing proteins is another means of subverting the epigenetic
program of a cell. The SNAIL repressor protein, for example, is frequently over-expressed in
numerous cancer types where it can silence a number of growth regulatory genes 23-25
Interestingly, the expression of cellular HDACs themselves can be increased during cellular
transformation 28. In colon cancer, evidence for increased expression of HDACs 1, 2 and 3
has been reported 27-30 The mechanism that controls HDAC expression in colon cancers is
not entirely clear, but it may be linked to APC status and c-myc activation 29,

We have been studying the impact of HDAC3 on colon cancer cells. This HDAC is of particular
interest since it is one of the most frequently up-regulated genes in human cancers 31 we and
others have previously reported that reducing HDAC3 expression levels in colon cancer cells
slows their proliferation and alters the expression of cell cycle regulatory proteins, including
an increase in p21 expression 28, 30_ I addition, we observed a change in the expression of
cellular differentiation markers, with a notable decrease in the expression of the secretory
proteins mucin 2 and intestinal trefoil factor 30 These findings suggested that reducing
HDACS3 expression may generate a range of epigenetic changes that reprogram cell gene
expression in colon cancer cells. To determine the extent and nature of the reprogramming
events directed by HDAC3 over-expression, gene expression profiling was performed on a
colon cancer cell line that expresses high levels of HDACS3 before and after HDAC3
knockdown with shRNA. Here we report that high HDAC3 expression alters the genetic
programming of colon cancer cells, with both increases and decreases in gene expression
observed. Interestingly, HDAC3 expression regulates genes in the Wnt, TGF-p, vitamin D and
Interferon signaling pathways. A more detailed analysis indicates that HDAC3 expression
levels can indeed impact the function of the Wnt and vitamin D signaling. These findings
indicate that HDAC3 over-expression may play a critical role in colon carcinogenesis by
influencing both endogenous oncogenic pathways (such as Wnt/B-catenin signaling) and the
responsiveness of cells to exogenous growth-regulatory signals, such as 1,25-
dihydroxyvitamin D3.
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Materials and Methods

Cell culture and treatments

The SW480 cancer cell line was originally obtained from the American Type Culture
Collection (Manassas, VA). They were transfected with a vector expressing shRNA targeting
HDAC3 or a non-targeting control vector, as previously described 30, Two clones with reduced
HDACS3 expression were utilized for the present studies. All cells were maintained at 37°C,
5% CO, in McCoy's 5A media supplemented with 10% fetal bovine serum, 100 um non-
essential amino acids (Invitrogen) and antibiotic-antimycotic (Invitrogen). Butyrate (BA) was
purchased from Sigma-Aldrich (St. Louis, MQO) and used at a final concentration of 4 mM.
Butyrate treatments were performed overnight (16 to 18 hours) unless otherwise indicated.
1,25 dihydroxyvitamin D3 was likewise obtained from Sigma-Aldrich, and used at the
concentrations indicated in the text. Vitamin D3 treatments were performed for 48 hours, after
which cells were trypsinized and counted by hemocytometer.

Cell cycle synchronization experiments were performed using the Lovastatin method, as
previously described 32, Briefly, cells were grown in three 60 mm plates and treated with 60
uM Lovastatin (Mevinolin) for approximately 33 hours. One plate was taken for cells in G1
arrest, and the remaining two were passed at a 1:4 dilution into medium containing 5 mM
mevalonic acid to release the G1 block. Protein was extracted from cells at various time points
following release, and entrance into S phase was determined by immunoblotting for PCNA.

siRNA transient transfection

Transient transfection was performed as previously described 30, Briefly, cells were grown to
confluency, trypsinized and resuspended in OptiMEM. Non-targeting control or HDAC3
siRNA (Dharmacon, Lafayette, CO) was combined with Lipofectamine 2000 reagent in
OptiMEM at a 100 nM final concentration. Seventy-two hours post-transfection RNA was
isolated and subjected to reverse-transcription and quantitative real-time PCR.

Immunoblotting

Proteins were extracted from cells as previously described by Spurling et al. 30, Cytosolic and
nuclear extracts were denatured under reducing conditions, separated on a 12.5% or 15% SDS-
polyacrylamide gel and then transferred in Tris-glycine buffer to a nitrocellulose membrane
by voltage gradient transfer overnight. The blots were then dried and blocked with 5% non-fat
dry milk in PBS + 1% Tween-20 and probed with primary antibodies at 1:500 to 1:1000
dilutions. Antibodies used in these studies were obtained from Santa Cruz Biotechnology:
HDAC1 (H51), HDAC2 (H54), HDAC3 (H99), HDAC4 (H92), VDR (H81), B-catenin (C18),
E-cadherin (G10) and actin (119). HRP-conjugated secondary antibodies and enhanced
chemiluminescence was used for detection as recommended by the manufacturer (Santa Cruz
Biotechnology). Nucleosomes were extracted from cells as previously described 3 and
transferred to 0.2 um nitrocellulose in Tris-glycine buffer with 20% methanol and 0.1% SDS.
Histone modifications were detected using modification-specific primary antibodies obtained
from Upstate, and the chemiluminescent detection method.

Indirect immunofluorescence

Cells were treated as described in the text, and processed as previously described 34, Briefly,
cells were washed with cold phosphate-buffered saline and fixed with 100% methanol for 30
min at —20 °C. Donkey serum (10% in phosphate-buffered saline) was used to block
nonspecific binding for 30 min. After blocking, the cells were incubated with a goat anti-p-
catenin antibody (H81, Santa Cruz Biotechnology) at a 1:75 dilution followed by incubation
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with a Cy3-conjugated anti-goat immunoglobulin (Jackson ImmunoResearch Laboratories,
Inc.). Images were captured on an Olympus epifluorescent microscope.

RNA isolation and microarray data analysis

Total RNA was prepared using the Trizol reagent (Invitrogen, Carlsbad, CA). A microarray
was run on a Sentrix ref-6 human beadchip (Illumina, San Diego, CA). The array was processed
at the Molecular Genetics Core Facility at Children's Hospital Boston. Data were normalized
using the “rank invariant” method in lllumina's BeadStudio software. This method normalizes
with respect to a common reference sample based on a linear scale. To reduce the size of the
gene list, only annotated genes (18,267 genes) were selected for further analysis. Pathway
analysis was performed using Ingenuity Pathways Analysis software (Ingenuity Systems,
Redwood City, CA).

Reverse-transcription PCR and quantitative real-time PCR

Results

To synthesize cDNA, 2 ug aliquots of RNA were diluted in water and combined according to
manufacturer's instructions with the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Foster City, CA) reaction components. cDNA was stored at —20°C. Real-Time
PCR was performed using an Applied Biosystem's 7500 Fast Real-Time PCR system and
software. Reactions were run for 40 cycles with the TagMan 2x PCR Master Mix in 10 pl
volumes with cDNA corresponding to 2 ug RNA. TagMan gene expression assays for TLEL,
TLEA4, c-MYC, VDR, and B-actin were purchased from Applied Biosystems (Foster City, CA).

HDAC3 inhibition and global histone acetylation

To determine the impact of HDACS3 expression levels on gene expression patterns in colon
cancer cells, we selected the SW480 colon cancer cell line that expresses relatively high levels
of this HDAC 30. This cell line was then stably transfected with an ShRNA expression vector
to target HDACS3, or a non-targeting control vector (as previously described) 0. To validate
the specific reduction in HDAC3, a western blot analysis was performed on both the control
(shCNTL) and HDAC3 knockdown (shHD3) cell lines. Figure 1A shows the expression levels
of HDACs 1, 2, 3 and 4 in these cell lines. A large reduction in HDAC3 is observed, whereas
comparable levels of HDACs 1, 2, and 4 are present in both cell lines. The mRNA levels of
other class I and class Il HDACs were also determined (by microarray analysis), and were
likewise found to be unaffected (although an increase in an HDACY transcript variant was
observed). These findings indicate the shRNA is specific for HDAC3, and that compensatory
increases in the expression of other HDACs are minimal.

HDACs have been reported to have a degree of enzymatic specificity for specific histone acetyl-
lysine residues 35-38 anda previous report has described preferred substrates for HDAC3
complexes39. We determined the impact of HDAC3 knockdown on several different histone
modifications by performing a western blot analysis (see figure in Ref. 30) and optical density
scanning on nucleosomes extracted from SW480 cells expressing control or HDAC3 targeting
shRNA (shCNTL and shHD3 cells, respectively; Figure 1B). HDAC3 inhibition resulted in
specific alterations in acetylation, with the largest increase occurring on histone H4,
particularly the H4-K12Ac modification. Analysis of additional samples indicates that this 2-
fold increase is significant (p < 0.01).

To determine whether acetylation of histone H4 at lysine 12 is regulated in the intestine, we

examined normal and cancerous intestinal tissue in APCMIN mice for this modification. Tumors
formed in APCMiN mice are useful for this analysis since they express elevated levels of HDAC3
(Figure 2A)28. In the normal small intestine, positive staining for histone H4-K12 acetylation
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was observed in cells within the upper portion of the crypt, with lower levels of staining
observed in cells of the villus (Figure 2B). This staining was typically observed in multiple,
adjacent cells within the crypts. In contrast, a modification-independent histone H4 antibody
showed even staining throughout the small intestinal mucosa (Figure 2B). When intestinal
tumors were stained for histone H4 K12 acetylation, they showed less intense staining relative
to normal crypt cells (Figure 2C). The tumor cells that did stain positively could also be
distinguished from normal cells by the fact that they occurred more sporadically throughout
the lesion.

The staining of upper crypt cells for histone H4 acetylation at K12 suggested a potential overlap
with the transiently amplifying population of crypt cells. To determine the extent of this
overlap, intestinal tissue was dual-stained for histone H4 K12 acetylation and proliferating cell
nuclear antigen (PCNA). There was a close association between PCNA expression and this
histone modification, in both normal and tumor tissue (Figures 3A and 3B). This overlap was
also observed in the colon, although additional cells may also stain in this tissue (data not
shown). The linkage between cell proliferation and histone H4 K12 acetylation was also
observed in cells that were synchronized in vitro. For these experiments, an SW480 cell line
(expressing HDAC3 shRNA) was subjected to the lovastatin arrest and release procedure?’2
As shown in Figure 3C, histone H4 acetylation at K12 increased as cells entered S-phase, as
shown by an increase in PCNA expression. As discussed in more detail below, histone H4 K12
acetylation is required for the proper loading of this histone onto newly synthesized chromatin,
and might therefore provide a window of opportunity for adjusting chromatin programming,
an opportunity that could be limited in cancer cells that express high levels of HDACS3.

HDACS3 inhibition and gene expression changes

To determine the impact of HDACS3 expression levels and the corresponding histone
acetylation changes on gene regulation in colon cancer cells, RNA was isolated from these
cells and subjected to an Illumina microarray analysis. To ensure that the microarray data was
consistent between biological replicates, scatterplots were constructed. Figures 4A and 4B
illustrate that ShCNTL and shHD3 cell line replicates have a high correlation as indicated by
the regression line and r? values (0.989 and 0.997 respectively). In contrast, when expression
values for the sShCNTL and shHD3 cell lines were compared, a broad scatter with an r2 of 0.849
was obtained, indicating numerous gene expression changes following HDAC3 inhibition
(Figure 4C). Further analysis revealed that 18.2% of annotated genes are up-regulated 5-fold
or more by HDACS3 inhibition, whereas 8.6% are down-regulated. A list of annotated genes
altered by HDAC3 shRNA, and a gene ontology breakdown, are provided as supplemental
data (supplemental Tables 1, 2 and 3).

Some of the gene expression changes on the array are likely due to a direct effect of decreased
HDACS3 activity, whereas others may be secondary changes. To estimate the proportion of
changes that may be due to the direct effects of HDAC3, we determined which HDAC3-
sensitive genes could also be altered by a short-term treatment with the general HDAC inhibitor
butyrate. An eighteen-hour butyrate exposure was selected for these experiments since this is
the amount of time required to activate the highly butyrate-responsive p21 gene (data not
shown). As shown in the Venn diagrams (Figure 4D), more than half of the genes activated by
HDAC3 shRNA could also be activated by butyrate. Numerous genes were suppressed by both
butyrate and HDAC3 shRNA, indicating that this transcriptional repressor may actually
promote expression of some genes (directly or indirectly). The overlap between these genes
was less extensive relative to the up-regulated genes, indicating that many of the down-
regulated genes may not be direct targets of HDAC3.

To determine which cellular pathways are influenced by HDAC3 expression, genes that were
altered 5-fold or more were analyzed by the IPA path-finder program. This program indicated
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potential effects on the TGF-p, Interferon and Wnt signaling pathways (Table 1). Semi-
quantitative RT-PCR confirmed large changes in a subset of the genes shown in the table (data
not shown). The effect of HDAC3 shRNA on the interferon and TGF-f signaling pathways
was generally positive, with increased expression of both IFN and TGF-f target genes
observed. In the case of the TGF-$ pathway, this included an up-regulation of the vitamin-D
receptor (VDR) and the VDR-target gene TGF-p2 40, 41 The influence on the Wnt pathway
was complex, with both positive and negative effects observed.

Of the pathways identified, we decided to examine the HDAC3 shRNA-induced changes in
Whnt and VDR signaling in more detail, since these pathways are critical for regulating the
endogenous growth potential of colon cancer cells, and their responsiveness to exogenous
vitamin D.

HDACS3 regulation of the Wnt pathway

The profile of genes in the Wnt pathway regulated by HDAC3 can both enhance and suppress
Whnt signaling. For example, the FZD17 receptor is up-regulated whereas expression of the
FZD10 receptor is reduced. Overall, however, the majority of changes are predicted to suppress
Whnt signaling (as indicated in Table 1). One critical outcome of the Wnt pathway is the
translocation of -catenin from the cell membrane to the nucleus. We thus chose to analyze
how HDAC3 suppression affected this step of the Wnt pathway. As shown in Figure 5A, the
proportion of B-catenin in the nuclear fraction is lower in two clones expressing the HDAC3
shRNA than control cells. An indirect immuno-fluorescent analysis of -catenin showed that
cells expressing HDAC3 shRNA had more extensive plasma membrane localization relative
to control cells (Figure 5B). Membrane association of B-catenin could also be stimulated by
butyrate treatment of control cells, supporting a role for HDACs in regulating this localization
(Figure 5B). These findings indicate that HDAC3 shRNA generally increases B-catenin
mobility away from the nucleus and towards the plasma membrane of colon cancer cells.

The expression of three genes in the Wnt signaling pathway was also examined by quantitative
RT-PCR. Specifically, we quantified the expression of two inhibitors of the Wnt pathway,
TLE1 and TLE4, which compete for B-catenin binding to TCF complexes in the nucleus. In
addition, the expression level of the B-catenin target gene, c-MYC, was determined. As shown
in Figure 6A, HDAC3 shRNA expression increases expression of both of the TLE genes, and
decreases expression of c-MYC. These results are consistent with those found on the
microarray. To determine the generality of this response, three colon cancer cell lines were
transiently transfected with HDAC3 siRNA. In SW480, HCT116 and HT-29 cells, transfection
with HDAC3 siRNA either increased the expression of a TLE, or potentiated the activation by
butyrate treatment (Figure 6B, C and D; TLE4 was not expressed in HCT116 cells).
Interestingly, although c-MYC expression was suppressed by butyrate, the HDAC3 siRNA
enhanced its expression in each cell line (Figure 6B, C and D). This latter finding suggests a
complex interaction between HDAC3 expression and Whnt signaling, as observed on the gene
array. As discussed below, the impact of HDAC3 expression on Wnt signaling is therefore
likely to depend on the relative expression of positive and negative Wnt effectors in individual
cancers.

HDACS3 expression and vitamin D responsiveness

One gene of interest within the TGF-p pathway was the vitamin D receptor (VDR). This
receptor is important for mediating cellular differentiation and growth control by vitamin D
metabolites, and may therefore play an important role in cancer prevention by vitamin D. As
shown in Figure 7A, VDR mRNA levels were increased in SW480 cells either upon treatment
with butyrate or following HDAC3 suppression with shRNA. HDACS3 inhibition by
transfection of HCT116 cells with siRNA likewise stimulated VDR expression (Figure 7B).
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The increase in MRNA expression induced by HDAC3 shRNA was accompanied by an
increase in VDR protein expression (Figure 7C). We also determined the impact of HDAC3
ShRNA on the gene activation and growth control by the active vitamin D metabolite 1,25-
dihydroxyvitamin D3. Cells expressing HDAC3 shRNA were able to activate E-cadherin
following vitamin D3 treatment, and were more sensitive to growth inhibition by vitamin D3
(Figure 7D and 8). These findings indicate that HDAC3 can play an important role in mediating
the sensitivity of cells to growth regulation by vitamin D.

Discussion

The frequent over-expression of HDAC3 in human cancers suggests that this enzyme plays an
important role in carcinogenesis. We took a gene array approach to further explore the potential
role of HDAC3 in colon carcinogenesis. We found that the elevated expression of HDAC3
impacts three signaling pathways that are intimately involved in colon carcinogenesis: Whnt,
TGF-p and Interferon. Our findings support a model in which HDAC3 expression plays a
pivotal role in the epigenetic reprogramming of cancer cells to significantly enhance their
growth potential and carcinogenicity. It is surprising that over-expression of a single HDAC
impacts multiple cancer-related pathways, since there are other HDACSs expressed in cancer
cells. Interestingly, HDACS3 is also expressed at high levels in primordial gut tissues, raising
the possibility that its expression in colon cancers serves to de-differentiate cells 42 1n general,
our findings indicate that increased HDAC3 expression may target this transcriptional
regulatory protein to additional promoters and substrate proteins to alter the cell's phenotype.
These findings suggest that HDAC3 may be a good target for highly-specific agents that treat
or prevent colon cancer.

The Wt signaling pathway is targeted for mutation in the majority of colorectal cancers 43,
44 The most frequent alteration is a truncating mutation in the APC gene, a negative regulator
of the Wnt pathway 45 The truncated APC protein is no longer able to direct the degradation
of cytosolic B-catenin, allowing B-catenin levels to increase and eventually enter the nucleus
to activate transcription by associating with TCF proteins bound to target gene promoters 43,
We found that HDAC3 had a complex effect on components of the Wnt pathway. However,
the majority of gene expression changes induced by a stable sShRNA knockdown indicated that
HDACS3 expression generally enhances the Wnt pathway. The enhancement of Wnt signaling
by HDAC3 was further supported by the finding that the stable HDAC3 knockdown enhanced
the plasma membrane localization of B-catenin and reduced its nuclear accumulation. It should
be noted that this alteration in nuclear B-catenin localization occurred even though the cells
analyzed are APC mutants. The changes in B-catenin cellular localization may result from a
number of gene expression changes induced by HDAC3 shRNA. For example, the HDAC3
shRNA reduced the expression of the TCF1 transcription factor in the colon cancer cells. Since
TCF1 binds B-catenin in the nucleus 46 reducing its expression may eliminate an important
nuclear “anchor” for B-catenin. A similar mechanism may also come into play with regard to
the HDAC3 shRNA-induced increase in TLEL and TLE4 expression. TLES compete with p-
catenin for TCF binding47, so increased TLE1 and TLE4 expression may also reduce the
nuclear binding sites for B-catenin. In addition to these potential nuclear anchor effects,
activation of the competitive hedgehog pathway may also contribute to -catenin inhibition;
HDAC3 shRNA increased SMO expression, which has been shown to inhibit TCF4-B-catenin
complex formation by the hedgehog pathway 48,

Although the stable reduction in HDAC3 expression by shRNA increased expression of the
TCF co-repressors TLE1 and TLE4, and decreased expression of the Wnt target gene c-MYC,
the influence of a transient decrease in HDAC3 expression by siRNA was more complex.
Although HDAC3 siRNA increased TLE expression (either alone or in combination with
butyrate), an increase in c-MY C expression was also observed. It has been reported that the
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HDAC inhibition by butyrate can activate the Wnt pathway, and that hyper-activation of this
pathway can lead to cell death49, 50 \we propose that HDAC3 inhibition has a similar effect
on Wnt signaling. In the short term, HDAC3 shRNA may promote Wnt signaling. However,
only cells with a robust negative feedback response, resulting for example from a strong TLE
activation, survive®L. This model predicts that the expression of HDAC3 in colon cancers may
depend on their ability to modulate Wnt signaling through the altered expression of Wnt
inhibitory proteins.

Other pathways found to be affected by HDACS3 include the interferon-regulated genes and
genes in the TGF-B signaling pathway. Although the interferon response may be initiated non-
specifically through double stranded siRNA molecules, it is unlikely that this is why we see
activation of these genes: we do not observe increases in interferon expression or apoptosis in
cells expressing HDAC3 shRNA30 (and data not shown). In addition, most of the classical
dsRNA response genes are not activated in cells expressing HDAC3 shRNAD2Z: 93 Interferon
(IFN) signaling can influence carcinogenesis through a number of mechanisms 54,55
including a direct influence on cell proliferation 56 and by enhancing the immunogenicity of
cancer cells ®. We found genes in both of these categories activated by HDAC3 shRNA. The
mechanism by which HDACS3 inhibition activates expression of these IFN-regulated genes is
not presently clear, but it is unlikely to occur through the STAT1 transcription factor, since
activation of this transcription factor is inhibited by HDAC inhibitors®8. With regard to TGF-
B signaling, activation of this pathway may result in part from increased TGFB2 expression.
TGFB2 is one of several members of a superfamily of cytokines that play a critical role in
controlling cellular growth, differentiation and development 59 In early colon tumorigenesis,
TGFB signaling is thought to block tumor development by inducing cell cycle arrest and
apoptosis and cancer cells may become resistant to TGFp by carrying a mutation of the type
Il receptor (TGFB—RII)GO, or through SMAD4 mutation 60,61 However, TGFp signaling is
adouble-edged sword as it can also promote cancer growth and metastasis 62 |n fact, a number
of genes in the TGFp pathway enhanced by HDAC3 shRNA are associated with tumor
progression (AXL, EGFR, and SERPINEL).

One interesting gene in the TGFB pathway that was activated by HDAC3 shRNA was the VDR
gene. HDAC3 knockdown not only restored VDR expression, but also restored the
responsiveness of the cells to growth inhibition by 1,25-dihydroxyvitamin D3. HDAC3
expression has also been found to regulate the cellular response to another dietary factor;
previous work indicated that growth re%ulation by butyrate (derived from dietary fiber) is also
sensitive to HDAC3 expression levels 0 Since butyrate has been reported to increase VDR
expression 63, a picture emerges of a web of interactions between HDAC3 expression and
multiple dietary agents. Understanding these interactions could ultimately enhance our
understanding of how dietary agents interact with each other and specific cellular genotypes
to prevent cancer development.

The changes in gene expression induced by HDAC3 knockdown are likely to be mediated in
part by the changes in histone acetylation. Acetylation of histone H4 at lysine 12 (H4K12Ac)
appears to be particularly sensitive to HDAC3 expression. Although purified HDAC3 can
deacetylate both histone H3 and histone H4 64-66 HpAC3 complexes isolated from cells
display a higher degree of specificity 38 HDAC3 complexes have been found to completely
deacetylate H2A, H4K5 and H4K12, while only partially deacetylating other residues 39,
Acetylated histone H4K12 may therefore be a preferred substrate for HDAC3 complexes 39,
Although the “histone code” involves multiple modifications functioning in concert, histone
H4K12 acetylation may play a particularly important role in regulating chromatin structure.
Evidence has been obtained that acetylation of histone H4K12 plays a critical role in
propagating chromatin structure following DNA replication. For example, the ability of yeast
to maintain newly synthesized chromatin in an “open” state is dramatically reduced when
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histone H4 is mutated to suppress K12 acetylation 67 1t should also be noted that new
chromatin assembled following DNA replication utilizes histone H4 acetylated at lysine 12.
Our finding that histone H4K12 acetylation is highest in proliferating cells is consistent with
the usage of H4K12Ac in new chromatin assembly. We propose that the loading of acetylated
histone H4K12 on the DNA following replication provides a window of opportunity to open
the chromatin on repressed genes, with the ultimate chromatin status determined by the
presence of specific trans-acting factors. This window of open chromatin may be significantly
limited in tumor cells that over-express HDAC3. In APCMIN mice, we find that histone H4K 12
acetylation is generally lower in tumors relative to normal mucosa. Additional experimentation
will be required to determine whether this modification relates to different patterns of gene
expression within the tumor, and whether the frequency of this modification relates to the
differentiation and invasiveness of the cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HDACS3 expression is specifically reduced by HDAC3 shRNA

[A] Western blotting of proteins from SW480 cells stably transfected with either a control
vector (ShCNTL) or a vector containing ShRNA against HDAC3 (shHD3). Results from two
independent cell lines are shown. Note the specific decrease in HDACS3 protein levels in
comparison to HDACs 1, 2, and 4. [B] Effect of HDAC3 shRNA on histone modification.
Chromatinwas prepared from shCNTL and shHD3 cells, and analyzed for histone modification
using specific antibodies (in duplicate). Optical density was determined using ImageJ software
(NIH) and normalized to ShCNTL levels. The bars shown are the average relative intensities
of modifications from shCNTL cells (white bars) and shHD3 cells (gray bars).
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Figure 2. Immunohistochemical analysis of intestinal tissue i

[A] Immunohistochemical staining of HDAC3 in an intestinal tumor of an APCMI" mouse.
Positive staining for HDAC3 in this section is brown. The line demarks normal and tumor
regions of the tissue (labeled “N” and “T”, respectively). [B] Immunofluorescent staining of
H4K12Ac and general histone H4 in normal small intestine. Specific antibody staining is shown
in green (H4K12Ac) and red (H4) and the DNA is stained blue with DAPI. [B] Two sections
of tumor and adjacent normal tissue within the APCMIN mice were analyzed by
immunofluorescence for histone H4-K12 (green) and DNA (blue). The line demarks the normal
tissue (labeled “N”) and the tumor tissue (labeled “T”).
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Figure 3. H4K12Ac co-localizes with proliferating cells

[A] APCMIn small intestine normal tissue was co-stained for HAK12Ac (green), PCNA (red)
and DAPI (blue). Note the high degree of overlap as shown in the merge panel. [B]
Microadenomas (T) from APCMiN mice show a similar pattern of overlap but a lower amount
of cells staining positive for H4K12Ac compared to normal tissue (N). [C] Western blot
analysis of synchronized SW480 cells show a co-ordinate increase in H4K12Ac and PCNA
after release from G1 whereas histone H3K9Me does not change.
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Figure 4. Microarray gene expression analysis

Expression values (rank-invariant normalization) were compared for similarity between
ShCNTL cells and shHD3 cells. [A] Comparison between biological duplicates for ShtCNTL
cells shows that there is little variation (r2=0.989). [B] Similarly, there is little variation between
the biological replicates for the shHD3 samples (r2 =0.997). [C] Comparison between ShCNTL
and shHD3 cells show increased and decreased gene expression in shHD3 cells (r2 =0.849).
[D] Venn diagrams showing the number of genes that are up/down-regulated at least five-fold
by butyrate (BA) and HDAC3 shRNA (shHD3). The number of commonly regulated genes is
shown in the overlap region. A total of 18.2% of all annotated genes are up-regulated by shHD3
whereas only 8.6% were down-regulated.
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Figure 5. Alterations in B-catenin localization by HDAC3 shRNA

[A] Western blot analysis of p-catenin within nuclear and cytoplasmic/membrane fractions of
ShCNTL and shHD3 cell lines shows that shHD3 cells have less nuclear B-catenin. Actin was
employed as a loading control. The results from two shHD3 cell lines are shown. [B] SW480
cells were plated onto glass coverslips for immunofluorescent analysis of 3-catenin
localization. ShCNTL cells showed diffuse staining for g-catenin. ShCNTL cells treated with
butyrate showed a partial translocation of g-catenin to the plasma membrane. shHD3 cell lines
show localization of B-catenin at the plasma membrane.
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Figure 6. Real-time PCR in stable and transient HDAC3 knockdown cells for Wnt pathway
components

[A] RNA isolated from SW480 cells expressing control (ShCNTL) or HDAC3 (shHD3) shRNA
was used to synthesize cDNA and was analyzed for the expression of TLE1, TLE4 and c-MYC
using quantitative real-time PCR. Real-time data is consistent with results from the microarray
analysis. [B-D] TLE1, TLE4 and c-MYC mRNA expression following the transient
knockdown of HDAC3 in SW480 [B], HT-29 [C] or HCT116 [D] cells. Cells were also treated
with butyrate, as indicated. An ANOVA analysis was performed to determine significant
differences; * indicates a significant difference between the indicated treatment and the control
cells (p < 0.05).
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Figure 7. HDAC3 regulation of VDR and vitamin D responses

[A] VDR mRNA quantified by real-time PCR in shCNTL and siHD3 cells, treated with or
without butyrate, as indicated. [B] VDR expression was also analyzed in the HCT116 cell line
transiently transfected with control or HDAC3-targeting siRNA (siHD3), that were treated
with or without butyrate (BA) as indicated. [C] VDR expression in ShCNTL and shHD3 cells
determined by immunoblotting. Two independent shHD3 cell lines were analyzed in duplicate.
[D] shCNTL and shHD3 cells were treated with 1, 25 dihydroxyvitamin D3 for 24 hours and
subjected to immunoblot analysis for the cell adhesion protein E-cadherin. Actin was employed
as a loading control.
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Figure 8. 1, 25 dihydroxyvitamin D3 decreases growth of cells with stable HDAC3 knockdown
Treatment of cells with increasing amounts of 1, 25-dihydroxyvitamin D3 over a period of 2
days showed a dose dependent drop in cell number only in the cell line expressing lower
amounts of HDAC3 (* indicates p < 0.05). Cells were treated at the indicated concentrations
of 1,25 dihydroxyvitamin D3 in quadruplicate.
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Average gene expression levels for shHD3 cells were compared with the averages for S\CNTL cells, and data were
processed through the IPA pathway analyzer. Results show three major pathways affected by HDAC3 knockdown,

mcIudmg genes in the Wnt pathway [A], the Interferon pathway [B], and the TGFp pathway [C].

Gene Symbol Role in Pathway
DKK3 Wnt antagonist *
FzD17 Whnt receptor
Up-regulated SMO Component of the competing hedgehog pathway *
TLE1 TCF co-repressor *
TLE4 TCF co-repressor *
WNT6 Ligand
WNT5A Ligand
DKK4 Whnt antagonist
FZD10 Whnt receptor *
Down-regulated GJAl Whnt suppressed in development *
PPP2R2C Whnt pathway enhancer *
SOX8 Whnt target gene *
TCF1 Binds beta-catenin *
MYC Whnt target gene *
B Gene Symbol Role in Pathway
IF135 Interferon target gene
IFITM1 Interferon target gene
Up-regulated MX1 Interferon-inducible protein
PSMB8 Gamma-interferon induces expression
SOCs1 Gamma-interferon induces expression
C Gene Symbol Role in Pathway
AXL Receptor tyrosine kinase
EGFR Capable of binding TGF-beta
HOXC8 Binds SMAD proteins/transcription regulator
INHA Ligand
Up-regulated ROR2 Receptor tyrosine kinase
ROR1 Receptor tyrosine kinase
SERPINE1 Target gene
TGFB2 Ligand
TGIF1 Co-repressor
VDR Target gene
INHBB Ligand
Down-regulated NKX2-5 Target gene
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