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Epithelial cancers are defined by a tumor-specific distribution of chromosomal aneuploidies that
are maintained when cells metastasize and are conserved in cell lines derived from primary tumors.
Correlations between genomic copy number and gene expression have been observed for
different tumors including, colorectal (CRC), breast, and pancreatic cancer. These ploidy-driven
transcriptional deregulations are characterized by low-level expression changes of most genes on
the affected chromosomes. The emergence of these aberrations at an early stage of tumorigenesis
and the strong selection for the maintenance of these aneuploidies suggest that aneuploidy-
dependent transcriptional deregulations might contribute to cellular transformation and mainte-
nance of the malignant phenotype. The histone deacetylase inhibitor (HDACI) Trichostatin A (TSA)
has anticancer effects and is well known to lead to large-scale gene-expression changes. Here we
assessed if TSA could disrupt the aneuploidy-driven gene expression in the aneuploid colon cancer
cell line SW480 and the artificially generated aneuploid cell line DLD-1 + 7. We found that
TSA increases transcriptional activity throughout the genome, yet inhibits aneuploidy-induced
gene-expression changes on chromosome 7. Among the TSA affected genes on chromosome 7,

we identified potential CRC oncogenes. These experiments represent the first attempt to explain

1 | INTRODUCTION
Epithelial cancers are defined by a specific distribution of chromosomal
aneuploidies, that is, chromosome numbers that are not the multiple of
the diploid complement.!™® The resulting genomic imbalances are
tumor specific, are maintained when cells metastasize, and are con-
served in cell lines derived from primary tumors. For instance, trisomy
of chromosome 7 in colorectal adenomas is one of the earliest chromo-
somal alterations observed in the development of sporadic colorectal
carcinomas (CRCs).>¢ During CRC carcinogenesis, the gain of chromo-
some 7 is later complemented by copy number increases of chromo-
somes and chromosome arms 13, 8q, and 20, and losses of 4 and 187
These imbalances in CRC result in ploidy-driven transcriptional
deregulation of genes residing on the aneuploid chromosomes and are
also found in other tumor entities 8%

The strong selection for the maintenance of chromosomal aneu-
ploidies very convincingly suggests a functional relevance as drivers of
tumorigenesis. However, it remains unknown to which extent, and

how, aneuploidy-dependent transcriptional deregulation contributes to

how histone acetylation affects aneuploidy-driven gene-expression changes.

cellular transformation, in particular at early stages of tumorigenesis
when these aberrations emerge, and to which extent they are required
for the maintenance of the malignant phenotype.

The histone deacetylase inhibitor (HDACiI) trichostatin A (TSA) is a
well-known anticancer agent that leads to large-scale gene-expression
changes and exerts its effect by altering the transcriptional regulation
of specific cancer-related genes.?? TSA inhibits HDACs in a noncompe-
titive and reversible way and is able to inhibit proliferation and induce
differentiation in different types of cancer cells such as CRC, prostate,
neuroblastoma, and skin cancer cells.**"1¢ Although TSA’s molecular
mechanisms for inhibiting proliferation and inducing differentiation
have been widely studied, it remains unknown whether TSA preferen-
tially influences transcriptional activity on aneuploid chromosomes. To
address this question, we conducted a systematic exploration of the
consequences of histone modification by TSA on CRC cell lines, both
diploid and aneuploid. Of special interest was the question whether
TSA could revert the gene-expression changes induced by the
introduction of extra copies of chromosome 7 into the karyotpypically
stable CRC cell line DLD-1.

Genes Chromosomes Cancer. 2017;1-7.

ID: nareshrao Time: 22:15 |

wileyonlinelibrary.com/journal/gcc

© 2017 Wiley Periodicals, Inc. I 1

Path: //10.18.11.53/home$/nareshrao$/JW-GCC#170052

43
a4
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61


http://orcid.org/0000-0002-8317-1600
http://orcid.org/0000-0002-0767-6009

62

63

64
65
66
67
68
69
70
71
72
73
74
75

76

77
78
79
80
81
82
83
84
85

86

87
88
89
90
91
92
93
94
95
96
97

98

99
100
101
102
103
104
105
106
107

J_ID: Customer A_ID: GCC22505 Cadmus Art: GCC22505 Ed. Ref. No.: GCC-17-0109.R2 Date: 26-September-17

Stage:  Page: 2

d*WI LEY

2 | MATERIALS AND METHODS

2.1 | Cell lines and treatments

Human colon adenocarcinoma cell lines DLD-1 and SW480 were pur-
chased from the American Type Culture Collection (ATCC, Manassas,
VA) and cultured in 10% fetal bovine serum (FBS) (Gibco, Thermofisher
Scientific, Waltham, MA) supplemented RPMI (Gibco) or DMEM
(Gibco) medium, respectively. DLD-1 cells harboring an extra copy of
chromosome 7 (DLD-1 + 7) were previously described’ and maintained
in 10% FBS supplemented RPMI medium with 100 pug/ml geneticin
(G418) (Thermofisher). Cells were seeded 24 hours prior to treatment
in a 96-well flat clear bottom black plate (Corning, Corning, NY),
after which they were treated with different concentrations of TSA
(Sigma-Aldrich, St. Louis, MO) for 24 hours. DMSO (Sigma-Aldrich) was

used as vehicle control.

2.2 | Viability assays

Cell viability was analyzed using CellTiter-Blue Assay (Promega,
Madison, WI) according to the manufacturer’s instructions. Briefly,
20 pL of CellTiter-Blue was added to each well and incubated at
37°C in the dark for 90 min. Fluorescence generated by the conver-
sion of the substrate by living cells was measured using a microplate
reader SpectraMaxM2e (Molecular devices, Sunnyvale, CA) at
excitation 560 nm and emission 590 nm. Viability was calculated as
[experimental fluorescence of treated cells/fluorescence of control
cells x 100].

2.3 | Western blots

Cells were lysed in RIPA buffer (Cell Signaling Technology, Danvers,
MA). Equal amounts of protein were subjected to SDS-PAGE on pre-
cast polyacrylamide gels (Thermo Fisher Scientific), blotted onto PVDF
membrane (EMD Millipore, Billerica, MA), and incubated with primary
antibodies Anti-Ac-histone H3 (Abcam, Cambridge, MA), anti-Ac-
histone H4 (Abcam), anti-cleaved-PARP #9541 (Cell Signaling Technol-
ogy), and anti-GAPDH #G8795 (Sigma-Aldrich) as loading control.
Respective secondary antibodies linked to HRP antirabbit #2004
and antimouse #2005 (SantaCruz Biotechnology, Santa Cruz, CA)
were used and detection was performed by chemiluminescence using

SuperSignal West Pico (Thermo Fisher Scientific).

2.4 | Gene-expression microarrays

Total RNA was isolated from the cells using the RNeasy Mini Kit (Qia-
gen, Hilden, Germany) and RNA integrity (RIN) was assessed with an
RNA 6000 Nano LabChip Kit using a 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA). Only samples with a RIN number >8.0 were
included, and five replicates per condition were used. One microgram
of RNA from each cell line was amplified and labeled using the Quick
Amp Labeling Kit, one-color (Agilent) and subsequently hybridized on
Human GE 4x44K v2 Microarrays (Agilent) according to the manufac-
turer's protocol version 6.5. Slides were scanned with a microarray

ID: nareshrao Time: 22:15 |

scanner G2565BA (Agilent). Images were analyzed and data were qual-
ity controlled using Feature Extraction software version 10.7.1.1 (Agi-
lent). The microarray specifications and derived data are accessible
through National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus (GEO) accession number GSE100705.

2.5 | Data analysis

Array data were log,-transformed, normalized, and corrected for multi-
ple testing. Significance analysis for microarrays (SAM) software was
used for the identification of differences in gene expression due to
treatment with TSA at a false discovery rate (FDR) of 5%, with mini-
mum fold changes of 3.0. For the identification of differently expressed
gene due to the introduction of an additional copy of chromosome 7 in
DLD-1 cells, a t test was used with P value <0.05 and a minimum fold
change of 1.5.

IPA software (vO1-10, Ingenuity, Mountain View, CA) was used to
assess the involvement of significantly differentially expressed genes in
known pathways. The IPA pathways were listed by significance rank
order, that is, with the pathways having a lower likelihood that the
generation of the pathways was serendipitous listed on top. Cutoff
values for significant meaningful pathways was set at P value <0.05
and false discovery rate (FDR) < 0.05.

3 | RESULTS

3.1 | TSA treatment reduces viability of CRC cell lines

The treatment effect of different TSA concentrations on the viability of
the diploid CRC cell line DLD-1, the cell line DLD-1 + 7 into which we
introduced an extra copy of chromosome 7, and the aneuploid cell line
SW480, which carried gains of chromosome 7, was analyzed. The
viability of the cell lines was reduced between 30% and 60% for all
concentrations tested (40-1,000 nM) (Fig. 1A). The effect of TSA on
the action of histone deacetylases was assessed by Western blot analy-
sis using antibodies against acetylated histones H3 and H4 (Fig. 1B).
Acetylation of both histones was increased in a dose-dependent man-
ner and can be clearly observed starting at 120 nM in all cell lines. The
effect of TSA on apoptosis was also assessed by Western blot analysis
using antibodies against cleaved PARP (Fig. 1C). Cleavage of PARP was
increased in a dose-dependent manner and can be clearly observed
starting at 320 nM in all cell lines. As 160 nM TSA represented the
concentration that maximally inhibited histone deacetylases, while at
the same time having a minimal effect on the induction of apoptosis,
this concentration was used to treat the cells for gene-expression

profiling.

3.2 | Effect of TSA on whole chromosome
average gene-expression levels

The consequences of TSA treatment on gene expression were meas-
ured by global gene-expression profiling. The average gene expression
of each chromosome increased in TSA treated DLD-1 and SW480 cells
compared to untreated controls (Figure 2). The mere addition of an
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FIGURE 1 TSA treatment of colon cancer cell lines DLD-1, DLD-1 + 7, and SW480. A, Viability after treatment with different concentrations
of TSA. Data represent mean % viability = S.E.M. B, Western blot analysis with antiacetylated histone H3 and histone H4 antibodies. GAPDH
antibody was used as loading control. C, Western blot analysis with cleaved-PARP (c-PARP) antibody. An antibody against GAPDH was used as
loading control

155 extra copy of chromosome 7 in DLD-1 cells increased overall gene demonstrated the highest increase on chromosome 7 in DLD1 +7 158
156 expression in DLD1 + 7 on most chromosomes, except for chromo- versus DLD1. Treatment of DLD1 + 7 cells with TSA further increased 159
157 somes 11, 16, 17, 19, 20, and 22. The overall gene expression the gene-expression levels on all chromosomes, except for gene 160
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Fold change (log2)

DLD-1 + TSA vs. DLD-1 DLD-1+ 7 vs. DLD-1 DLD-1+47 + TSA vs. DLD-1+7 SW4B0 + TSA vs. SW480

mchr7 Botherchr

FIGURE 2 Effect of TSA and/or addition of chromosome 7 on whole-chromosome average gene expression of the DLD-1, DLD-1 + 7,
and SW480 cell lines. Each bar represents the average fold change (log 2) for a chromosome as compared to its control. Chromosomes

are ordered from left to right (chromosome 1-22 + chromosome X).

wileyonlinelibrary.com]

expression on chromosome 22. Overall, treatment with TSA did not

preferentially affected whole-chromosome gene expression.

3.3 | Significant differential gene expression

Introduction of chromosome 7 in DLD-1 resulted in significant upregu-
lation of 561 genes and downregulation of 258 genes throughout the
genome (Supporting Information, Table 1A,B). Treatment of DLD-1
with TSA resulted in significant upregulation of 641 genes and down-
regulation of 171 genes (Supporting Information, Table 2A,B). The
treatment effect of TSA on DLD-1+ 7 was more pronounced with

1,343 significantly upregulated and 636 downregulated genes

Chromosome 7 is labeled in red [Color figure can be viewed at

(Supporting Information, Table 3A,B). In SW480 cells, TSA treatment 171
resulted in significant upregulation of 1,770 genes and downregulation 172
of 811 genes (Supporting Information, Table 4A,B). 173
In all three cell lines, chromosome 7 was among the top-three 174
chromosomes with the highest percentage of significantly upregulated 175
genes and lowest percentage of downregulated genes due to TSA 176
treatment (Fig. 3). Interestingly, when the percentages of downregu- 17F3
lated genes per chromosome in DLD-1 + 7 + TSA versus DLD-1+7 178
were compared to DLD-1 + TSA versus DLD-1, there was a 12-fold 179
higher downregulation of the genes on chromosome 7 in DLD- 180
1+ 7+ TSA (Fig. 4A). This highlights that TSA asserts a preferential 18F4
downregulating effect on the transcriptome of chromosome 7 when an 182
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1 1 3
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FIGURE 3 Percentages of upregulated and downregulated genes on individual chromosomes due to TSA treatment
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FIGURE 4 Comparison of the gene expression levels significantly changed by TSA per chromosome in DLD-1 + 7 versus DLD-1. A, Fold
changes of the significant downregulated genes per chromosome in DLD-1 + 7 versus DLD-1. B, Fold changes of the significant upregulated

genes per chromosome in DLD-1 + 7 versus DLD-1

additional copy of chromosome 7 is present, compared to its downre-

gulating effect on the other chromosomes.

3.4 | Potential therapeutic targets

To identify genes located on chromosome 7 potentially having a bene-
ficial effect on CRC tumor cell viability, the gene list of upregulated
genes in DLD-1+ 7 versus DLD-1 was compared to the gene list of
downregulated genes in DLD-1+ 7 + TSA versus DLD-1+ 7. These
gene lists only had three genes in common: PON2, ASB4, and ZNF273.
Out of these genes, ASB4 was also among the genes that were down-
regulated in SW480 by TSA treatment.

To identify whether the genes downregulated by TSA treatment in
cells with an additional copy of chromosome 7 clustered together in
gene signaling pathways, we used ingenuity pathway analysis (IPA).
The following pathways were significantly downregulated in aneuploid
DLD-1 + 7 and SW480 cells, but not in diploid DLD-1 cells: “Role of
CHK proteins in cell cycle checkpoint control,” “Estrogen-mediated S-
phase entry,” “Cyclins and cell cycle regulation,” “Cell cycle: G1/S
checkpoint regulation,” and “Molecular mechanisms of cancer.” The
“Role of CHK proteins in cell cycle checkpoint control” and “Molecular
mechanisms of cancer” pathways contained genes located on chromo-
some 7: RFC2, PRKAR1B, SMO, and CDK6. We conclude that the expo-
sure of cells with a chromosomal aneuploidy to TSA preferentially
downregulates the expression levels of the genes located on the aneu-
ploid chromosome and that these genes cluster together in gene signal-
ing pathways mainly involved in cell-cycle regulation.

4 | DISCUSSION

Using gene expression profiling, we have analyzed how HDAC inhibi-
tion by TSA modulated the transcriptome in diploid and aneuploid colo-
rectal cell lines with additional copies of chromosome 7, a genomic
imbalance often observed in primary CRC.>® Treatment with TSA
reduced the viability of DLD-1, DLD-1 + 7, and SW480 by 30%-60%,
without inducing apoptosis, and had a general stimulating effect on
gene expression, as measured by increased global gene expression

ID: nareshrao Time: 22:15 |

levels in all cell lines. All cell lines had more genes that were signifi-
cantly upregulated compared to genes that were significantly downre-
gulated after TSA treatment. The aneuploid CRC cell line SW480
showed the highest number of differentially regulated genes, while the
diploid DLD-1 cells demonstrated the least differentially regulated
genes. The positive effect of TSA on transcriptional activity of the
whole genome has been described before in porcine mesenchymal
stem cells.)” It is believed that the transcriptional activity is mainly
increased by the real-time TSA action on the direct enhancement of
histone acetylation and indirect diminishment of DNA methylation.
Trisomy of chromosome 7 is one of the earliest chromosomal
alterations in colorectal carcinogenesis, and this chromosomal aneu-
ploidy is maintained during CRC progression and metastasis 18.” Addi-
tion of an additional copy of chromosome 7 results in low-level gene
expression increases of most genes that reside on chromosome 7,
although genome-wide transcriptional deregulation is observed as
well.? As it is unknown to which extent this aneuploidy-dependent
transcriptional deregulation contributes to tumorigenesis, we studied
whether TSA, a compound that induces cellular differentiation and has
antitumor activity in cancer cell lines, could reverse the aneuploidy-
dependent gene expression changes. Previously, it has been described
that despite the broad effect of TSA on the whole genome, it also has
some minor site-specific action on certain chromosome regions, as it is
able to selectively inhibit/stimulate gene expression via different pro-
motors which may be connected with locus-specific acetylation pat-
terns and chromatin structure.*’*? Especially, genes that are highly
expressed, including amplified genes, have been described to be prefer-
entially repressed by TSA.2° As gain of chromosome 7 is so crucial for
CRC tumorigenesis, it most likely harbors important oncogenes and we
expected that treatment with TSA would be able to selectively reverse
overexpression of these oncogenes. Indeed, we found that TSA prefer-
entially downregulated the gene expression on chromosome 7 in DLD-
1+ 7 cells compared to DLD-1 cells. The aneuploidy-induced upregula-
tion of chromosome 7 genes PON2, ASB4, and ZNF273 in DLD-1+ 7
was reversed by TSA treatment. TSA treatment also resulted in
downregulation of ASB4 in SW480. PON2 is a member of the family of
paraoxonases that localize to the endoplasmatic reticulum and to the
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nucleus; it has an antiapoptotic function.??2 PON2 is upregulated in
various tumor types, including endometrial, liver, kidney, bladder, and
lymphoid cancers. 2324 Of special interest is the fact that PON2 expres-
sion has been described to be regulated through the Wnt/GSK3B/
B-catenin pathway and that its expression was correlated with radio-
therapy resistance in oral squamous cell carcinoma patients.?> Resist-
ance to chemoradiotherapy (CRT) occurs in 30% of the patients with

rectal cancers that undergo treatment.?

CRC carcinogenesis is associ-
ated with critical alterations in Wnt/B-catenin signaling,?” and it has
been demonstrated that preoperative CRT for locally advanced rectal
cancer induced a significant increase in nuclear 3-catenin expression in
49% of the patients.?® This increase in nuclear B-catenin expression
was correlated with poor survival.?® It is already known that silencing
of the Wnt pathway transcription factor TCF7L2 results in increased
sensitivity to chemoradiation of CRC cell lines.?? Based on our study
results, it would be interesting to investigate whether silencing of
PON2 could reverse CRT resistance in CRC, which might improve the
prognosis of CRC patients. Also, the exact function of ASB4 in CRC
should be studied in more detail. Currently not much is known about
ASB4 with regard to its role in tumorigenesis, except for the fact that it
is overexpressed in hepatocellular carcinoma (HCC) cell lines and that
suppression of ASB4 inhibited migratory and invasive properties of
HCC cells.3° ASB4 is an especially interesting gene for future studies,
as it was commonly downregulated in DLD-1+ 7 which harbors
PIK3CA mutations and in SW480 bearing the wild-type PIK3CA, under-
lining that this gene might offer a therapeutic target in CRCs with and
without PIK3CA mutations.?

Finally, we have observed that the gene-signaling pathways that
were commonly downregulated by TSA treatment in both DLD-1 + 7
and SW480 cells were mainly involved in cell-cycle regulation. Genes
from these significantly downregulated pathways located on chromo-
some 7 were RFC2, PRKAR1B, SMO, and CDKé. Inhibition of CDKé by
PD-0332991—a selective CDK4/6 inhibitor that has been approved by
the FDA for treatment of breast cancer—has already been described to
induce G1 arrest in cells of several CRC cell lines, and has been sug-
gested to be a novel therapeutic agent for treatment of CRC.22 The
inhibition of SMO protein expression has also been described to sup-
press proliferation of CRC cells.>®> However, the potential oncogenic
roles of RFC2 and PRKAR1B remain unclear, and their potential as ther-
apeutic targets in CRC should be further investigated.
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