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Trichostatin A enhances radiosensitivity and radiation-induced
DNA damage of esophageal cancer cells
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Background: Trichostatin A (T'SA) is emerging as a potential component of anticancer therapy. In this
study, we aimed to identify the radiosensitizing effects of T'SA in esophageal squamous carcinoma cell lines
and identify the genomic alteration of histone acetylation associated with TSA treatment.

Methods: EC109 and KYSE450 cells were pretreated with TSA (0.1 pM) for 12 hours prior to irradiation,
and the cell viability, flow cytometry, and comet assays were performed to analyze cell growth, cell apoptosis,
and DNA damage, respectively. Chromatin immunoprecipitation sequencing (ChIP-Seq) was performed to
identify the acetylation sites of histone H3 lysine 9 (H3K9), which was altered by TSA.

Results: Our data showed that TSA could sensitize esophageal cancer cells to radiation by inducing
cell cycle arrest and increasing cell apoptosis. DNA damage induced by radiation was enhanced by TSA
treatment. In addition, a total of 105 differential peak-related genes were found to be associated with TSA
treatment, which was identified using ChIP-Seq with specific antibodies against acetylated histone H3K9.
Conclusions: Our data suggest that pretreatment with TSA can enhance ionizing radiation-induced DNA
damage of esophageal cancer cells, which was associated with the altered histone modification of whole

genome. T'SA has potential implications for clinical use in increasing the anticancer efficacy of radiation.
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Introduction during past decades, the side-effects of radiotherapy and

inherent tumor radioresistance are still a major clinical

Esophageal cancer is one of the most aggressive cancers in challenge, which limits its clinical application. Therefore,

the world. Esophageal squamous cell carcinoma (ESCC) new approaches to develop more effective strategies and to

is the dominant histological subtype in China (1,2). The
prognosis of ESCC in China is very poor, because it is
frequently diagnosed at an advanced stage. Radiotherapy
is one of the main treatments for clinical cancer

therapy (3). Although much progress has been made
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lower toxicity in clinical practice are urgently needed, and
consequently a lot of research is currently trying to identify
effective radiosensitizers.

Histone deacetylase (HDAC) deacetylates the lysine
residues of both histones and non-histone targets (4,5).
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Abnormal expression of HDACs in many cancers
suggests that they may have a potential function in cancer
genesis (6). Deregulation of HDACs can lead to the
epigenetic modification of those oncogenes and cancer
suppressors, thus HDACs might be a critical regulator
of cancer genesis. Currently, HDACs is a new target for
research on cancer treatments. Many HDAC inhibitors
have been reported to increase the radiation lethality
in many types of cancers. These findings suggest that
HDAC inhibitors induce radiosensitization. Many HDAC
inhibitors may have therapeutic potential to overcome
radiation resistance of cancers (7). Trichostatin A (T'SA),
a pan-HDAC inhibitor, increases the radiosensitivity of
non-small cell lung cancer, colon cancer, and glioblastomas
cancer cells (8,9). In our previous work, TSA enhanced the
radiosensitivity of colon cancer cells, because apoptotic
cell death induced by radiation was enhanced by TSA
treatment (10). In addition, the radiosensitivity of
esophageal cancer cells was enhanced by inhibition of
HDACI expression via RNA interference (RNAi) (11).
These findings indicate that both HDAC inhibitors and
HDAC inhibition induce radiosensitization. HDAC
inhibitors can reverse the epigenetic silencing that is
frequently observed in cancer (12), but few studies have
explored the whole alteration of histone acetylation.
Therefore, it is important to identify the changes of
histone acetylation sites in genomes. This will help to
fully understand the functions and mechanisms of such
inhibitors.

In this study, we aimed to identify the HDAC inhibitor
TSA contributing to the radiosensitization of ESCC
and its effects on the changes of histone acetylation sites
by chromatin immunoprecipitation sequencing (ChIP-
Seq). We found that TSA promoted mitotic G2 gap 2
(G2/M) arrest, cell apoptosis, and DNA damage induced
by radiation. Using ChIP-Seq analysis, TSA might directly
participate in the DNA damage of esophageal cancer cells
by decreasing the acetylation of histone H3 of growth-
related genes. These results indicate that TSA regulates key
molecules involved in the growth pathway of esophageal
cancer cells. We present the following article in accordance
with the MDAR reporting checklist (available at https://
dx.doi.org/10.21037/jgo-21-560).

Methods
Materials

TSA, Cell Counting Kit-8 (CCK-8), and annexin-V staining
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kits were obtained from Beyotime Biotechnology Inc.
(Nantong, China). Primary antibodies against acetylated
histone H3 lysine 9 (H3K9), B-cell lymphoma 2 (Bcl-2),
and poly adenosine diphosphate-ribose polymerase (PARP)
were purchased from Cell Signaling Technology (Beverly,
MA, USA). Anti-phosphorated H2A histone family member
X (H2AX) antibody was purchased from Cell Signaling
(Billerica, MA, USA).

Cell culture and irradiation

Two esophageal cancer cell lines (EC109 and KYSE450)
were obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). The cells were cultured
in Dulbecco modified Eagle medium (DMED, Hyclone,
Logon, UT, USA) with 10% fetal bovine serum (FBS,
Hyclone, Logon, UT, USA) at 37 °C with 5% CO,. The
cells were irradiated with 5 Gy of gamma irradiation using
Cobalt-60 (“Co) x-ray source. Then the culture medium
was replaced.

Cell viability assay

The esophageal cancer cells were planted in 96-well plates
with 8x10’ cells per well. When the cells reached 50-70%
confluence, the cells were pretreated with TSA (0.1 pM) for
12 h and then treated with 5 Gy of y-irradiation, according
to our previous study (13). One hundred microliters of
fresh medium and 10 pL. of CCK-8 (Dojindo, Kumamoto,
Japan) were incubated together for 2 h and then detected
using absorbance at 450 nm. The cell viability assay was
performed three times.

Clone genesis assay

The cells were plated in six-well plates and pretreated with
TSA (0.1 pM) for 12 h and then irradiated at a dose of
5 Gy. The cells were further cultivated for 10 to 14 days
after replacing the medium. Then the cells were fixed and
stained with 0.5% crystal violet. The number of colonies
which contained more than 50 cells was counted using a
microscope.

Cell cycle
Cells were pretreated with TSA (0.1 pM) for 12 h, and then

irradiated with 5 Gy. Twenty-four hours after irradiation,
cells were collected, stained with propidine iodide (PI)
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staining buffer for 30 min and analyzed with FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ, USA) using Modfit
software (Becton Dickinson, Franklin Lakes, NJ, USA).

Cell apoptosis

Apoptosis was determined using the Annexin V-FITC
Apoptosis Detection Kit (BD Biosciences, #556547,
Franklin Lakes, NJ, USA) according to the manufacturer’s
protocol. Briefly, cells were trypsinized and washed twice
with cold phosphate-buffered saline (PBS). Cells were then
stained with fluorescein isothiocyanate (FITC) conjugated
annexin V and PI for 25 min at room temperature. Then
cells were analyzed using FACSCalibur using Cellquest
software (Becton Dickinson, Franklin Lakes, NJ, USA).

Western blotting

Protein samples were isolated from treated cells or the
normal control by using RIPA buffer (Beyotime, Nantong
China), and the protein concentration was determined
using the Bradford dye-binding assay with bovine serum
albumin as the standard. Total protein (20 pg per lane) was
resolved in 12% SDS-polyacrylamide gel and transferred
onto a polyvinylidene fluoride (PVDF) membrane,
followed by blocking in 3% milk for 30 min at room
temperature. Then the blot was further detected using
antibodies directed against PARP (1:1,000, Cell Signaling
Technology, #9542, Danvers, MA, USA), Bcl-2 (1:2,000,
Cell Signaling Technology, #3498, Danvers, MA, USA)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:2,000, Cell Signaling Technology, #2118, Danvers, MA,
USA). The bands were visualized and analyzed using the
ChemiDoc™ Touch ITmaging system (BIO-RAD, Hercules,
CA, USA). GAPDH was used for normalization.

Immunofluorescence staining for H2AX foci

Esophageal cancer cells were grown on chamber slides for
24 h. After radiation, the cells were fixed and permeabilized
with buffer containing 2% paraformaldehyde and 0.2%
Triton X-100 (Sigma Aldrich, St. Louis, MO, USA). Then
the cells were blocked using 5% goat serum followed
by hydride with anti-phospho-histone H2AX antibody.
After staining, the cells were observed under a fluorescent
microscope (Olympus, Tokyo, Japan).
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Comet assay

The cancer cell suspension was embedded in a 0.7% low-
melting-point agarose. Then the suspension was spread on
frosted slides covered with a 1% basal agarose layer. After
solidification, the slides were immersed in lysing solution.
The slides were washed three times using neutralization
buffer to remove alkali and detergent. Then the slides were
stained with ethidium bromide. The cells were observed
under a fluorescent microscope (Olympus, Tokyo, Japan).
DNA migration was analyzed by measuring the movement
of the nuclear and the migrated DNA in 40 randomly
chosen cells at each time point.

ChIP-Seq

The esophageal cancer cells were treated with formaldehyde
to covalently crosslink proteins to DNA. Then sonication
was performed to cut the chromatin into fragments of
100-300 bp. Immunoprecipitation with an antibody
against acetylated histone H3K9 was carried out to enrich
for acetylated histone H3-bound DNA compared to
total chromatin. Then next generation sequencing was
performed using Zhongkangbo Biotechnology (HiSeq
2500, Beijing, China). Briefly, independent DNA libraries
were produced with the Illumina TrueSeq Library Kit (San
Diego, CA, USA) as per manufacturer’s instructions, and
libraries were sequenced on the Illumina HiSeq producing
50 bp single end reads. Then Bowtie2 (John Hopkins
University (Baltimore, MD, USA) was used to align reads to
the human genome (GRCh37/hg19), and peaks were called
for each biological replicate using Model-based Analysis of
ChIP-Seq (MACS?2).

Bioinformatics

ChIP-Seq reads were mapped to the genome reference
using software. Only the alignments within 2 mismatches
were considered in peak calling. Whole genome peak
scanning was based on a defined analysis model. Differential
peaks were obtained using MAnorm software. After peak
scanning, all the related genes were listed, and gene
ontology was performed using GREAT (http://meme.sdsc.
edw/). Kyoto Encyclopedia of Genes and Genomes (KEGG,
a major public pathway-related database) was used in our
pipeline to perform pathway enrichment analysis of peak-
related genes.
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Figure 1 Radiosensitivity of esophageal squamous cell carcinoma was enhanced by TSA. (A) EC109 and KYSE450 cells were pretreated
with TSA for 12 h, and then irradiated with 5 Gy. Cell viability was determined using Cell Counting Kit-8 assay. (B) EC109 and KYSE450
cells were seeded in 6-well plates and treated with TSA, and then irradiated with or without 5 Gy. Long-term survival was detected using
clonogenic assay. N, untreated control. *, P<0.05; **, P<0.05 vs. N; ¥, P<0.05 vs. 5 Gy or TSA. TSA, trichostatin A; N, untreated control.

Statistics

Means, standard errors, and P values were calculated using
SPSS version 20.0 for Windows (SPSS Inc., Chicago,
IL, USA). Statistical analysis was performed using one-
way analysis of variance for multi-group comparisons. All
P values of less than 0.05 were considered as indicating
statistical significance.

Results
Enbancement of radiosensitivity induced by TSA

Radiotherapy is an important approach to the treatment
of ESCC. TSA is a classical histone deacetylase inhibitor
(HDAC:), which has pronounced antitumor activity. To
investigate the effect of TSA on radiosensitivity, esophageal
cancer cell lines of EC109 and KYSE450 were treated with
radiation only or radiation combined with TSA, and cell
viability was determined using the CCK-8 assay. The cell
viability of EC109 and KYSE450 decreased significantly
when cells were treated with radiation and TSA (Figure 1A).
To further confirm the effect of radiosensitivity of TSA,
we performed a clonogenic assay to detect the long-term
survival of esophageal cancer cells. Cell survival decreased
significantly, when cells were treated with radiation and
TSA (Figure 1B and Figure S1). These results indicate that
"T'SA sensitizes esophageal cancer cells to radiation.

TSA promoted the G2/M arrest induced by radiation

As radiation induces G2/M arrest in many cancers, we
wondered whether the radiosensitivity induced by T'SA was
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due to cell cycle arrest. As expected, radiation induced G2/
M arrest in both EC109 and KYSE450 cell lines (Figure 2).
Moreover, cells in G2/M phase were increased when the
cells were pretreated with T'SA. These results indicated that
T'SA sensitizes esophageal cancer cells to radiation by cell
cycle arrest.

Apoptotic cell death induced by radiation was enbanced
by TSA

Cell apoptosis is a major type of cell death induced by
radiation. We speculated whether decreased cell viability
and clonogenic survival was due to cell apoptosis. To analyze
the proportion of apoptotic cells, EC109 and KYSE450
were stained with annexin V-FITC and PI and then
analyzed using flow cytometry. T'SA increased apoptotic
cells compared with cells that were not treated with TSA.
Additionally, apoptotic cells were significantly increased by
TSA and radiation treatment compared with cells treated
only with radiation (Figure 34 and Figure S2). In addition,
the protein expression of apoptotic marker (cleaved PARP)
in treated EC109 and KY SE450 cells was tested using
Western blot. As demonstrated in Figure 3B, the pro-
apoptotic form of PARP was increased in esophageal cancer
cells treated with TSA and radiation, compared with those
treated with radiation alone. These results indicate that
T'SA enhances cell apoptosis induced by radiation.

TSA enbances DNA damage induced by radiation in
esophageal cancer cells

DNA damage is associated with radiation, and TSA
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Figure 2 TSA promoted mitotic G2 gap 2 (G2/M) arrest induced by radiation. EC109 (A) and KYSE450 (B) cells were pretreated with
TSA, followed by 5-Gy irradiation. Then cell cycle distributions were analyzed using flow cytometry. TSA, trichostatin A; N, untreated

control.
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Figure 3 Apoptotic cell death induced by radiation was enhanced by TSA. (A) EC109 and KYSE450 cells were pretreated with TSA,
followed by 5-Gy irradiation. Apoptotic cells were detected using staining with Annexin V-FITC Apoptosis Detection Kit and propidine
iodide. (B) Protein samples from treated EC109 and KYSE450 cells were detected by western blot. Glyceraldehyde-3-phosphate
dehydrogenase protein expression was measured as a control for equal loading. Fold changes of protein level were calculated by normalizing
that of untreated control. ¥, P<0.05; **, P<0.01 vs. N; *, P<0.05 vs. 5 Gy or TSA. TSA, trichostatin A; N, untreated control.
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treatment results in changing the advanced chromatin
structure. We speculated that DNA damage induced by
radiation was enhanced by TSA treatment. Phosphorylation
of H2AX could form cH2AX when double stranded
(dsDNA) was broken. cH2AX was detected using
immunofluorescence after treatment with radiation and/or
TSA. As shown in Figure 44, TSA significantly enhanced
the expression of radiation-induced cH2AX foci in EC109
cells. Similar results were obtained from KYSE450 cells
(Figure S3). In addition, DNA damage was analyzed using
single-cell gel electrophoresis. Increased representative
photomicrographs of tailed cells were seen in TSA
treated cells (Figure 4B,4C). These results indicate that
DNA damage induced by radiation is worsened by TSA

treatment.

TSA decreased the enrichment of acetylation bistone H3K9
on growth-related genes

As a HDAC inhibitor, TSA can disrupt the balance of
acetylation and deacetylation of core histones, leading
to changes of chromatin structure and subsequent gene
expression. Next, we sought to determine which genes are
regulated by TSA. To identify the changes of acetylated
histone H3 induced by TSA genome-wide, we performed
ChIP-Seq using a validated anti-Ac-histone H3K9 antibody.
After peak calling, we identified 23,161 Ac-histone H3K9
peaks in EC109 cells. However, there are only 4,817 Ac-
histone H3K9 peaks in TSA treated cells. In these peaks,
the most frequent peaks are in the intergenic regions
(Figure 5A). A total of 105 differential peak-related genes
exhibited over two-fold enrichment in EC109-TSA vs.
EC109-N (Table S1). To characterize the chromosome
distribution of differential chromatin immunoprecipitation
(ChIP) peaks, we counted the number of peaks on each
chromosome (Figure 5B). Based on Gene Ontology (GO)
analysis, we tried to find the potential functions of the
peak-related genes. Gene ontology annotation showed
that most of the 105 gene products participate in cellular
processes and are located in cells with binding ability
(Figure 5C, Tables 1 and 2). KEGG pathways analysis
indicated that these genes are associated with metabolic
pathways, pathways in cancer, endocytosis, protein digestion
and absorption. The results indicated that TSA might
directly participate in DNA damage of esophageal cancer
cells by altering the acetylation of histone H3.

© Journal of Gastrointestinal Oncology. All rights reserved.

Discussion

HDACSs are over-expressed in many cancers such as
colorectal, gastric, lung, and breast cancer (14). In our
previous study, we found than HDAC was over-expressed
in ESCC. Therefore, HDAC inhibitor may be the therapy
target for these cancers. HDAC inhibitors have various
biological functions, such as transcriptional regulation,
cell cycle arrest, cell apoptosis, and cell transformation.
Recently, many HDAC inhibitors have been discovered,
and TSA is one of the inhibitors that has the most potent
deacetylase activity (15). Some researchers found that TSA
has a potential function on radiosensitization of several
types of cancer cells (16-18). In this study, we extended the
radiosensitizing properties of TSA on human esophageal
cancer cells. Using CCK-8 and clone genesis analysis, we
found that TSA consistently radiosensitized both esophageal
cancer cell lines. The level of radiosensitization might
depend on the TSA concentration. There is another report
of a similar concentration-dependent radiosensitization
approach using TSA (19).

In addition to affecting hyperacetylation of core histones,
TSA has been found to induce biological effects such as
cell cycle arrest and cell apoptosis in a variety of cancer cell
lines. Cell cycle and apoptosis are regarded as the major
mechanisms underlying the anti-tumor activity of HDAC
inhibitors (20). Our results indicate that the proportion
of cells in the G2/M phase was significantly changed after
treatment with TSA. The G2/M checkpoint is known as a
determining factor of cellular radiosensitivity. We observed
that pretreatment of TSA led to abrogation of G2/M
phrase cells. The mechanism for the radiation-induced
G2/M arrest using TSA is not fully understood. T'SA also
promotes the apoptosis of cancer cells by regulating the
expression of apoptosis-related genes (21). Our study found
that TSA increased the apoptosis induced by radiation.
Using western blot, the cleaved PARP was found to be
increased when the cells were pretreated with TSA. Another
study found that TSA reduces the expression of Bcl-2 by
mitochondrial channels, which results in an increase of the
apoptosis of tumor cells (22).

It is well known that cellular radiosensitivity is related
to DNA repair mechanisms (23-25). There is also some
evidence that HDACs play a very important role in the
repair process of DNA damage. DNA damage is more
serious when T'SA is used before the radiation of the cancer
cells. The number of y-H2AX foci is significantly increased
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Figure 4 Radiation-induced DNA damage was enhanced using TSA in esophageal cancer cells. EC109 cells were pretreated with TSA,
followed by 5-Gy irradiation. Then DNA damage was detected using immunofluorescent staining of y-H2AX (A) and single-cell gel
electrophoresis (B,C). a: untreated control; b: TSA; ¢: 5 Gy; d: TSA + 5 Gy. *, P<0.05; **, P<0.01 vs. N; ¥, P<0.05 vs. 5 Gy or TSA. TSA,

trichostatin A; N, untreated control.
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molecular function. T'SA, trichostatin A.

when TSA is added to the radiated cancer cells. y-H2AX
foci represent the generation of the double-strand breaks
(DSB) of DNA (26,27). Smith et al. found that TSA induces
DSB in HEK293T cells (28). These findings suggest that
T'SA enhances ionizing radiation-induced DNA damage in
esophageal cancer cells. However, the precise mechanism
of the proteins which potentiates radiosensitization by T'SA
needs to be defined.

As a HDACI, TSA enhances DNA damage by radiation
in esophageal cancer cells. To identify the acetylated histone
H3 genome-widely affected by TSA, we performed ChIP-
Seq using a validated AcH3 antibody. We found that a lot of

© Journal of Gastrointestinal Oncology. All rights reserved.

genes are enriched with acetylation histone H3K9 in non-
TSA treated cells, compared with those treated with TSA.
The mechanism of HDAC inhibitors involved in DNA
damage is different. RC307, which is an HDAC], enhances
DNA damage of ovarian carcinoma cells when combined
with an atypical retinoid (29). Another study found that
TSA downregulates the expression of Ku70 and Ku80,
and that DNA-dependent protein kinase catalytic subunits
(DNA-PKcs) result in non-small cell lung cancer cells
apoptosis (30).

Collectively, our results indicate that pretreatment with
TSA enhances ionizing radiation-induced DNA damage
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Table 1 The biological process of GO annotation based on differential peaks associated gene
GO_ID Pathway name Number of genes P value
G0:0065007 Biological regulation 24 4.86E04
G0:0016043 Cellular component organization or biogenesis 5 2.38E03
G0:0009987 Cellular process 46 9.84E04
G0:0032502 Developmental process 6 4.26E03
GO0:0051234 Establishment of localization 4 3.78E03
G0:0040007 Growth 3 4.68E02
G0:0002376 Immune system process 4 8.47E03
G0:0032501 Multicellular organismal process 7 1.29E04
G0:0048519 Negative regulation of biological process 4 6.57E04
G0:0050789 Regulation of biological process 23 7.46E04
G0:0050896 Response to stimulus 12 4.98E04
GO, Gene Ontology.
Table 2 Top 10 KEGG pathways based on differential peak-associated genes
No. Pathway Peak-relaart](:(:l)ti(::;s (nw,it; )p athway P value Pathway ID
1 Synthesis and degradation of ketone 1(1.69) 0.042 ko00072

bodies

2 Protein digestion and absorption 4 (6.78) 0.061 ko04974
3 Endocytosis 4 (6.78) 0.061 ko04144
4 Spliceosome 3 (5.08) 0.064 ko03040
5 Terpenoid backbone biosynthesis 1(1.69) 0.069 ko00900
6 PPAR signaling pathway 2(3.39) 0.089 ko03320
7 Ribosome 2(3.39) 0.089 ko03010
8 TGF-beta signaling pathway 2 (3.39) 0.100 ko04350
9 Huntington’s disease 3 (5.08) 0.100 ko05016
10 Circadian rhythm - mammal 1(1.69) 0.105 ko04710

KEGG, Kyoto Encyclopedia of Genes and Genomes; PPAR, peroxisome proliferator-activated receptors; TGF, transforming growth factor.

of esophageal cancer cells. Therefore, TSA has potential Footnote

implications for clinical use in increasing the anticancer
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Supplementary

TSA (0 uM) TSA (0.1 pM)

TSA (0 uM) TSA (0.1 pM)

Figure S1 Long-term survival of esophageal cancer cells was analyzed by clone genesis assay. (A) EC109 cells were seeded into 6-well plates
and pretreated with trichostatin A for 12 h and further treated with or without radiation. The cells were further cultivated for 10-14 days
after replacing the medium. Then the cells were fixed and stained with 0.5% crystal violet. The number of colonies that included more than
50 cells was counted using a microscope. (B) KYSE450 were similarly treated as that of EC109 cells.
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Figure S2 Representative images of apoptosis detection by flow cytometry. (A) EC109 cells were pretreated with trichostatin A (TSA) for 12
h and further treated with or without radiation. a: untreated control; b: TSA; ¢: 5§ Gy; d: TSA + 5 Gy. (B) KYSE450 were similarly treated as
that of EC109 cells. a: untreated control; b: TSA; ¢: 5 Gy; d: TSA + 5 Gy.

20,000 nm

Figure S3 KYSE450 cells were pretreated with trichostatin A (T'SA) for 12 h and further treated with or without radiation. Then the cells

were fixed and permeabilized with buffer containing 2% paraformaldehyde and 0.2% Triton X-100. Then the cells were blocked using 5%
goat serum, followed by hydride with anti-phospho-histone H2A histone family member X antibody. After staining with Cy3-conjugated
secondary antibody, the cells were observed under a fluorescent microscope. (A) Untreated control; (B) TSA; (C) 5 Gy; (D) TSA + 5 Gy.
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Table S1 Genes matched differential peaks

Chr Peak start Peak end Gene id Symbol

chr1 1165589 1167497 51150 SDF4

chri 41947554 41951800 1907 EDN2

chri 94080957 94084142 8412 BCAR3

chr1 144929633 144933574 100132406 NBPF10

chr1 144929633 144933574 100288142 LOC100288142
chri 144929633 144933574 9659 PDE4DIP

chri 144987821 144990120 100132406 NBPF10

chr1 144987821 144990120 100288142 LOC100288142
chr1 144987821 144990120 9659 PDE4DIP

chr1 144988980 144990012 100132406 NBPF10

chr1 144988980 144990012 100288142 LOC100288142
chri 144988980 144990012 9659 PDE4DIP

chr1 145038656 145041469 100132406 NBPF10

chr1 145038656 145041469 100288142 LOC100288142
chri 145038656 145041469 9659 PDE4DIP

chri 145082851 145084601 100132406 NBPF10

chr1 145082851 145084601 100288142 LOC100288142
chr1 145091104 145094115 100132406 NBPF10

chri 145091104 145094115 100288142 LOC100288142
chr1 230219730 230221794 2590 GALNT2

chr1 234858070 234863591 100506810 LINCO1132
chr10 7450489 7453919 57713 SFMBT2

chri1 2014887 2020156 100033819 MIR675

chri1 2014887 2020156 283120 H19

chri1 19261505 19263884 79733 E2F8

chr11 47544390 47546772 10658 CELF1

chr12 48394115 48397132 1280 COL2A1

chr12 52582367 52587178 144501 KRT80

chr12 57881545 57883378 84174 SLA2

chr12 125472323 125474063 57647 DHX37

chr13 25860226 25862334 9107 MTMR6

chr13 27824761 27828173 100131205 RPL21P28
chr13 27824761 27828173 6144 RPL21

chr14 24608713 24610879 51016 EMC9

chr14 31924900 31927028 112487 DTD2

chr14 53196836 53198407 6815 STYX

chr16 2652755 2654573 5170 PDPK1

chr16 2652755 2654573 652276 LOC652276
chr17 7140431 7142918 79142 PHF23

chr17 21904414 21904926 284124 FLJ36000
chr17 21904555 21904757 284124 FLJ36000
chr18 76829313 76830440 374868 ATP9B

chr19 891923 893792 10025 MED16

chr19 1468049 1471160 79085 SLC25A23
chr19 2455359 2457294 84823 LMNB2

chr19 10735182 10737521 57153 SLC44A2

chr19 11877137 11879221 126068 ZNF441

chr19 12720774 12722870 163049 ZNF791

chr19 12720774 12722870 57474 ZNF490

chr19 52530661 52532431 80110 ZNF614

chr19 54972643 54975025 114823 LENG8

chr19 54972643 54975025 94059 LENG9

chr2 113997140 113999727 654433 PAX8-AST

chr2 113997140 113999727 7849 PAX8

chr2 132996806 132996867 554226 ANKRD30BL
chr2 182755675 182758796 6744 SSFA2

chr2 211420973 211424190 1589 CYP21A2

chr2 215672181 215674695 580 BARD1

chr22 41346406 41348941 9978 RBX1

chr22 42229062 42231443 6721 SREBF2

chr22 43581315 43583231 23170 TTLL12

chr3 47553411 47555909 54859 ELP6

chr3 196625092 196626252 205564 SENP5

chr3 196625570 196625777 205564 SENP5

chr4 184364781 184366943 55602 CDKN2AIP
chr4 184579222 184581416 201965 RWDD4

chrd 184579222 184581416 60684 TRAPPC11
chrb 368423 375770 57491 AHRR

chr5 412095 415388 57491 AHRR

chr5 671064 674733 11076 TPPP

chrb 911172 915154 9319 TRIP13

chrb 1322679 1330953 81037 CLPTM1L

chrb 10595001 10596758 651746 ANKRD33B
chr5 14155544 14158248 7204 TRIO

chrb 14580730 14583807 54491 FAM105A

chrb 16455864 16458078 90441 ZNF622

chrb 16507445 16511506 54463 FAM134B

chr5 16885708 16887720 4651 MYO10

chr5 16893339 16896054 4651 MYO10

chrb 17189153 17191638 285696 LOC285696
chrb 17248669 17250640 10409 BASP1

chr5 17248711 17249513 10409 BASP1

chr5 31853789 31856048 23037 PDZD2

chrb 32767273 32769581 8131 NPRL3

chrb 38870728 38872791 9180 OSMR

chrb 42809807 42813188 6414 SEPP1

chr5 43307168 43314916 3157 HMGCSH1

chrb 134260226 134260395 84105 PCBD2

chré 107349062 107350546 51250 C60orf203
chré_gbl_hap6 1203029 1204046 3105 HLA-A

chr7 5085027 5086546 100533952 RBAK-RBAKDN
chr7 5085027 5086546 57786 RBAK

chr7 72476108 72476518 442582 STAG3L2

chr7 74306183 74307707 442582 STAG3L2

chr7 74306183 74307707 5383 PMS2P5

chr7 102212543 102213400 548644 POLR2J3

chr8 27631880 27633473 157570 ESCO2

chr9 124481736 124484809 153090 DAB2IP

chr9 130726600 130732490 399665 FAM102A

chr9 133321182 133321862 445 ASS1
chrUn_gl000212 40754 40963 26080 FAM230C
chrUn_gl000220 96204 100078 100507412 LOC100507412
chrUn_gl000220 101699 101798 100507412 LOC100507412
chrUn_gl000220 102125 102224 100507412 LOC100507412
chrUn_gl000220 104219 104323 100507412 LOC100507412
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