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Abstract: Little is known about histone modifiers and histone marks in colorectal cancers (CRC). The present study 
therefore addressed the role of histone acetylation and histone deacetylases (HDAC) in CRCs in situ and in vi-
tro. Immunohistochemistry of primary CRCs (n=47) revealed that selected histone marks were frequently pres-
ent (H3K4me3: 100%; H3K9me3: 77%; H3K9ac: 75%), partially displayed intratumoral heterogeneity (H3K9me3; 
H3K9ac) and were significantly linked to higher pT category (H3K9me3: p=0.023; H3K9ac: p=0.028). Furthermore, 
also HDAC1 (62%), HDAC2 (100%) and HDAC3 (72%) expression was frequent, revealing four CRC types: cases 
expressing 1) HDAC1, HDAC2 and HDAC3 (49%), 2) HDAC2 and HDAC3 (30%), 3) HDAC1 and HDAC2 (10.5%) and 
4) exclusively HDAC2 (10.5%). Correlation to clinico-pathological parameters (pT, pN, G, MSI status) revealed that 
heterogeneous HDAC1 expression correlated with lymph node status (p=0.012). HDAC expression in situ was par-
tially reflected by six CRC cell lines, with similar expression of all three HDACs (DLD1, LS174T), preferential HDAC2 
and HDAC3 expression (SW480, Caco2) or lower HDAC2 and HDAC3 expression (HCT116, HT29). HDAC activity was 
variably higher in HCT116, HT29, DLD1 and SW480 compared to LS174T and Caco2 cells. Treatment with broad 
(SAHA) and specific (MS-275; FK228) HDAC inhibitors (HDACi) caused loss of cell viability in predominantly MSI-
positive CRC cells (HCT116, LS174T, DLD1; SAHA, MS-275 and in part FK228). In contrast, MSI-negative CRC cells 
(Caco2, HT29, SW480) were resistant, except for high doses of FK228 (Caco2, HT29). Cell viability patterns were 
not linked to different efficacies of HDACi on reduction of HDAC activity or histone acetylation, p21 expression and/
or induction of DNA damage (γH2A-X levels). In summary, this study reveals inter- and intra-tumoral heterogeneity 
of histone marks and HDAC expression in CRCs. This is reflected by diverse HDACi responses in vitro, which do not 
follow known modes of action. Together, this implies further exploitation of histone alterations in CRC for molecular 
classification and/or novel treatment options.
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Introduction

Colorectal carcinomas (CRCs) are a phenotypic 
and molecular heterogeneous group of lower 
gastrointestinal tract tumors [1]. Carcinoge- 
nesis, progression and treatment outcome of 
CRC has so far been mainly investigated from 
the genetic point of view, yielding valuable clini-
co-pathological routine diagnostic biomarkers 
for prognostic sub-classification and treatment 

prediction [2-4]. Recently, also epigenetic alter-
ations were similarly addressed, with specific 
DNA methylation patterns linked to the carcino-
genesis of a specific molecular and phenotypic 
group of CpG Island Methylator Phenotype 
(CIMP) CRC [5-8]. CIMP-type CRCs, which un- 
dergo the serrated pathway of carcinogenesis, 
are associated with acquired microsatellite 
instability (MSI) via MLH1 promoter hypermeth-
ylation and exhibit BRAF mutations in about 
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70%. These CRCs show a worse prognosis and 
appear to have limited responses to 5FU-based 
therapies [8, 9].

Whether similar clinico-pathological relevant 
associations exist for epigenetic alteration of 
CRC at the level of histones is still an evolving 
field. Indeed, increased expression of histo- 
ne deacetylases (HDACs) has been reported 
before for CRC [10-13]. One study comprehen-
sively analyzed HDAC class I expression in tis-
sue microarrays of CRCs, revealing frequent 
HDAC2 and HDAC3 protein expression (>50% 
of cases). In addition, HDAC patterns were as- 
sociated with tumor cell proliferation, differen-
tiation and worse prognosis [10]. HDAC1 [12] 

and HDAC3 [13] were also examined in smaller 
series of CRCs. In fact, only one study [14] 
clearly associated a specific HDAC, the class III 
HDAC SIRT1, with the phenotypic and molecu-
lar subclass of MSI and CIMP-type CRCs. Thus, 
previous studies point towards the involvement 
of histones and histone modifiers in the clini- 
co-pathological behavior of CRC. That histone 
marks and modifiers may be supportive for can-
cer sub-classification, prognostication and/or 
even HDAC therapeutic targeting is suggested 
by studies of HDAC expression, histone acetyla-
tion and HDAC inhibitor application to other 
cancer entities [15-17]. However, a comprehen-
sive examination of histone marks and histone 
modifiers as well as their potential as therapeu-
tic targets in selective clinico-pathological 
groups of CRCs in situ and in vitro is still 
lacking.

Clearly, patterns of histone modifiers and his-
tone marks induce active gene transcription 
(H3K4me3, histone acetylation) or gene silenc-
ing (H3K9me3, H3K27me3) [18] and hence 
influence distinct cellular processes [19]. By 
modulation of histone acetylation, HDAC inhibi-
tors (HDACi) may influence gene expression, 
thereby e.g. 1) restoring expression of silenced 
tumor suppressor genes (such as CDKN1A/
p21) leading to growth inhibition [16] or 2) 
causing suppression of RAD51 and MRE11 
expression leading to increased DNA damage 
and γH2A-X marked DNA double strand breaks 
[17].

Indeed, treatment of CRC cell lines by HDACi 
induced cell death and further sensitized these 
cells to radiotherapy [20] or to 5FU-based che-
motherapy [21, 22]. Moreover, a recent study 
[23] revealed the inhibitory effect of a broad 
HDACi in combination with Selumetinib - a MEK 
inhibitor - in a KRAS mutant CRC cell line model. 
These studies hence underline the potential 
therapeutic benefit of histone modifier inhibi-
tors in (RAS mutant) CRCs.

Nevertheless, despite these previous studies 
so far none of the in vitro studies evaluated the 
potential diverse effects of broad or specific 
HDACi in a spectrum of cell lines reflecting the 
distinct clinico-pathological and molecular sub-
classes of CRCs.

Therefore, the present study focused on exa- 
mination of three class I HDACs as well as 
H3K9ac and H3K4me3 (active) and H3K9me3 

Table 1. Clinico-pathological parameters of 
colorectal cancer patients investigated

Cases (n) Percent (%, n/47)
Age
    <50 8 17.0
    ≥50 39 83.0 
Sex
    Male 29 61.7
    Female 18 38.3
Location
    Colon 44 93.6
    Rectum* 3 6.4
pT
    pT1 1 2.1
    pT2 9 19.1
    pT3 31 66.0
    pT4 6 12.8
pN
    pN0 29 61.7
    pN1 10 21.3
    pN2 7 14.9
    pNx 1 2.1
Tumour grading
    G1 1 2.1
    G2 40 85.1
    G3 6 12.8
Histological subtype
    NOS 44 93.6
    Mucinous 3 6.4
Microsatellite status
    MSS 42 89.4
    MSI 5 10.6
The table summarizes the major clinico-pathological 
parameters of the investigated 47 cases. Note: *No 
neoadjuvant radio-/chemotherapy.
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(repressive) histone marks in entire serial sec-
tions of tissue specimens of primary CRCs. This 
was accompanied by in vitro analyses of six 
CRC cell lines mirroring at least in part the clin-
ico-pathological and molecular spectrum CRC 
cases in situ [24]. Here, the cellular (cell viabili-
ty) and molecular (HDAC activity, p21 induction, 
DNA damage) effects of three HDACi (broad: 
SAHA/Vorinostat; HDAC class I specific: En- 
tinostat/MS-275; HDAC1, HDAC2 specific: Ro- 
midepsin/FK228) [17] were comprehensively 
evaluated.

Materials and methods

Patients and tissue specimens

The study included archival, Formalin-fixed and 
Paraffin-embedded (FFPE) tissue specimens  
of 47 cases with primary CRCs treated at the 
University Medical Center, Freiburg, Germany 
without neoadjuvant radio/chemotherapy. All 
tissue specimens were re-evaluated by a pa- 
thologist according to the current WHO [1] and 
TNM [25] classification. Clinico-pathological pa- 
rameters (age, sex, location, tumor classifica-
tion, tumor grading, histological subtype) are 
provided in Table 1. MSI status was determin- 
ed by staining for MLH1 (ready to use antibody 
IR079, DakoCytomation, Hamburg, Germany), 
MSH2 (ready to use antibody IR085, DakoCy- 
tomation, Glostrup, Denmark), MSH6 (ready to 
use antibody IR086, DakoCytomation, Ham- 
burg, Germany) and PMS2 (ready to use anti-
body IR087, DakoCytomation, Hamburg, Ger- 
many) according to standard procedures and 
expression loss of at least one marker was con-
sidered indicative of MSI [26, 27]. In 13 cases, 
adjacent non-dysplastic mucosa was analyzed 

in addition to the tumors. The use of tissue 
specimens was approved by the local ethics 
institution (#251/04/07/09, Ethik-Kommission, 
Albert-Ludwigs-Universität, Freiburg, Germany).

Immunohistochemistry

Immediate serial sections of FFPE tissue speci-
mens (n=47) were subjected to deparaffiniza-
tion, antigen retrieval (pH6.1) and subsequent 
staining with primary antibodies for H3K9ac 
(polyclonal rabbit, 1:200, #9671, Cell Signaling 
Technologies, Danvers, USA), H3K4me3 (poly-
clonal rabbit, 1:1000, #ab8580, abcam, Cam- 
bridge, UK), H3K9me3 (polyclonal rabbit, 1: 
1000, #ab8898, abcam, Cambridge, UK), HD- 
AC1 (polyclonal rabbit, 1:500, #ab19845, ab- 
cam, Cambridge, UK), HDAC2 (mouse monoclo-
nal, HDAC-62, 1:12500, #ab12169, abcam, 
Cambridge, UK) and HDAC3 (mouse monoclo-
nal, 40/HDAC3, 1:500, #611125, BD Biosci- 
ences, San Jose, USA) was performed. After 
washing all reactions were continued using the 
Dako REAL Detection System (alkaline phos-
phatase/RED, rabbit/mouse) on the Autostai- 
ner System (all DakoCytomation now Agilent, 
Glostrup, Denmark).

The expected nuclear histone mark levels and 
HDAC expression were evaluated in invasive 
tumor cells by semi-quantitative scoring of 
intensity of staining (score 0-3) and the per-
centage of cells stained (score 0-4). Multip- 
lication of the scores resulted in an immuno 
reactive score (IRS) scoring system ranging 
from 0 to 12. An IRS of 0-6 was defined as 
“negative” and an IRS of 7-12 was defined as 
“positive”, as previously described [10, 28]. In 
addition, adjacent non-dysplastic colonic mu- 
cosa (n=13) were similarly evaluated for HDAC1, 
HDAC2 and HDAC3.

Cell culture and treatment protocols

Six previously described [24] colorectal can- 
cer cell lines (HCT116, DLD1, LS174T, HT29, 
SW480, Caco2) were examined. HCT116 and 
HT29 were cultivated in McCoyś 5A, DLD1 in 
RPMI 1640 medium and SW480, LS174T and 
Caco2 in DMEM all from GIBCO™ (Life Tech- 
nologies, Carlsbad, USA), each supplemented 
with 10% GIBCO™ Fetal Bovine Serum and 1% 
GIBCO™ L-Glutamin at 37°C in a 5% CO2 atmo-
sphere [29]. All cell lines were verified at the 

Table 2. HDACi doses selected from cell viability 
analyses for further experiments

SAHA MS-275 FK228
Dose 
(µM)

% cell 
viability

Dose 
(µM)

% cell 
viability

Dose 
(nM)

% cell 
viability

HCT116 2.5 52 2.5 44 2.5 55
HT29 5.0 92 5.0 96 2.5 58
DLD1 2.5 54 5.0 55 5.0 101
SW480 5.0 79 5.0 82 5.0 83
LS174T 5.0 70 5.0 69 2.5 54
Caco2 5.0 80 5.0 92 5.0 65
The table presents the HDACi doses - selected from cell 
viability analysis - used for activity assay as well as western 
blots for p21, p.H2A.X and histone acetylation.
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Leibniz-Institut DSMZ-Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH.

Three HDAC inhibitors (HDACi) with different 
chemical structure and different specificity [17] 

were used: suberoylanilide hydroxamic acid 
(SAHA or Vorinostat) a hydroxamat and broad 
HDACi; MS-275 (Entinostat) a benzamide di- 
rected against HDAC class I and FK228 (Ro- 
midepsin) a cyclic peptide directed against 

Figure 1. Colorectal carcinomas are characterized by four patterns of histone alterations. The figure shows expres-
sion patterns of H3K9ac, H3K4me3, H3K9me3 (A) and HDAC1, HDAC2, HDAC3 (B). The arrow in sample case 4 (A) 
indicates intraglandular heterogeneity for H3K9ac (see also Figure 2). The arrowhead in sample case 2 (A) indicates 
an intraepithelial lymphocyte with positive immunoreactivity for H3K9me3, whereas the glandular epithelium shows 
not any positive immunoreactivity. The * in sample case 4 (B) indicates intraglandular heterogeneity for HDCA1. Im-
munohistochemistry was quantified by IRS. Scale bar 100 µm.
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HDAC1 and HDAC2. HDACi were all purchased 
from Selleckchem (Munich, Germany) and dilut-
ed in DMSO. For in vitro experiments, dose 
response curves with 0.1 µM, 2.5 µM and 5 µM 
(SAHA, MS-275) and 0.1 nM, 2.5 nM and 5 nM 
(FK228) were initially performed. Thereafter, 
doses were set for all other experiments as 
specified in Table 2.

MTS assay

Cell viability was measured 72 h post inhibitor 
treatment with increasing doses (see cell cul-
ture and treatment protocols) by CellTiter 96 
Aqueous One Solution Reagent (Promega, Ma- 
dison, USA) according to the manufacturer’s 
protocol and as previously described [30].

Immunoblotting

Immunoblotting was performed according to 
established protocols [30] with primary an- 
tibodies against HDAC1 (polyclonal rabbit, 1: 
500 #ab19845, abcam, Cambridge, UK), HD- 
AC2 (mouse monoclonal, HDAC2-62, 1:1000, 
#ab12169, abcam, Cambridge, UK), HDAC3 
(mouse monoclonal, 40/HDAC3, 1:1000, #61- 
1125, BD Biosciences, San Jose, USA), β-Actin 
(mouse monoclonal, AC-15, 1:2000, #A5441, 
Sigma-Aldrich, St. Louis, USA), Anti-acetyl H3 
(polyclonal rabbit, 1:2000, #06-599, Millipo- 
re, Hessen, Germany), p21 (polyclonal rabbit, 
1:1000, #2947, CST, Denver, USA) and γH2A-X 
(polyclonal rabbit, 1:1000, #9718, CST Denver, 
USA). Bands were quantified by densitometry 
using Image J software.

HDAC activity assay

Measurement of HDAC activity was performed 
using the HDAC Cell-Based Activity Assay Kit 
(Cayman) according to the manufacturer’s pro-
tocol and as previously described [28]. Cultured 
cells were incubated for 24 h with the HDACi in 
a 96- Well Clear Bottom Black Culture Plate at 
37°C in a 5% CO2 atmosphere. The fluorescent 
intensity of each well was read with a fluorom-
eter (excitation 350 nm, emission 450 nm).

Statistical analyses

Statistical evaluation of immunohistochemis- 
try was done for experimental data (histone 
marks, HDACs) and clinico-pathological param-
eters (pT, pN, grading, MSI status; see Table  

1). Correlation between parameters was per-
formed using the Fisher’s Exact Test for nomi-
nal scaled parameters and according to devel-
opment of metric scaled parameters the Ma- 
nn-Whitney Test or Kruskall Wallis Test. In case 
of a significant Kruskall Wallis Test, a pairwise 
comparison with the Mann-Whitney Test was 
subsequently performed. To compare HDAC 
expression of tumor tissue versus adjacent 
non-dysplastic tissue, the Wilcoxon Test was 
performed. A P-value of <0.05 (exact 2-sided) 
was considered to be statistically significant. 
Statistical analyses were done with SPSS 22.0.

For in vitro analyses, significance levels were 
calculated using the t-test at all times of three 
independent experiments. P-value of <0.05 
was considered significant (*, ** and *** indi-
cate significant levels in a range from 0.01-
0.05, 0.01-0.001 and <0.001 respectively).

Results

Active and repressive histone marks are fre-
quent in CRC

High levels of histone marks were frequently 
observed for H3K9ac (75%), H3K4me3 (100%) 
and H3K9me3 (77%) in CRCs.

The majority of cases (63.5%) exhibited all 
three histone marks (Figure 1A, sample case 
1), whereas 13% of cases exhibited exclusive- 
ly the active histone marks H3K9ac and H3- 
K4me3, but not the repressive histone mark 
H3K9me3 (Figure 1A, sample case 3). In addi-
tion, 10.5% of cases showed a combination of 
active and repressive histone marks, being 
positive for H3K4me3, H3K9me3, but hetero-
geneous for H3K9ac (Figure 1A, sample case 
4, arrow). Finally, 13% of cases were only posi-
tive for H3K4me3 (Figure 1A, sample case 2).

Distinct patterns and intratumoral heterogene-
ity of HDAC1, HDAC2 and HDAC3 expression 
in CRCs

A positive HDAC expression (IRS >6) was fou- 
nd in 62% (HDAC1), 100% (HDAC2) and 72% 
(HDAC3) of all investigated CRCs.

HDAC2 expression was significant higher in 
tumor cells compared to adjacent non-dysplas-
tic colon mucosa (p=0.02). In contrast, HDAC1 
and HDAC3 expression in tumor cells compared 
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to adjacent non-dysplastic colon mucosa were 
indiscriminative.

Four distinct groups of CRCs were defined 
according to HDAC expression patterns (Figure 
1B): Group 1 (49% of cases) showed positive 
expression for all HDACs (e.g. case 5); group 2 
(30% of cases) with positive HDAC2 and HDAC3, 
but negative HDAC1 expression (e.g. case 8); 
group 3 (10.5% of cases) with positive HDAC2, 
but negative HDAC1 and HDAC3 expression 
(e.g. case 6); and group 4 (10.5% of cases) wi- 
th positive HDAC1 and HDAC2, but negative 
HDAC3 expression (e.g. case 7).

Importantly, whilst HDAC2 was distributed ho- 
mogeneously within each expressing case, 
HDAC1 showed intratumoral heterogeneity, 
even within the same tumor gland (Figures 1B, 
2A-C asterisk). This was also seen for H3K9ac 
(Figure 1A, sample case 4, arrow). Besides this 
localized intratumoral heterogeneity in more 
well differentiated CRCs, poorly differentiated 
CRCs showed general area-wide heteroge-
neous HDAC1 expression, which was in fact 
reflected by the percentage of positive tumor 
cells of the IRS score (Figure 2F-H).

Correlation of histone marks and HDAC expres-
sion with clinico-pathological parameters

The distinct patterns of histone marks and 
HDACs were next correlated to clinico-patholog-
ical parameters (Table 1). This revealed signifi-
cant lower levels of the repressive histone mark 
H3K9me3 in higher tumor stages (pT; p=0.023). 

No significant associations were found for 
H3K9ac, H3K4me3, HDAC1, HDAC2 and 
HDAC3 upon considering general positivity  
(IRS >6).

However, upon taking into account the observed 
intratumoral heterogeneity (percentage of posi-
tive tumor cells, with score 0=0%, 1<10%, 
2=10-50%, 3 >50-80%, 4 >80%) additional sig-
nificant associations were observed: The active 
histone mark H3K9ac was significantly more 
heterogeneous expressed (shown in Figure 1A, 
arrow) in higher tumor stages (pT; p=0.028) 
particular with more negative areas. Moreover, 
HDAC1 was significantly correlated with lymph 
node status (pN; p=0.012), whereby a more 
heterogeneous expression - as also reflected 
by the percent of positive tumor cells (Figure 
2A-C) - was linked to lymph node metastasis.

HDAC expression and activity in CRC cell lines 
in vitro

To validate CRC cell lines for further investiga-
tion of HDAC inhibition, first six CRC cell lines 
(HCT116, DLD1, LS174T, HT29, SW480, and 
Caco2) were analyzed for HDAC expression and 
HDAC activity (Figure 3).

As observed in situ, all cell lines showed fre-
quent expression of HDAC1, HDAC2 and HDAC3 
(Figure 3A, 3B). Thereby, HDAC1 (range HDAC/
ß-actin ratio: 0.58-1.23) and HDAC3 (range 
HDAC/ß-actin ratio: 0.52-1.18) levels were 
more variable than HDAC2 expression levels 
(range HDAC/ß-actin ratio: 0.79-0.99), as mea-
sured upon quantification of immunoblots. 

Figure 2. Intratumoral and intraglandular heterogeneity of HDAC1 expression. The figure shows heterogeneity of 
HDAC1 expression in different CRC cases with expression levels >80% (A), 10-50% (B), <10% (C) and 0% (D), even 
within the same tumor gland (A-C; asterisks), and within one case with expression levels >80% (E), >50-80% (F), 
10-50% (G) and <10% (H). Scale bars 100 µm.
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CRC cell lines exhibit distinct responses to 
broad and specific HDAC inhibitors

To investigate how the CRC cells with distinct 
patterns of HDAC expression and activity re- 
spond to HDACi, one broad (SAHA) and two 
more specific (MS-275: HDAC class I; FK228: 
HDAC1, HDAC2) HDACi were tested in dose 
response experiments (0.1 µM-5 µM (SAHA, 
MS-275), and 0.1 nM-5 nM (FK228)) (Figure 4).

The broad HDACi SAHA (Figure 4A) showed lo- 
ss of cell viability with >50% primarily in DLD1 
(already at 0.1 µM), HCT116 (2.5 µM) and 
almost to 50% in LS174T (5 µM) cells. In con-
trast, Caco2, HT29 and SW480 cells were 
mainly unresponsive to SAHA.

A similar effect was seen for the specific HDACi 
MS-275 (Figure 4B), leading to a reduction of 
>50% cell viability in HCT116 (2.5 µM) and to 
almost 50% in LS174T (5 µM) and DLD1 (5 µM) 
cells. Again, Caco2, HT29 and SW480 cells re- 
mained largely unaffected.

In contrast, the most specific HDACi tested - 
FK228 - actually displayed a broader profile of 
cell responses (Figure 4C): In fact, here cell 
viability was reduced to >50% in HCT116 (2.5 
nM), LS147T (2.5 nM), HT29 (2.5 nM) and 
almost to 50% in Caco2 (5 nM).

Figure 3. HDACs are frequently expressed in 
CRC cell lines. HDAC levels were analyzed by 
immunoblotting, shown is one representative 
blot (A) and the quantification by densitom-
etry (B). HDAC activity was measured in all 
six CRC cell lines (C), with TSA as control (C). 
Diagrams show the mean ± SEM of three in-
dependent experiments.

Furthermore, as seen in situ, also in vitro spe-
cific groups of HDAC expressing cell lines were 
observed (Figure 3B): LS174T and DLD1 cells 
had similar HDAC1, HDAC2 and HDAC3 expres-
sion (“group 1” of CRCs). HCT116 and HT29 
showed lower HDAC2 and HDAC3 expression 
as compared to HDAC1 (partial “group 4” CRCs), 
although HDAC1 expression was rather vari-
able in HCT116 cells. SW480 and Caco2 cells 
had higher HDAC2 and HDAC3 than HDAC1 
expression (“group 2” CRCs). Finally, upon com-
parison of HDAC expression across cell lines 
the lowest levels of HDAC1 were observed in 
SW480 cells, lowest HDAC2 and HDAC3 levels 
in HT29 cells.

Next, the general level of HDAC activity was 
measured in all cell lines under normal cell cul-
ture conditions (Figure 3C). This revealed that 
HDAC activity was lower in LS174T and Caco2 
cells and appeared higher in HCT116, HT29, 
DLD1 and SW480 cells. However, the latter four 
cell lines showed quite variable, high HDAC 
activity levels.

The data hence show that HDAC expression in 
cell lines is quite heterogeneous within and 
between cell lines-mirroring the situation in 
human tissue specimens of CRCs - and that 
this is also reflected by the HDAC activity 
levels.



Histone modifications in colorectal carcinoma

671 Am J Cancer Res 2016;6(3):664-676

Figure 4. HDACi treatment decreases cell viability in CRC cell lines. Cell vi-
ability was analyzed 72 h post inhibitor addition by MTS assays for the broad 
HDACi SAHA (A) and for two specific HDACi with MS-275 (B) and FK228 (C). 
Diagrams show the mean +/- SEM of three independent experiments, each 
performed in technical triplicates. P-values are provided as *: 0.05-0.01 and 
**: ≤ 0.01-0.001.

Interestingly, in HT29 and SW480 cells there 
was a notable increase of cell viability for all 
three HDACi given at low doses, whereas 
HCT116, DLD1 and LS174T cells showed this 
increase in cell viability only at low doses of 
MS-275 and FK228 (Figure 4A-C).

Thus, the responses to broad 
and specific HDACi are not 
entirely related to HDAC ex- 
pression and activity pattern 
of the individual cell lines. 
Moreover, microsatellite-ins- 
table CRC cell lines (HCT116, 
DLD1, LS174T) appear to be 
more sensitive to HDACi 
(SAHA, MS-275) as compared 
to microsatellite-stable CRC 
cell lines.

The sensitivity of CRC cell 
lines to HDACi is not mirrored 
by HDAC “by-pass” activity 
or specific p21 expression 
and DNA damage response 
patterns

In view of the different effica-
cy of HDACi in the six CRC cell 
lines, the response to HDACi 
was next evaluated regarding 
reduction of HDAC activity 
and associated histone acet-
ylation as well as induction of 
p21 expression and DNA da- 
mage response. For this, the 
HDACi doses reaching >50% 
loss of cell viability or the 
maximum tested doses were 
used (Table 2).

As depicted in Figure 5A, all 
six cell lines - irrespective of 
either loss or maintained cell 
viability - showed marked 
reduction (>50%) of HDAC 
activity for all three tested 
inhibitors at the given dose. 
This was significant for all 
HDACi in Caco2 cells, for 
FK228 in SW480 and LS174T 
cells and for MS-275 and 
FK228 in HCT116 cells. In 
addition, HT29, DLD1, SW- 
480 and LS174T cells sho- 

wed marked reduction of HDAC activity for 
SAHA and MS275.

In addition, patterns of p21 protein expression, 
which are considered to be up-regulated during 
HDACi responses [31], did not reflect the pat-
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terns of cell viability responses in most CRC cell 
lines (Figure 5B, 5D). Thereby, p21 expression 
was for example increased by MS-275 in HT29, 
DLD1, SW480 and Caco2 cells, however at 
these doses only DLD1, but not HT29, SW480 
or Caco2 cells showed a loss of cell viability. 

ylation, also histone modifications may play an 
important role in development CRCs. For exam-
ple butyrate - an HDAC inhibitor - levels were 
associated with high fibre diet to reduced risk 
of CRC carcinogenesis [31, 34, 35]. Moreover, 
histone modifications may also be a valuable 

Figure 5. Cellular responses induced by HDACi. HDAC activity was measured 
24 h post HDACi addition (A). Immunoblotting with subsequent quantifica-
tion was performed for induction of p21 expression (B) and DNA damage 
by γH2A-X (C). One representative immunoblot is shown for both p21 and 
γH2A-X (D). Diagrams show the mean +/- SEM of three independent experi-
ments. P-values are provided as *: 0.05-0.01, **: ≤ 0.01-0.001 and ***: ≤ 
0.001.

Vice versa, there was a slight 
reduction of p21 protein ex- 
pression for all three HDACi in 
LS174T cells, which lost cell 
viability at these inhibitor 
doses. Only in HCT116 cells, 
an induction of p21 expres-
sion was observed in parallel 
to and matching cell viability 
responses to all three HDACi.

Finally, DNA damage respons-
es - as measured by induction 
of γH2A-X levels - were 
induced predominantly by 
MS-275 in HT29, SW480 and 
Caco2 as well as by FK228 in 
HCT116 cells (Figure 5C, 5D). 
However, again increased lev-
els of γH2A-X levels did not 
match cell viability respon- 
ses.

Thus, together these data 
imply that despite efficient 
inhibition of HDAC activity 
and in part induction of p21 
and DNA damage response 
by specific HDACi (MS-275, 
FK228), CRC cell lines appear 
to act by so far unknown and 
rather individual cellular me- 
chanisms to HDACi.

Discussion

Colorectal carcinomas (CRC) 
comprise different histologi-
cal and morphological sub-
entities, which reflect diverse 
mechanisms of development, 
progression and therapy res- 
ponses. Thus, chromosomal 
instable (CIN), microsatellite 
instable (MIN) and CpG Island 
Methylator Phenotype (CIMP) 
CRCs currently define the 
molecular classes of CRC 
[32, 33]. Besides DNA meth-
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starting point for broadening CRC treatment 
options [36] - either directly by inhibitors to his-
tone modifiers or indirectly by defining epigen-
etic sub-classes of CRCs for prognostication 
and associated adjuvant chemo-/radiotherapy. 
Previous studies have addressed single his-
tone marks or histone modifier expression in 
CRC tissue specimens [37, 38] or examined 
response to selected histone modifier inhibi-
tors in a single CRC cell line [39].

The present study is however the first, which 
comprehensively examining 1) active and 
repressive histone marks as well as histone 
deacetylases (HDAC) in human CRC tissue 
specimens, and 2) the response of six CRC cell 
lines to both broad and specific HDAC inhibitors 
(HDACi). Out data point to a complex pattern of 
activating and repressive histone marks in 
most (>75%) CRCs. The “net” effect on gene 
regulation of these patterns of histone marks 
however requires detailed further investigation, 
such as by chromatin immunoprecipitation/
sequencing or correlation to RNA transcription-
al profiles. Nevertheless, we found that the 
active histone mark H3K9ac was significantly 
associated with higher pT stages, whilst the 
repressive mark H3K9me3 decreased at high-
er pT stages. This underlines the known mutu-
ally exclusive presence of these two histone 
marks [40] and suggests the involvement of 
these histone modifications in driving a more 
aggressive tumor behavior. The high levels of 
H3K9ac may - at least in part - be generated by 
altered (reduced) levels of HDAC [41], which 
may be also induced by HDACi.

Similarly to other previous studies [42], HDAC 
class I expression was frequent in our cohort of 
CRCs and was higher in tumor compared to 
non-dysplastic colonic mucosa (HDAC2) and 
correlated to lymph node metastasis (HDAC1). 
However, despite using the same IRS quantifi-
cation as a previous study [10], we detected dif-
ferences of HDAC2 expression between non-
dysplastic colonic mucosa and tumor cells. This 
is most likely due to the fact that in our study 
entire tissue specimen sections in contrast to 
tissue microarrays [10] were examined. In addi-
tion, our detailed analyses of entire tissue 
specimen sections furthermore revealed intra-
tumoral heterogeneity for HDAC1 expression, 
even within the same tumor gland. Indeed, it 
was HDAC1 expression that was linked to lymph 
node metastasis, possibly indicating that some 
high (or low) HDAC1 expressing tumor cells are 

involved in dissemination to lymph nodes [43, 
44].

Irrespective of this, the presence of HDAC1, 
HDAC2 and HDAC3 expression in two-thirds of 
CRC patients in our and other studies [10, 42] 
clearly calls for HDAC being a potential thera-
peutic target. In fact, new HDACi substances 
were previously studied mainly in selected CRC 
cell lines, such as I-7ab in HCT116 [45], SAHA in 
Colo320HSR cells [46], MPT0G030 in HT29 
cells [47]. Since we observed partial heteroge-
neous HDAC expression and since treatment 
responses are most likely also defined by the 
specific molecular sub-class of CRCs, we here 
for the first time measured treatment respons-
es of six CRC cell lines to broad and specific 
HDACi. Indeed, it was shown before that HDACi 
with similar specificities may exert different cel-
lular responses [48], depending on the molecu-
lar background of the cells studied. In our case, 
we examined three CIN- and three MIN-type 
CRC cell lines, which reflected the HDAC expres-
sion patterns observed in situ. Despite carrying 
distinct mutations in key CRC associated 
genes, such as KRAS, BRAF and/or TP53, there 
was a clear association of HDACi efficacy with 
the two molecular sub-classes of CRC: Whilst 
both CIN- and MIN-type cell lines showed simi-
lar effects on HDAC activity, only MIN-type CRC 
cells responded to HDACi with a robust reduc-
tion of cell viability. Known alterations induced 
by HDACi treatment, such as cell cycle arrest 
(p21 restoration) and DNA damage induction 
(phosphorylation of γH2A-X), were induced by 
especially MS-275 in several CRC cell lines and 
by FK228 in HCT116. However, this cellular 
response varied between cell lines, indicating 
their heterogeneous molecular characteristics 
[24]. In fact, the cell cycle dynamic control is 
guided via TP53 and p21, so that mutated 
TP53 may influence p21 levels upon HDACi 
treatment: The TP53 mutated cell lines (HT29, 
DLD1, SW480, Caco2) showed lower p21 levels 
as compared to wildtype TP53 cell lines 
(HCT116, LS174T). Upon HDACi treatment, 
especially MS-275, the TP53 mutated cell lines 
then indeed showed a marked increase of p21 
levels, whereas TP53 wildtype cell lines 
responded with varying p21 levels. Indeed, a 
recent study showed that isogenic HCT116 
cells with induced TP53 mutation also exhibit-
ed a reduced p21 induction post MS-275 treat-
ment compared to HCT116 TP53 wildtype cells 
[49].
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Still, our data suggest that the specific HDACi 
MS-275 was more effective than FK228 or the 
broad HDACi SAHA in the six CRC cell lines, 
which was paralleled by observable increased 
in histone acetylation levels by MS-275 exclu-
sively. This may indicate that from the three 
investigated HDAC HDAC3 expression may play 
a prominent role, since only MS-275, but not 
FK228 targets HDAC3 [17] or that the class of 
benzamides are to be favored. Indeed, low/high 
HDAC3 expression in CRC cell lines (HT29, 
HCT116) were linked to strong/weak p21 induc-
tion post the HDACi butyrate [31]. Clearly fur-
ther studies need to clarify the precise role of 
HDAC3 expression with sensitivity or resistance 
to different types of HDACi.

In summary, this study revealed specific his-
tone marks and histone modifiers to be fre-
quently present in CRCs, to be linked to more 
aggressive tumor stages at which adjuvant 
therapy is necessary, and to define histone-
related sub-classes of CRCs, with inter- and 
intra-tumoral (intra-gland) heterogeneity of 
HDAC. That these histone modifications may 
indeed be targeted by treatment with predomi-
nantly a specific HDACi (MS-275) was demon-
strated as proof of principle in vitro using six 
CRC cell lines. Thus, the present study provides 
a step forward in the translation of epigenetic 
alterations to a clinico-pathological setting.
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