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Abstract
In the last years, our knowledge of the pathogenesis 
in acute and chronic pancreatitis (AP/CP) as well as in 
pancreatic cancerogenesis has significantly diversified. 
Nevertheless, the medicinal therapeutic options are still 
limited and therapeutic success and patient outcome 
are poor. Epigenetic deregulation of gene expression is 
known to contribute to development and progression of 
AP and CP as well as of pancreatic cancer. Therefore, 
the selective inhibition of aberrantly active epigenetic 
regulators can be an effective option for future thera
pies. Histone deacetylases (HDACs) are enzymes that 
remove an acetyl group from histone tails, thereby 
causing chromatin compaction and repression of transcri
ption. In this review we present an overview of the 
currently available literature addressing the role of 
HDACs in the pancreas and in pancreatic diseases. In 
pancreatic cancerogenesis, HDACs play a role in the 
important process of epithelialmesenchymaltransition, 
ubiquitinproteasome pathway and, hypoxiainducible
factor1angiogenesis. Finally, we focus on HDACs as 
potential therapeutic targets by summarizing currently 
available histone deacetylase inhibitors. 
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Core tip: Histone deacetylases (HDACs) are epigenetic 
regulators that play an essential role in organ develop
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ment and tissue homeostasis. Aberrant HDAC activity 
contributes to the development of several diseases, 
including acute and chronic pancreatitis as well as 
pancreatic cancer. In acute and chronic pancreatitis 
the inhibition of HDACs exerts significant positive 
effects of cytokine- and nuclear factor-κB transmitted 
inflammation and tissue damage paralleled by reduced 
oxidative stress. HDACs are expressed in pancreatic 
cancer and were functionally linked to key processes of 
tumor progression (epithelialmesenchymaltransition, 
the ubiquitinproteasome pathway and angiogenesis), 
indicating a pleiotropic effect of HDACs in pancreatic 
cancerogenesis. Treatment of pancreatic cancer cells in 
vitro  with HDAC inhibitors alone and/or in combination 
with conventional cancer agents resulted in diverse 
beneficial effects, including inhibition of proliferation and 
cell cycle as well as apoptosis. Therefore, inhibition of 
HDACs might be a promising strategy for treatment of 
pancreatic cancer.

Klieser E, Swierczynski S, Mayr C, Schmidt J, Neureiter D, 
Kiesslich T, Illig R. Role of histone deacetylases in pancreas: 
Implications for pathogenesis and therapy. World J Gastrointest 
Oncol 2015; 7(12): 473483  Available from: URL: http://www.
wjgnet.com/19485204/full/v7/i12/473.htm  DOI: http://dx.doi.
org/10.4251/wjgo.v7.i12.473

INTRODUCTION
The pancreas plays a key role in human physiology by its 
essential functions in gastrointestinal enzymatic digestion 
and endocrine glucose-dependent regulation of systemic 
energy metabolism via two main functions located in the 
histo-anatomical endocrine (islets of Langerhans) and 
exocrine (acinar - ductal) compartment of the pancreas 
(Figure 1)[1]. The endocrine compartment releases 
hormones into the blood stream, thereby controlling 
blood glucose concentration, whereas the exocrine part 
produces and secrets digestive hydrolytic enzymes into 
the duodenum. These important physiological tasks of 
the pancreas become clinically evident, when an acute 
or chronic inflammatory process like pancreatitis as 
well as progressive carcinogenesis and subsequently 
necessary intensive surgery of pancreatic cancer lead 
to organ destruction and disturbance of the functional 
integrity of the pancreas (Figure 1)[2-4]. As medicinal 
therapeutic options of pancreatitis and pancreas 
cancer are limited and mostly not associated with 
enhanced therapeutic success until now, the need for 
new approaches (such as epigenetic interactions) is 
still urgent in order to improve the quality of live and 
the outcome of patients with pancreatitis and pancreas 
cancer[5,6]. In this review we give an overview of 
the role of epigenetic regulation by histone (de-
)acetylation in pancreatic inflammation as well as in 
development of pancreatic tumors. We will further 
discuss the potential of histone deacetylase inhibitors 

(HDACis) as therapeutic approaches for treatment of 
these pancreatic diseases.

Epigenetic regulation of gene expression is a funda-
mental mechanism of eukaryotic organisms to ensure 
that only a subset of genes is actively expressed, 
thereby enabling the development of organs, specific 
tissues and their specialized physiologic functions. The 
term epigenetics describes all heritable changes in gene 
expression which act independently of the primary 
structure of the DNA, i.e., the DNA sequence. The two 
major mechanisms of epigenetics are methylation of 
DNA and post-translational modification of histone 
tails[7]. Histones are proteins that package the DNA 
in structural units called nucleosomes. There are five 
major classes of histones: H1, H2A, H2B, H3 and H4. 
H1 are linker histones, whereas two of each of the 
other four histone classes build the octameric core 
of the nucleosome[8]. In general, DNA methylation is 
associated with gene silencing, whereas the effect of 
histone modifications is dependent on the modification 
itself, the position of the modification and other 
surrounding histone modifications[7,9]. 

The two currently best known histone modifications 
are histone methylation and acetylation, of which 
methylation can lead to both, transcriptional activation 
and repression. Acetylation of histone tails, on the 
other hand mostly enhances gene expression[8]. This 
can be explained by the fact that the addition of an 
acetyl group causes a neutralization of the positive 
charge of the histone, thereby loosening the contact 
between DNA and histones and facilitating accessibility 
of the DNA to transcription-promoting proteins[8]. In 
contrast, the reverse process, called deacetylation, 
causes compaction of chromatin and repression of 
transcription[10]. Deacetylation is performed by a group 
of enzymes, the histone deacetylases (HDACs), which 
can be further classified into four groups HDACs I-IV (for 
details of the different HDAC groups see[10,11]). HDACs 
play a crucial role in proper development of organs 
by epigenetic repression of certain genes. However, 
aberrant activity of HDACs also contributes to develop-
ment of various human malignancies[10].

HDAC EXPRESSION IN PANCREATITIS
In the last years, intense efforts have been undertaken 
to gain more detailed insights into the role of HDACs in 
inflammation and their possible pathogenic involvement 
in chronic and destructive diseases. As reviewed in 
detail by others[12-14], HDACs are centrally involved 
in inflammatory processes in numerous chronic and 
organ-destructive diseases such as inflammatory bowel 
disease, chronic respiratory conditions, rheumatoid 
arthritis and juvenile idiopathic arthritis, allergic diseases 
and atherosclerosis[12-14]. Here, HDACs influence the 
antigen presentation, expression of inflammatory 
mediators and anti-viral responses either directly or 
indirectly, for instance via class II, major histocom-
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patibility complex, transactivator (CIITT), Interleukin 
(IL)-10, nuclear factor (NF)-κB, metastatic tumor 
antigen (MTA)1 or signal transducer and activator of 
transcription[14,15]. To summarize the functional role of 
HDACs during pancreatic inflammation and pancreatitis, 
a recapitulation of relevant inflammatory pathways on 
cellular and molecular levels involved in acute or chronic 
pancreatitis (AP, CP) is given in short (reviewed in detail 
in[16-18]) - in Figures 1 and 2: In the acute phase (AP), 
neutrophils, followed by monocytes and macrophages, 
represent the key inflammatory cells secreting the 
major cytokines and inflammatory mediators. These 
include, amongst others, tumor necrosis factor (TNF)-α, 
IL-1β, IL-6, monocyte chemotactic protein (MCP)-1 
and platelet activating factor (PAF; being also pro-
duced in part by acinar cells)[19]. For development of 
CP, activation of pancreatic stellate cells as well as 
infiltrating myeloid cells and particularly macrophages 
are important on cellular level, whereby NF-κB plays a 
relevant role on molecular level initiating and promoting 
fibrosis and scarring of the pancreatic tissue, which 
results ultimately in loss of exocrine and endocrine 
functions of the pancreas[20,21]. Additionally, detailed 
investigations of immune cells revealed that T-cell-
subsets play a central role in the pathogenesis of CP by 
increased counts of CD4+ and CD8+ central memory 
T-cell subsets (especially CCR7+) which additionally 
show enhanced IL-10-based response activity towards 
pancreatitis-associated antigens (mediated via CD4+CD
25highFoxP3+CD127-)[22,23].

The following selected experimental approaches 
showed an association between inflammatory members 
and HDACs during pathogenesis of AP and CP, using in 
vitro and in vivo-analysis with HDAC inhibitors.

In 2007, the group of Larsen et al[24] investigated 

the possibly protective effect of HDAC inhibition on beta 
cells after cytokine-induced toxicity. They cultivated the 
INS-1 beta cell line and intact rat islets treated with 
the HDACis suberoylanilide hydroxamic acid (SAHA) or 
trichostatin A (TSA) in the absence or presence of IL-
1β and interferon (IFN)-γ. Based on insulin secretion, 
nitric oxide (NO) formation, inducible NO synthase 
(iNOS) levels and NF-κB activity as well as viability and 
apoptosis, the authors could show that HDAC inhibition 
leads to cytokine-mediated decrease in insulin secretion, 
paralleled by reduced iNOS levels, NO formation and 
apoptosis. Furthermore, the IL-1β-induced phosphory-
lation of the inhibitor protein kappa Bα (IκBα) was 
inhibited by HDACis. The authors concluded that appli-
cation of HDACis had a preventive effect on cytokine-
induced beta cell apoptosis and impaired beta cell 
function associated with a down-regulation of NF-κB 
trans-activating activity. 

In 2014, the group of Hartman et al[25] analyzed 
the role of HDAC in trypsin activation, inflammation, 
and tissue damage in severe acute pancreatitis. 
After induction of pancreatitis with taurocholic acid 
in C57Bl/6 mice, the effect of pretreatment with the 
HDAC inhibitor TSA on serum levels of amylase and 
IL-6 was determined as well as the pancreatic levels 
of macrophage inflammatory protein-2 (MIP-2), 
tissue morphology and myeloperoxidase activity, pro-
inflammatory mediators, and trypsin activation in the 
pancreas and lungs. Using this experimental setting, 
the authors could demonstrate that pretreatment 
with TSA results in a significant decrease in amylase 
levels and a reduction of systemic IL-6 and pulmonary 
myeloperoxidase activity, as well as the taurocholate-
induced gene expression of cyclooxygenase-2, MIP-2, 
MCP-1, IL-6, and IL-1β in the pancreas. These findings 
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Figure 1  Histone deacetylases and histopathological correlates in the transition from normal to acute/chronic pancreatitis and pancreatic cancer. The 
trend to increased expression (based on pharmacological inhibition studies) of HDACs from normal to pancreatic cancer tissue is shown in the lower part of the figure. 
In pancreatic cancer, up-regulation of HDAC-1,-2,-3,-7,-8 could be demonstrated - see text for details - probably offering approaches for personalized therapies based 
on specific HDAC inhibition. HDAC: Histone deacetylases; AP: Acute pancreatitis; CP: Chronic pancreatitis.

HDACs

Inflammation Inflammation Carcinogensis

Normal                                                AP                                                     CP                                                    Cancer

HDAC expression

Ductal

Acinar

Endocrine

Necrosis Fibrosis
20 mm20 mm20 mm50 mm

Klieser E et al . Histone deacetylases in pancreas



of inflammatory mediators in AP and CP with reduced 
disease progression compared to untreated controls. 
Interestingly, none of the mentioned experimental trials 
have carried out a sub-analysis of the HDAC classes and 
their members which could selectively be involved in this 
specific disease model. This approach could lead to the 
development of high selective HDAC-inhibitors to reduce 
systemic effects of pan-HDACis, because individual 
members of HDAC classes are specifically involved in the 
modulation of immune response in acute and chronic 
inflammatory diseases (reviewed in detail in[14]).

HDAC EXPRESSION IN PANCREATIC 
TUMORS 
The development from normal to cancerous cells is 
driven by complex modifications. Alternative pathways 
like epigenetic alterations become more and more 
interesting than progression models for mutations of 
different proto-oncogenes or tumor suppressor genes. 
One alternative way is the modification of histones 
by histone deacetylation. By removing acetyl groups 
from nucleosomes, histones, and non-histone proteins, 
HDACs do restrict the availability to access transcription 
factors or repressors[27], implicating that over-expression 
of HDACs can lead to aberrant gene expression and 
carcinogenesis[28]. 

Ductal adenocarcinoma of the pancreas, or simply 
called pancreatic cancer (PC), ranks among the most 
lethal of all malignancies in humans. In general, little is 
known about the role of HDACs in neoplasms derived 
from pancreatic endocrine and acinar cells; therefore 
the following paragraphs focus mainly on PC.

Recent studies revealed that under conditions of 
pancreatitis, adult exocrine acinar cells can differentiate 
and gain metaplastic ductal characteristics. This 
differentiation is also known as acinar-to-ductal meta-
plasia (ADM) and in mouse models, ADM is a precursor 
lesion of PC[29,30]. Wauters et al[31] investigated the role 
of Sirtuine 1 (SIRT1) and its inhibition by Leptomycin 
B and nicotinamide in a mouse model and human 
pancreatic exocrine cell culture experiments. Localized 
in the nucleus of normal exocrine acinar cells, SIRT1 
is inhibited by the protein deleted in breast cancer 1 
(DBC1). In ADM, the co-localization of SIRT1 and DBC1 
is disrupted and SIRT1 translocates into the cytoplasm, 
ending up in SIRT1-driven effects like cell differentiation 
and certain roles during multistage carcinogenesis[32-34]. 
The Wnt/β-catenin pathway plays an important role in 
embryonic acinar cell differentiation and Prolferation. 
Wauters et al[31] discovered that in pancreatic acini, 
SIRT1 is a regulator of the Wnt/β-catenin signialing 
pathway and SIRT1 inhibition resulted in maintenance 
of Wnt/β-Catenin signaling. In conlusion, Murtaugh et 
al[35] propose that in normal pancreas, DBC1 balances 
SIRT1 activity and acinar cells remain differentiated. In 
2007, Nakagawa et al[36] investigated the expression 
profile of class I HDACs in human cancer tissues. 
Amongst others, they stained 20 PC samples with class 

suggest that HDACs are involved in the pathogenetic 
process of AP such as inflammation and tissue damage.

Recently, the group of Kanika et al[26] studied 
the effect of HDAC inhibition on inflammation and 
fibrogenesis in L-Arginine(Arg)-induced pancreatitis 
and -associated fibrosis in Wistar rats. Looking at 
biochemical estimations, histological alterations, DNA 
damage, and the expression of various proteins, post-
treatment with sodium butyrate (SB) decreased L-Arg-
induced oxidative and nitrosative stress, DNA damage, 
histological alterations, and fibrosis. Interestingly, 
post-treatment with SB significantly decreased the 
expression of α-smooth muscle actin, IL-1β iNOS, and 
3-nitrotyrosine. Overall, the authors concluded that 
post-treatment with SB could alleviate L-Arg-induced 
pancreatic damage and fibrosis in rats[26]. 

These findings are summarized in Figure 2: Taken 
together, the pre- or post-treatment of AP and CP 
with the three different HDAC inhibitory substances 
SAHA, TSA and SB resulted in a significant decrease 
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Figure 2  Histone deacetylases in acute and chronic pancreatitis. HDACs 
induce key pro-inflammatory mediators in AP and CP leading to destruction of 
pancreatic tissue with necrosis in case of AP and fibrosis/atrophy in case of CP. 
Inhibition of HDACs by HDACis was shown to significantly antagonist these 
effects in vitro and in vivo. HDAC: Histone deacetylases; HDACis: Histone 
deacetylases inhibitors; NG: Neutrophil granulocyte; IL: Interleukin; TNF: Tumor 
necrosis factor; PDGF: Platelet-derived growth factor; TGF: Transforming 
growth factor; SAHA: Suberoylanilide hydroxamic acid; SB: Sodium butyrate; 
TSA: Trichostatin A.
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I HDAC antibodies. Immunoreactivity was observable 
for HDAC1 in 17 PC (85%), for HDAC2 in 18 PC (90%), 
for HDAC3 in 20 PC (100%) and for HDAC 8 in 18 PC 
(90%) samples. 

Lehmann et al[37] discovered a significant correlation 
between class I HDAC expression and an increased 
nuclear translocation of RelA/p65. RelA/p65 is a 
member of the NFκB family transcription factors and a 
key regulator in pancreatic carcinogenesis. The NFκB 
family is involved in the regulation of many genes which 
participate in functions like cell survival, proliferation, 
differentiation, and inflammation[38]. In addition, Wei-
chert et al[39] pointed out that high expression rates of 
RelA/p65 are correlated with the activation of the NFκB 
pathway in PC. Furthermore, they linked their results 
on class I HDAC expression to higher tumor grades and 
poor prognosis.

It has been also reported that HDAC2 plays a role in 
therapeutic resistance in PC, since inhibition of HDAC2 
leads to up-regulation of the BH3-only protein NOXA. 
This in turn makes PC cells vulnerable to etoposide-
induced (topoisomerase II inhibitor) apoptosis as well as 
tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL)-induced apoptosis[40,41]. 
In addition, a relation between oncoproteins of 

the Myc family and HDAC2 up-regulation has been 
demonstrated: In PC, the c-Myc oncogene is highly 
expressed, whereas CCNG2 is under-expressed. CCNG2 
is known to stop cell cycle progression by inducing G1/
S phase cell cycle arrest[42]. Marshall et al[43] showed 
that trichostatin A, a pan-HDACI, is able to improve 
CCNG2 expression and significantly elevates CCNG2 
protein expression. On the contrary, they showed that 
transcriptional repression of CCNG2 contributes to N-Myc 
and HDAC2-induced cell proliferation. This suggests a 
potential benefit by using HDACIs in the treatment of 
PC as well.

In growing solid tumors, like PC, tumor cells experi-
ence specific microenvironmental conditions - in parti-
cular, a decreased oxygen level, called hypoxia[44]. 
Hypoxia in the microenvironment of tumors can lead 
to radio/chemo-resistance and metastasis[45-47]. Cellular 
response to hypoxia is controlled by many intracellular 
accumulating transcription factors, of which Hypoxia-
inducible-factor-1 (HIF-1) plays an important role in the 
events induced by hypoxia[44]. HIF-1 is composed by the 
HIF-1α and HIF-1β subunits[48]. Denslow et al[49], Liu et 
al[50] and Miyake et al[51] showed that the expression of 
HDAC1 positively correlates with the expression of HIF-
1α and metastasis-associated protein 1 (MTA1) in PC 
and that the expression of HIF-1α is possibly regulated 
through HDAC1/MTA1 subunits of the Nucleosome 
Remodeling Deacetylase (NuRD) complex, a HDAC 
containing repressor complex of proteins with the 
capability of ATP-dependent chromatin remodeling 
(Figure 3). As these changes are associated with poor 
prognosis, the inhibition of HDAC1 seems to be a 
promising therapeutic target[51]. 

In recent studies, HDACs have been connected with 
epithelial-mesenchymal transition (EMT), a process 
that contributes to PC progression[52]. EMT is described 
as a turning of tumor cells from an epithelial into a 
mesenchymal phenotype, thereby becoming more 
invasive - a process which can lead to the development 
of metastases[53]. E-cadherin regulates metastasis of PC 
and is suppressed by a Snail/HDAC1/HDAC2 repressor 
complex. Similar to HIF-1, gene expression of Snail is 
upregulated by hypoxia[54]. Von Burstin et al[55] showed 
that down-regulation of E-cadherin is associated with 
disorganization and loss of cell-cell adhesion in EMT 
and that inhibition of histone deacetylation seems 
to be one possibility to intervene E-cadherin down-
regulation in PC. In cancer cells, E-cadherin is repressed 
by transcription repressors like Snail and Zinc finger 
E-box-binding homeobox 1 (ZEB1) which regulate the 
recruitment of HDAC1 and HDAC2 to the E-Cadherin 
promotor (Figure 3)[56].

The ubiquitin-proteasome pathway regulates the 
degradation of intracellular proteins, including pro-
teins which are involved in cell cycle regulation and 
differentiation. In order to survive, tumor cells are 
more dependent on the ubiquitin-proteasome pathway 
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Figure 3  Histone deacetylase involvements in hypoxia inducible factor-
1-mediated response to hypoxia. As suggested by Miyake et al[51], HIF-1α 
is possibly regulated and stabilized by two subunits of the NuRD complex: 
HDAC1/MTA1. Stabilized HIF-1α induces neo-angiogenesis by up-regulation of 
VEGF and, furthermore, contributes to EMT via Twist and subsequent inhibition 
of E-Cadherin expression (CDH1). Expression of E-Cadherin can be additionally 
repressed by complexes of either HDAC class I with ZEB1 or HDAC1 and 
2 with Snail at the CDH1 promoter[56]. HDAC: Histone deacetylases; HIF1: 
Hypoxia inducible factor-1; MTA1: Metastasis-associated protein 1; VEGF: 
Vascular endothelial growth factor; EMT: Epithelial-mesenchymal transition; 
ZEB1: Zinc finger E-box-binding homeobox 1.
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than healthy cells, because tumor cells show more 
accumulation of mis- or unfolded proteins than other 
cells[57] - see also Figure 4. Aldana-Masangkay et 
al[58] detected that HDAC6 is able to bind ubiquinated 
proteins and to activate the proteasome pathway. In 
consequence, HDAC6 protects tumor cells from apoptosis 
by helping to reduce the intercellular amount of mis-
or unfolded proteins. As shown by Rodriguez-Gonzalez 
et al[57] HDAC6 inhibitors break up aggressomes, an 
aggregation of misfolded proteins, in PC. Furthermore, 
combination of HDAC6 and proteasome inhibitors 
increases proteasome-induced apoptosis in cancer 
cells (Figure 4)[59]. Frankland-Searby et al[60] found 
that patients with a solid tumor like PC benefit from a 
combination of bortezomib (proteasome inhibitor) and a 
specific HDAC6 inhibitor.

The nerve growth factor IB, also known as Nur77, 
affects proliferation as well as apoptosis. Nur77 gene 
encodes an orphan nuclear receptor that positively 
regulates antigen-induced apoptosis of thymocytes[59]. 
HDAC7 was shown to be a key regulator in the nega-
tive selection of thymocytes and ensures down-
regulation of the Nur77 gene[61]. Recently, Ouaïssi et 
al[62] determined the expression pattern of Nur77 gene 
simultaneously with the expression pattern of genes 
encoding for HDACs and SIRTs in PC. They recognized 
an overexpression of HDAC7 and HDAC2 as well as 
Nur77 in a significantly high percentage of PC compared 

to benign tumors and chronic pancreatitis. Although the 
function of Nur77 seems to be divergent and therefore 
further studies are needed to clarify the involvement 
of the HDAC7/HDAC2/Nur77 axis in the pathogenesis 
of PC, those findings suggest new approaches in the 
design of anti-PC therapy[62].

In summary, especially class I and II HDACs influence 
events involved in pancreatic cancerogenesis. Significant 
correlations of the NFκB-family member RelA/p65 and 
class I HDACs imply possible effects on functions like cell 
survival, proliferation, differentiation, and inflammation, 
which all play a role in cancerogenesis[37,38]. Primarily 
class I HDACs show importance in the regulation of 
apoptosis and cell cycle in mainly three different ways: (1) 
inhibition of HDACs (HDAC2 and 7) induces up-regulation 
of BH-3 only protein NOXA, CCNG2 gene expression and 
Nur77[41,43,61]; (2) moreover, HDACs are involved in EMT 
of PC tumor cells via the Snail/HDAC1/HDAC2 complex 
that suppresses E-Cadherin expression; and (3) in the 
oxygenation of PC microenvironment by regulating the 
expression HIF-1α through HDAC1/MTA1[51,55]. All these 
findings suggest that HDAC inhibitors (HDACi) would 
interfere with cancerogenesis in PC on different points 
and are therefore a highly promising tool in anti-PC 
therapy. 

HDAC-INHIBITORS: FROM THE BENCH 
TO THE BED
The development of HDACis as therapeutics for 
chronic diseases and cancer arose from the functional 
understanding of the underlying dys-regulation of 
HDACs. The acetylation status of histones is controlled 
by the opposing actions of two enzyme classes, the 
histone acetyltransferases (HATs), which transfer acetyl 
groups to lysine residues within the N-terminal tails 
of core histones, and the HDACs which remove the 
acetyl groups[63]. Histone hyperacetylation is associated 
with transcriptional activity. The rate of regulation and 
affection through HDACis lies by 20% of all known 
genes, whereof almost one half is down-regulated and 
the other half is up-regulated[64].

The family of HDACis includes naturally occurring 
and synthetically generated compounds which target 
the HDAC enzyme family. These compounds vary in 
their chemical structure, their biological activity, and 
their specificity. There are two HDACis - vorinostat 
(Zolinza®) and romidepsin (Istodax®) - which have 
received approval from the United States Food and 
Drug Administration (FDA) for treatment of cutaneous 
T-cell lymphoma (CTCL). Romidepsin also got approved 
for the treatment of peripheral T-cell lymphoma[65,66].

The HDACis can be grouped by their structure 
into hydroxamic acid, cyclic peptide, bibenzimide, and 
short-chain fatty acid group (Table 1). The group of 
hydroxamates (vorinostat, givinostat, abexinostat, 
panobinostat, belinostat, and trachostatinA) exerts 
nonspecific HDAC inhibition by affecting all classes of 
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Figure 4  Role of histone deacetylase 6 in protein turnover. HDAC6 facili-
tates un-/misfolded protein degradation by recruiting ubiquinated proteins to the 
aggresome or proteasome thus protecting tumor cells from apoptosis - see text 
for details[58]. HDAC6: Histone deacetylase 6.
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HDACs[67,68].

The group of cyclic peptides includes compounds 
like depsipeptide (romidespin) and trapoxin. The 
benziamides include entinostat and mocetinostat. The 
hydroxamates, cyclic peptides and benzamides have 
potent inhibition properties in the nanomolar range. 
HDAC isotype-selective inhibitors like tubacin, moce-
tinostat and PC-34501 inhibit HDAC6; in addition HDAC1 
and 8 are also becoming available[69,70].

It is a current topic of discussion whether to choose 
a broad-spectrum HDACi or a class specific HDACi. 
Furthermore, there are emerging hypotheses about the 
combination of HDACis with other signaling compounds 
like miRNA inhibition, in order to obtain better inhibition 
outputs[6].

The response to HDACis is complex and involves 
transcriptional effects as well as non-transcriptional 
effects in the cell: Lee et al[71] summarized the multi-
modal effects through HDACis including apoptosis, 
cell-cycle arrest, necrosis, autophagy, differentiation, 
and migration. Normal cells are up to ten times more 
resistant to HDACi-induced cell death than transformed 
cells. As an example, they described that vorinostat 
induced DNA double strand breaks (DSB) in normal and 
transformed cells in the cell culture, but normal cells 
were able to repair the DSB without almost any loss in 
viability[71].

In pancreatic cell lines, HDACis were shown to be 
potent anticancer drugs as single compounds but also 
as adjuvant drugs when combined with DNA-damaging 
agents, ionizing radiation or other approaches such as 
silencing through small interfering RNA[72,73]. Vincent et 
al[74] showed that Drosophila Eyes Absent Homologue-2 
(EYA2) is silenced in the majority of PC and investigated 
the role of epigenetic mechanisms of EYA2 gene 
silencing in pancreatic cancers. Knockdown of EYA2 
increased cell proliferation in pancreatic cancer cell lines. 
Silencing of EYA2 expression in pancreatic cancer cell 
lines correlated with histone deacetylation and was 
reversible with HDACis.

Peulen et al[75] described that HDAC inhibition in 
human pancreas cell lines with chemical inhibitors 
(SAHA, MS-275 and celecoxib) significantly impaired 
proliferation of a human pancreatic cell line (BxPC-3 
cells) in vitro.

Yee et al[76] showed in human pancreatic adeno-
carcinoma cells that the combination of the HDACi 
suberoylanilide hydroxamic acid (SAHA) and ML-60218 
(inhibitor of RNA polymerase III) led to suppression of 
colony formation and proliferation, cell cycle arrest, 
and apoptotic cell death. The enhanced cytotoxicity 
was accompanied by up-regulation of the pro-apoptotic 
regulator BAX and the cyclin-dependent kinase inhibitor 
p21 (CDKN1A).

Mhedi et al[77] examined human pancreatic cancer 
cell lines (Panc-1, BxPC-3, SOJ-6) and an immortalized 
epithelial cell line of a normal human pancreatic duct 
(HPDE/E6E7): A significant variation in HDACs and SIRTs 
protein expression levels was seen among individual cell 
samples. The in vivo results showed that panobinostat 
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  Structure 
  class

HDAC class 
specificity

HDAC 
inhibitor

Clinical trials Effects 

  Hydroxamic 
  acid

I, II, IV Trichostatin A - -
Quisinostat Phase I -
Vorinostat FDA 

approved 
(2006), phase 

II, III

Vorinostat 
significantly 

sensitized 
pancreatic 

cancer cells for 
radiotherapy

Panobinostat Phase II, III Panobinostat 
induced the 

death of 
pancreatic 

tumor cell by 
apoptosis

Resminostat Phase I, II -
Abexinostat -
Belinostat -

I, II Givinostat The orally 
active HDAC 

inhibitor 
ITF2357 

(givinostat) 
favors β-cell 

survival during 
inflammatory 

conditions
  Cyclic 
  peptide

I Depsipeptide FDA 
approved 

(2009), phase 
I, II

-

  Benzamides I Entinostat Phase II -
HDAC1 Mocetinostat Phase I, II Mocetinostat 

+ gemcitabine 
might be 

an effective 
treatment for 
gemcitabine-

refractory 
pancreatic 

cancer
  Fatty acid I, II Valporic acid Phase I, II, III Valporic acid 

may protect 
β-cells from 
palmitate-
induced 

apoptosis 
and ER stress 

via GSK-3β 
inhibition, 

independent of 
ATF4/CHOP 

pathway
I, II Butyrate Phase II Butyrate 

regulates both 
the survival 

and replication 
of human 
β-cells

Table 1  Overview of histone deacetylase inhibitors based 
on their structure, class specificity; current clinical trials and 
suggested therapeutic effects[63,77,84-88]

HDAC: Histone deacetlyase; FDA: Food and Drug Administration.
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(LBH589) exhibited a tumor reduction efficacy similar to 
the chemotherapeutic drug gemcitabine. In line with its 
in vitro activity, panobinostat also achieved a significant 
reduction of tumor growth in a BxPC-3 pancreatic tumor 
cell line subcutaneous xenograft mouse model[77].

In a xenograft model of pancreatic cancer, Lee 
et al[78] tested the effects of combined (vorinostat) 
SAHA and bortezomib treatment with or without 
gemcitabine on cell growth, apoptosis and expression 
of related proteins. The triple combination of vorinostat, 
bortezomib, and gemcitabine resulted in the strongest 
antitumor effects in vitro.

Currently, there are 7 clinical trials concerning 
HDACis in PC[79]. In general, there are more than 80 
clinical trials investigating more than eleven different 
HDACis in solid and hematological malignancies, 
either as mono-therapies or in combination with other 
antitumor agents[63].

Vorinostat
The FDA approval for vorinostat was given after two 
phase II clinical trials in CTCL patients. Vorinostat 
showed similar effects as standard therapy in CTCL 
patients, but with a higher relief from pruritus. It was 
well tolerated with some adverse effects like diarrhea, 
fatigue and nausea. The response rates in solid cancer 
like breast, colorectal or lung cancer were poor. The 
use as a single agent has been unsuccessful, but the 
combination with conventional cancer agents seemed to 
be highly beneficial[78,80,81].

Depsipeptide
The bicyclic peptide is connected with potent cyto-
toxic effects in vitro and in vivo. Depsipetide was 
tested in a range of clinical trials (phase I/II/III) in 
colorectal, renal, breast neoplasms as well as hemato-
logical malignancies; and showed limited activity as 
monotherapy in acute myeloid leukemia and myelody-
splastic syndrome[82,83].

CONCLUSION
The pancreas plays a key role in the exocrine and 
endocrine functional integrity of the organism which 
is severely affected by processes like acute or chronic 
inflammation as well as cancerogenesis. It is clear 
today that epigenetic regulators, such as HDACs are 
involved in development and progression of pancreatic 
diseases as shown during the last years in diverse in 
vitro and in vivo models. In this review, we investigated 
current literature to comprehensively summarize the 
role of HDACs in AP and CP as well as in PC. HDACs are 
overly expressed in PC and are associated with EMT, 
angiogenesis, and consequently with poor prognosis. 
HDACis were shown to have multifariously anti-tumor 
effects in PC, especially in combination with standard 
chemotherapeutics. Based on the data presented in this 
review, targeting HDACs can be a promising therapeutic 
option for treatment of PC and should be prospectively 

assessed in future clinical trials. 
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