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9 Abstract: While the mortality rates of cancer are generally declining, pancreatic cancer persists to
10 be an exception with a 5-year-survival rate of less than 7%. Late diagnosis and resistance to
11 conventional therapies contribute to high mortality rates in spite of the remarkable recent advances
12 in cancer management and research. Consequently, there is an urgent need to find new and
13 unconventional therapeutic targets to improve prognosis and survival of pancreatic cancer
14 patients. In this review, we discuss the transcriptional effects of the most widely used epigenetic
15 inhibitors in pancreatic cancer focusing on Bromodomain and Extraterminal domain (BET) and

16 Histone Deacetylase (HDAC) inhibitors, which are currently highly promising therapeutic options.
17 We suggest that these inhibitors can be better utilized at lower doses which exploit their
18 transcriptional modulatory effects on pancreatic cancer transcriptional programs directed by
19 specific factors such as MYC and FOXA1, rather than simply based on their anti-proliferative
20 effects. This approach can potentially help avoid the intolerable adverse events frequently elicited

21 by the use of these treatments at higher doses. In particular, we underscore the crucial role of distal
22 regulatory elements in mediating the specific effects of these epigenetic inhibitors and propose
23 using them in a more selective and prudent manner.

24 Keywords: BET inhibitors; HDAC inhibitors; pancreatic cancer; aberrant transcription; enhancers;
25 transcription factors; distal regulatory elements; MYC; FOXA1; BRD4
26

27 1. Introduction.

28  While the mortality rates of cancer are generally declining, pancreatic cancer persists to be an
29  exception with a 5-year-survival rate of less than 7% [1,2]. Late diagnosis and resistance to
30  conventional therapies contribute to high mortality rates in spite of the remarkable recent advances
31  in cancer management and research [3]. Consequently, there is an urgent need to find new and
32 unconventional therapeutic targets to improve prognosis and survival of pancreatic cancer patients.

33 In addition to various genomic mutations, such as KRAS and TP53, that play a role in the
34  pathophysiology of pancreatic cancer, other mutations and signaling pathways play an equally
35  important role by affecting transcription of entire subsets of genes, irrespective of genomic sequence
36  [2-8]. Epigenetic pathways affect transcription either via modulation of histone modifications which
37  can be activating or silencing, DNA methylation-mediated silencing, non-coding RNAs, and
38  alteration of chromatin accessibility [9]. This meshwork provides the cells with various tools that can
39  dramatically affect its transcriptome without the need to induce any irreversible changes at the level
40  of the genome. Moreover, in contrast to the permanent and largely “all or nothing” effects of
41  genomic mutations, modulation of the epigenome allows for more subtle, reversible changes in
42 genome regulation.
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Epigenetics represents a promising target in pancreatic cancer for various reasons. Firstly, epigenetic
modifications are mainly mediated by enzymes and proteins whose activity can (at least in
principle) be targeted by small molecule inhibitors. Secondly, many epigenetic pathways were
found to be deregulated in pancreatic cancer, suggesting a crucial role of epigenetic regulation in
this malignancy [4-7]. Additionally, pancreatic cancer, among others, was found to be addicted to
the activation of aberrant transcriptional programs that not only drive the development and
progression of cancer, but are also crucial for the maintenance of detrimental malignant
characteristics such as metastasis and chemoresistance [10,11]. Epigenetic pathways were found to
be major drivers of the perturbations of such programs in a highly intricate and context-specific
manner [12]. Due to its tremendous pliability, epigenetic modulation provides an optimal tool to be
hijacked in cancer development and progression creating a specific dependence of cancer cells on
these pathways. Accordingly, many epigenetic inhibitors are currently under investigation for the
treatment of numerous malignancies, including pancreatic cancer [3,7,13,14]. However, results from
these studies so far have been unexpectedly modest and, in some cases, these inhibitors were
associated with intolerable toxicities. Many of these studies use epigenetic inhibitors, whether alone
or in combination, in a method akin to other more conventional drugs with defined targets like
chemotherapy and monoclonal antibodies. On the other hand, epigenetic inhibitors target
transcriptional regulation in a complex and unconventional manner and this should be taken into
consideration when investigating these drugs.

Numerous reviews have deeply discussed and extensively summarized the recent advances of
targeting epigenetics in cancer, in general, as well as in pancreatic cancer in particular [3,9,15-20]. In
this review, we focus on the transcriptional mechanisms of the most widely used epigenetic
inhibitors in pancreatic cancer focusing on Bromodomain and Extraterminal domain (BET) and
Histone Deacetylase (HDAC) inhibitors, which represent promising therapeutic options. We suggest
that these inhibitors can be better utilized for their transcriptional modulation, rather than solely on
their anti-proliferative effects, which can lead to intolerable adverse events. Moreover, we
underscore the crucial role of distal regulatory elements in mediating the specific effects of these
epigenetic inhibitors and propose using them in a more selective and prudent manner.

2. BET inhibitors in pancreatic cancer

The BET family of proteins consists of BRD2, BRD3, BRD4, and the testis-specific BRDT [21]. All BET
family members contain two conserved bromodomains which enable them to recognize acetylation
marks on the chromatin, in addition to an extraterminal domain which enables interactions with
other proteins [22,23]. The BET family has attracted much attention due to its significant role in gene
transcription regulation in addition to its implication in the development of the particularly
aggressive NUT midline carcinoma, which is characterized by the presence of a BRD4-NUT fusion
gene [24,25]. The synthesis of the prototype BET inhibitor JQ1, which competitively binds to the
acetylation-recognizing hydrophobic pockets in all BET members, has marked an explosion in the
number of studies investigating the role of BET family members in gene transcription regulation due
to their promising anti-proliferative effects in different cancer types [25,26]. However, many aspects
are still unknown about the role of these factors in driving transcriptional activation and the best
way to leverage their context-specific effects.

2.1. Role and effects of BET inhibitors in pancreatic cancer

Interestingly, a general screen for limiting epigenetic regulators in pancreatic cancer identified two
members of the BET family, BRD2 and BRD3, as major drivers in pancreatic cancer growth and
progression [27]. In pancreatic cancer cell lines, BET inhibition exerts anti-proliferative effects by
selectively targeting inflammatory and oncogenic pathways [28]. This effect was also observed even
in pancreatic cells with chemoresistant and highly migratory phenotypes [29]. Concordantly, BET
inhibitors were found to decrease tumor growth in patient-derived xenografts by attenuating
inflammatory pathways in cancer cells and their associated fibroblasts [27,30,31]. Recently,
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92 Andricovich et al. [32] showed that pancreatic cells deficient for the lysine demethylase, KDM6A, are

93 more sensitive to BET inhibition due to the activation of BET-dependent super enhancers. Moreover,

94 the MYC proto-oncogene, perhaps the best known target for BET inhibition, was successfully used to

95  subgroup 55 pancreatic cancer patient-derived xenografts based on its expression and accurately

96  predicted sensitivity to BET inhibition via apoptosis with high expression of MYC correlating with

97  more BET dependence [33].

98

99  Thus, it has become very clear that BET inhibitors have a perceptible anti-proliferative effect in
100  pancreatic cancer and display a very promising potential as highly effective and selective
101  therapeutic agents. These inhibitory effects may largely be due to BET members being crucial for
102 driving aberrant transcriptional programs and can be heightened via specific deficiencies which lead
103 toincreased transcriptional dependence on BET family members. This supports the current efforts to
104  identify certain subgroups of patients who may be more responsive to BET inhibition. However, it is
105  important to note that the effects of BET inhibition are varied and highly specific for different tumor
106  types and subgroups.

107 2.2 BET inhibition and metastasis in pancreatic cancer

108  Metastasis is a major contributing factor to the very poor prognosis of the majority of pancreatic
109  cancer patients [34]. Consequently, therapeutic agents that attenuate and/or prevent metastasis can
110 be of extreme benefit to patients. Recently, it was uncovered that pancreatic mouse organoids from
111 metastatic pancreatic ductal adenomas show a marked reprogamming in their enhancer landscape
112 compared to organoids originated from normal pancreata, early neoplastic (PanIN) lesions or
113 primary tumors [35]. The same pattern of reprogramming was observed in pancreatic cancer
114  patients [36] and also in other cancer types including osteosarcoma, ependymoma, and
115  rhabdomyosarcoma [37-39]. Therefore, it is clear that distal regulatory elements play a significant
116  role in activating metastatic programs in different cancer types. This strongly suggests that targeting
117  enhancers can be a highly efficient approach in managing metastatic pancreatic cancer and
118  potentially preventing metastasis from primary sites.

119  Interestingly, recent studies implied that BET family members play an important role in modulating
120 gene transcription through regulation of the 3D chromatin structure [40-42]. This structure creates
121 specific compartmentalization which enable enhancers to interact with and affect specific target
122 genes [43,44]. Moreover, we have previously shown that BET-dependent genes are not necessarily
123 highly enriched for BRD4, the best well-studied member of the BET family [45]. Instead, while the
124 genes that were highly affected by JQ1 treatment did not have a defined pattern of occupancy for
125  BRD#4 at their respective transcription starting site (TSS), they did display a better correlation with
126  tissue-specific BRD4-occupied enhancers. Consistently, Cao et al. [46] reported that expression of
127  genes can be predicted in part by the activity of their enhancers alone. While this phenomena was
128  observed in other systems, it is highly probable that gene dependence follows the same specificity
129  paradigms in various contexts [47]. Indeed, BET inhibitors were observed to exert marked
130  anti-proliferative effects in metastatic melanoma via deactivating the super enhancer of the
131  oncogenic Adhesion Molecule With Ig Like Domain 2 (AMIGO2) [48]. The BET-dependent super
132 enhancer activating Aldehyde Dehydrogenase 2 Family (ALDH), which promotes resistance to
133 chemotherapy and disease recurrence, was identified as a promising target in ovarian cancer [49]. In
134 the highly metastatic Merkel cell carcinoma, BET inhibition is highly effective as it downregulates
135  MYC by targeting its putative super enhancer [50]. Altogether, BET inhibitors are strong candidates
136  for treating metastatic pancreatic cancer and can potentially be used as adjuvant therapies to prevent
137  metastasis and disease recurrence if found safe in further clinical studies. These inhibitors in
138  particular can play this unique role because, as previously discussed, reprogramming of distal
139 regulatory elements is a hallmark of metastatic phenotype and these enhancers are frequently
140  particularly sensitive to BET inhibition.
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141 2.3 Effect of BET inhibition on distal requlatory elements

142 Recent efforts focusing on uncovering the mechanisms by which BET inhibitors affect the
143 proliferation of cancer cells in different systems largely confirmed the implication of distal
144 regulatory elements in mediating the observed effects. Interestingly, a particular subtype of these
145  elements called “super enhancers” are remarkably associated with BET members and can be partly
146  defined by the intensity of BRD4 occupancy at these regions [21,51]. We have previously tested the
147  validity of the super enhancer concept which suggests that enhancers follow the rule of the vital few
148  (the Pareto principle) where a low percentage of regulatory elements are responsible for most effects
149 on the regulation of gene transcription [52]. While we have failed to discern such a pattern, many
150  studies have indeed defined certain dependencies of crucial enhancers, whether “super” or
151  “typical”, on BET members.

152  Interestingly, BRD4 was observed to be more preferentially enriched at enhancers in diffuse large
153 B-cell lymphoma and BET-dependent super enhancers of master regulatory transcription factors and
154  were correlated with the anti-proliferative effects of JQ1 observed in this system [53]. Metabolic
155  changes promoting proliferation in a specific subgroup of melanoma were reported to occur via
156  upregulation of the BET-dependent super enhancer for PPARG Coactivator 1 Alpha (PGC-1a) [54].
157  In castration-resistant prostate cancer, BRD4 was localized at the BET inhibitor-sensitive enhancer
158 regions of the driver oncogene, Transmembrane Protease, Serine 2 (TMPRSS2) [55,56]. In general,
159  these studies imply that specific BET-dependent enhancers are activated in cancerous cells,
160  rendering them more sensitive to BET inhibition and providing a specific therapeutic target.
161  Intriguingly, recent methods that can detect nascent RNA such as SLAM-seq have shown that the
162 effects of BET inhibition are dose-dependent and that high doses of BET inhibitors can lead to
163 universal pausing of transcription while low concentrations affected specific subsets of genes in
164  leukemia cells [57]. These hypersensitive genes were not necessarily controlled by super enhancers
165  and correlated only in sub-clusters with other transcription factors and co-activators. This
166  underscores the complexity of BET-orchestrated specific gene regulation, which may be associated
167  with specific clusters of enhancers, but not exclusively explained by a “super enhancer” model.

168  In summary, investigating the efficacy of BET inhibitors in pancreatic cancer is highly justified given
169  the promising anti-proliferative effects seen in different models. Additionally, recent data from
170  pancreatic cancer and other systems identify a general pattern of BET-mediated activation of
171  enhancers, or clusters thereof, that play a major role in driving detrimental aberrant transcriptional
172 programs like metastasis. However, the mechanism of action of BET inhibitors is still not fully
173 understood and is likely highly complex and context-dependent. Many challenges exist in the
174  investigation of the role of these inhibitors including the limitations of current techniques,
175  measuring the anti-proliferative effects for BET inhibitors as a general read-out for efficacy, and the
176  prejudiced focus of research on only one member of the BET family, BRD4. While BRD2 and BRD3
177  share a high homology with BRD4, their functions and specific roles are not well-defined [58,59].
178  BRD2 has garnered some attention due to recent reports that it frequently co-localizes with CTCF, an
179  important insulator protein that demarcates transcriptional boundaries [42]. Both BRD2 and BRD3
180  affect gene transcription through different mechanisms than BRD4, namely by interaction with
181  specific transcription factors like E2F and GATA1, respectively [60,61]. In leukemia, the knockdown
182  of either BRD2 or BRD3 failed to recapitulate the effects of BET inhibition or BRD4 manipulation,
183  implying that they have a lesser role in this system, in contrast to the reported role in pancreatic
184  cancer [27,57]. Adding to the complexity is the proposed various roles of the different
185  bromodomains within each member, namely BD1 and BD2 [62]. A deeper understanding of each of
186  the BET proteins as well as the importance of each of their bromodomains will enable us to use these
187  and second generation agents safely and effectively and successfully combine them with other
188  agents. Generally, BET inhibitors exert promising synergistic effects in pancreatic cancer with other
189  agents, such as chemotherapeutic drugs like gemcitabine [30] and epigenetic inhibitors like HDAC
190  inhibitors [63].
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191 3. HDAC inhibitors in pancreatic cancer

192  Histone modifications can be active marks like acetylation of histone 3 at lysine 27 (H3K27ac) and
193 methylation of histone 3 at lysine 4 (H3K4mel), or repressing marks like trimethylation of histone 3
194 at lysine 27 (H3K27me3) or ubiquitination of histone 2A at lysine 119 (H2Aub) [64]. Histone
195  acetylation is a marker associated with transcriptional activation and its manipulation can be
196  beneficial in attenuating detrimental pathways in pancreatic cancer. HDAC inhibitors which inhibit
197  the removal of protein lysine acetylation marks have a broader effect on gene expression [65] in
198  comparison to BET inhibitors. HDAC inhibitors are classified based on their homology to yeast into
199  different classes (Class I-IV) [66]. These classes differ in their domains, expression and effects, and
200  their different roles are still to be clearly defined. HDAC inhibitors differ in their potency and
201  selectivity but mainly show promising anti-proliferative effects in cancer with the main rationale of
202  reactivating silenced tumor suppressor genes and reversing deregulated deacetylation of histones in
203  cancer [67,68].

204  3.1. Role and effects of HDAC inhibitors in pancreatic cancer

205  HDAC inhibitors were observed to induce p53-mediated pro-apoptotic effects in pancreatic cancer
206  cells [69]. Additionally, they selectively inhibited proliferation of pancreatic cancer cells by affecting
207  their aerobic metabolism and rendering them more sensitive to glycolytic inhibition [70,71]. In
208  general, specific HDAC inhibitors that targeted certain HDAC classes showed variable effects with
209  pan-HDAC inhibitors causing the most marked anti-proliferative effects [72]. While HDAC
210  inhibition was found to potentiate the effects of gemcitabine in vitro and was reported to overcome
211  its resistance, a clinical study combining HDAC inhibitors with gemcitabine in pancreatic cancer
212 patients was prematurely terminated because the observed benefits did not outweigh the marked
213 adverse events [73-76]. HDAC inhibitors were also reported to suppress metastasis as HDACs were
214 described to mediate the repressor action of the Zinc Finger E-Box Binding Homeobox 1 (ZEB1) on
215  the promoter of the known epithelial marker, calcium-dependent adhesion protein-1 (CDH1) [77-79].
216  Interestingly, we have also shown that HDAC inhibition attenuates epithelial-to-mesenchymal
217  transition (EMT) and decreases stem-like properties in pancreatic cancer cells [80]. Given that both
218  BET and HDAC inhibition show anti-proliferative and metastasis-suppressive effects in pancreatic
219  cancer, Mazur et al. [63] combined these two agents in vitro and in vivo and observed a synergistic
220  effect mediated by upregulation of the pro-apoptotic p57 protein. Synergy between those two agents
221  appears at first glance to be paradoxical due to the fact that HDAC inhibitors stabilize a histone mark
222 whose recognition is blocked by BET inhibition. However, both agents may work by attacking
223 related transcriptional mechanisms. As previously mentioned, distal regulatory elements play a
224  significant role in the mechanism of action of BET inhibitors. In contrast, the effects of HDAC
225  inhibitors at these regions are less often reported. Recent studies have investigated the role of HDAC
226  inhibitors on enhancer activity, which might further clarify the mechanisms by which these
227  inhibitors act and identify new approaches to use them safely and effectively.

228  3.2. HDAC inhibition role at distal regulatory elements

229  As HDAC inhibitors stabilize a histone mark associated with active transcription, it is expected that
230 it will lead mainly and directly to an upregulation of dependent genes. Surprisingly, we have
231  detected a significant set of genes that are downregulated upon treatment with selective inhibitors of
232 class IHDAGS in the highly metastatic pancreatic cell line L3.6pl [80]. We have observed that while
233 promoters of these downregulated genes gain acetylation as expected, individual associated distal
234 regulatory elements of these genes show a dramatic loss of acetylation and better correlation with
235  gene regulation. This has also been observed in the colorectal cancer cell line, HCT116, where
236  treatment with an HDAC inhibitor also leads to the loss of H3K27ac at certain enhancer regions in a
237  concentration-dependent manner [81]. However, this decrease is not universally observed at all
238  enhancers as an increase of H3K27ac by HDAC inhibition at the enhancer of the pro-apoptotic B cell
239  lymphoma-2 like 11 (BIM) gene was reported in triple negative breast cancer [82]. Consistent with a
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240  particular effect on enhancer activity, HDAC inhibition has been shown to repress enhancer RNA
241  (eRNA) expression to a higher extent than BET inhibition in breast cancer cells [83].

242

243 Therefore, it can be concluded that HDAC inhibitors affect distal regulatory elements in a manner
244  that is distinct from promoters, probably decreasing acetylation at a subset of specific enhancers,
245  thereby affecting gene transcription in a more complex and diverse manner. Such regulation can be
246  partially explained by the status of activation of the enhancer itself prior to treatment [81]. Enhancers
247  can either be in an active state and marked by H3K27ac and H3K4mel, inactive with only
248  H3K27me3, or poised with a lower threshold to be activated via being marked by the H3K4mel
249 active mark and H3K27me3 repressive mark [84]. Sanchez et al. [81] demonstrated that enhancers
250  which are already active are usually inactivated by HDAC inhibition while poised enhancers show a
251  tendency to be activated. Another very important aspect that may play a central role in defining the
252 response of an enhancer to HDAC inhibition is the repertoire of transcription factors expressed in
253  the cellular system and their importance for cellular phenotype and tumorigenic gene expression. It
254  was reported that HDAC inhibitors not only exert their effects on acetylated histones, but also on
255  acetylated transcription factors [85,86]. Notably, acetylation of the pioneer transcription factor,
256  Forkhead Box A1 (FOXA1) was shown to directly and negatively affect its ability to bind chromatin
257  [87]. Remarkably, FOXA1 was recently shown to be specifically enriched in enhancer regions that
258  are gained in metastatic pancreatic organoids [35]. Accordingly, we postulate that HDAC inhibitors
259  can be used to attenuate the binding of FOXAL1 to these enhancers leading to their deactivation.
260  Indeed, enhancer regions that we identified as being lost following HDAC inhibitor treatment were
261  found to be enriched for FOXA1 occupancy in another pancreatic cancer cell line [88] (Figure 1a).
262  Interestingly, genes targeted by this mechanism were unaffected by BET inhibitor treatment [88].
263  Thus, combined treatment with HDAC and BET inhibitors can potentially simultaneously target
264  different sets of activated enhancers in order to synergistically and more effectively decrease the
265  activation of reprogrammed enhancers activating aberrant transcriptional programs like metastasis.
266  This presents a model in which these two apparently counteracting agents can work together
267  forming a successful therapeutic regimen in metastatic pancreatic cancer (Figure 1b).

268
269 4. Enhancers as an optimal paradigm for therapeutic targeting of pancreatic cancer

270  Based on the evidence discussed above, it is clear that distal regulatory elements play a special role
271  in the scope of the effects of BET and HDAC inhibitors. Thus, it is highly probable that these
272 elements will emerge as a major target of therapy in multiple diseases in the upcoming years. Many
273 positive attributes contribute to the adequacy of enhancers as a target for therapy and manipulation.
274  To activate a certain gene, the transcriptional machinery has to be recruited by transcription factors
275  tothe promoters of these genes [89]. Diversity in transcription factor recruitment and abundance are
276  thus very important in regulating gene activation in different contexts and systems. Distal
277  regulatory elements provide a platform with vast variability and substantial magnitude for
278  recruitment of various transcription factors, thereby enabling regulation of gene transcription in a
279  temporal and spatial manner. This means that in certain systems, driver oncogenic pathways can be
280  activated by different transcription factors and enhancers, thus creating a dependence which can be
281  specifically targeted. For example, different enhancers drive the activation of MYC in various
282  systems. In colorectal cancer, the long non-coding RNA, Colon Cancer Associated Transcript 1
283  (CCATI) is highly active and plays a significant role in MYC activation [90,91]. Consistent with the
284  importance of the Wnt signaling pathway in colorectal cancer, we observed that this enhancer is
285  highly occupied by Wnt-responsive B-catenin-dependent transcription factor TCF7L2 (Figure 2) [91].
286  This implies that Wnt-signaling mediated activation of MYC in colorectal cancer utilizes a specific
287  mechanisms of activation which can be potentially be targeted by HDAC inhibitors, as they were
288  reported to deplete TCF7L2 [92]. Interestingly, CCAT1 was also reported to be play a tumorigenic
289  role in pancreatic cancer [93]. In other systems like prostate cancer, MYC is activated by a different
290  enhancer called Prostate Cancer Associated Transcript 1 (PCAT1). Consistent, with the androgen
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Figure 1. HDAC inhibition and FOXAL1 at distal regulatory elements. (a) H3K27ac profiles in
L3.6pl cells at SMAD6, a gene that is downregulated upon treatment with class I HDAC
inhibitor (HDACi) showing distal regulatory regions that dramatically lose H3K27ac and
co-localize with FOXA1 in the CFPACI pancreatic cancer cell line; (b) A schematic model
showing an enhancer region activated by FOXA1 leading to acetylation of histones by a histone
acetyltransferase (HAT), which leads to the activation of the gene. Upon treatment with HDACj,
increased FOXA1 acetylation attenuates its binding to chromatin leading to downregulation of

the gene.

291  receptor (AR) being a primary driver of prostate cancer, we observed this enhancer to be particularly
292 occupied by AR in LNCaP prostate cancer cells [90,94-96]. Alternatively, the PVT1 oncogene is active
293 in many other systems like leukemia and plays a similar role as an enhancer of the MYC gene [97].
294  Analogous to the tumor- and context-specific effects shown for TCF7L2 and AR in colorectal and
295  prostate cancers, respectively, we observed an enrichment of the hematopoietic transcription factor
296  GATA-2 on the MYC enhancer within the PVT1 gene [91]. Together, these examples show the
297  complexity by which diverse distal regulatory elements utilize specific transcription factor
298  repertoires to induce common oncogenic pathways. We postulate that distinct, but similar
299  transcription factor networks will also be discovered in pancreatic cancer which can be specifically
300 targeted by inhibitors of BET, HDAC or other epigenetic regulators. Importantly, activation of
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oncogenes such as MYC by alternative BET-independent transcriptional pathways can lead to
resistance to BET inhibitors in leukemia cells [98]. Thus, identifying which enhancers are specifically
active in pancreatic cancer cells and identifying and targeting their dependencies will play an
important role in the optimal application of BET inhibitors in the treatment of pancreatic cancer.
Furthermore, targeting tumor-specific enhancer regions will be more likely to spare normal cells and
may possibly lead to less long term adverse effects [99]. Future studies will test the validity of this
rationale upon successful prolongation of patient survival.
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Figure 2. A schematic model showing distal regulatory regulatory mechanisms controlling the
expression of the MYC gene in different systems, namely in prostate cancer (shown in light blue),
colorectal cancer (shown in aqua), and leukemic cell lines (shown in orange). The H3K27ac layered
profile in these different cell lines uncover differential activation of unique enhancers in each
system. These enhancers are specifically enriched with driver transcription factors (androgen
receptor, AR; TCF7L2 and GATAZ2), which are hallmarks of these tumor types.

5. Targeting transcription factors in pancreatic cancer: a code for specificity

Enhancers are known to be highly-bound by specific transcription factors that mediate
transcriptional activation of target gene expression through the recruitment of other activators and
transcription initiators [100]. When transcription factors co-localize with a factor of interest, BETs for
example, these factors will naturally play a significant role in its mechanism and effects.
Interestingly, the BET context-specific effects discerned in the vast body of literature available can
probably be explained by the different interacting factors at specific sites where BET members
co-localize with other transcription factors. BET-dependent enhancers require BET members and
certain transcription factors for their activation, while other BET-independent enhancers might have
other factors and activation pathways which make them tolerant to the loss of one of many
activators upon BET inhibition. Furthermore, the different expression levels of these transcription
factors in different systems, whether absent or highly or lowly expressed, in addition to their
pioneering potential can also play a role in enhancer dependency and activity.

Paradoxically, super enhancers are by definition normally highly enriched for transcription factor
binding, which can theoretically render them less dependent on one particular factor [101].

d0i:10.20944/preprints201805.0129.v1
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323 However, this is not usually the case given that, as previously discussed, BET inhibition has the
324 ability to turn off certain BET-dependent super enhancers but deletion of individual components of
325  '"super enhancers" does not equally impair the activation of the target gene [53,54,90,102,103]. Thus,
326 it appears that BET proteins serve to integrate the activity of transcription factors at BET-dependent
327  enhancers in a manner such that the sum of the activity of the transcription factor binding is greater
328  than that of the components. Subsequently, once a better understanding of transcription factor
329  function at enhancers and promoters and the dependence of each on BET proteins has been
330  achieved, targeting specific transcription factors or their upstream signaling pathways, possibly
331  alone or in combination with BET inhibitors, can provide us with a new layer of specific gene
332 transcriptional manipulation.

333 However, therapeutically targeting transcription factors can be quite challenging. One approach can
334 Dbe targeting signaling pathways that control the activity of the transcription factor of interest. For
335  example, the transcription factor Endothelial PAS Domain Protein 1 (EPAS1 or HIF2A) was
336  demonstrated to play a role in promoting pancreatic cancer in cells and mice [104]. A crosstalk with
337  Wnt-signaling was identified in this system which uncovers a new target that can potentially be
338  inhibited. Furthermore, TGFf signaling was reported to cooperate with mutant p53 to mediate distal
339  metastasis in pancreatic cancer mouse models [105]. The activation of NF-kB, which also promotes
340  EMT in pancreatic cancer, can also be inhibited by blocking its activation via IkBa phosphorylation
341  [106]. Another approach to target transcription factors is to attenuate their recruitment by affecting
342 their ability to bind chromatin as previously mentioned for FOXA1 and its acetylation. This can also
343  be achieved by designing specific inhibitors that prevent the binding of DNA to a certain
344  transcription factor [107], however this approach has proven to be very difficult for therapeutic
345  application. Another approach can be targeting cooperating transcription factors. For example,
346  NF-kB cooperates with ETS transcription factors to recruit BET members to activate genes, rendering
347  these sensitive to BET inhibition [108,109]. In general, transcription factors can play specific roles in a
348  context-dependent manner based on the combinatorial repertoire of transcription factors expressed,
349  thereby enabling a given transcription factor to activate a different set of genes and programs,
350  dependent upon the expression of other factors. Therefore, identifying important transcription
351  factors playing a role in aberrant transcriptional activation may uncover specific targets that can be
352  manipulated by available inhibitors.

353 6. Conclusion: Unconventional epigenetic agents should be used in unconventional ways

354  Epigenetic agents are a special subclass of drugs whose targets and effects are dependent on the
355  epigenetic and transcriptional landscape of each system. In general, a major trend is seen where low
356  concentrations of these agents affect hypersensitive dependent genes and higher concentrations
357  frequently display a more universal effect. So far, gene transcription modulatory agents have been
358  used to initiate cell cycle arrest and/or apoptosis and mainly administered at high levels just under
359  their maximum tolerable dose (MTD). Administering these agents at these doses likely influences
360 their specificity and probably promotes many of the intolerable adverse effects that might lead to
361  premature termination of clinical studies. In fact, higher doses of such inhibitors, which lead to cell
362  cycle arrest, may in fact impede the activity of many chemotherapeutic agents, while lower
363  concentrations which elicit specific transcriptional reprogramming may have minimal effects on
364  their own, but significantly synergize with other therapies. In this review, we summarized data
365  pertaining to the effects of BET and HDAC inhibitors, two of the most promising epigenetic agents,
366  in pancreatic cancer. We draw the conclusion that these agents likely mediate their specific effects
367  through distal regulatory elements. By investigating the potential utility of these agents in lower
368  concentrations, we may be able to uncover their potential as safe adjuvant therapies in combination
369  with other standard of care treatments to manage and prevent recurrence of pancreatic cancer and
370  various malignancies in general.

371
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372  Appendix A

373 Chromatin immune-precipitation profiles which are shown in Figure 1 and 2 as examples were
374  downloaded from the Encyclopedia of DNA Elements (ENCODE) consortium when available
375  (H3K27ac in HCT116: GSM2534277; TCF7L2 in HCT116: GSM782123; H3K27ac in K562: GSM733656;
376  GATA-2 in K562: GSM935373) [91]. Other profiles were downloaded from the European Nucleotide
377  Archive (H3K27ac in LNCaP: SRR2566837 [94]; AR in LNCaP: SRR4025870 [95]; H3K27ac in L3.6pl:
378 SRR5042516,18-21 [80]; FOXA1 in CFPAC1: SRR1736462 [88]). Reads were mapped to the hgl9
379  genome using BOWTIE/2.2.5 and converted to bam using SAMTOOLS/1.4. DEEPTOOLS/2.4.0 was
380  used to produce bigwig files with ignoring the duplicates and extending the reads for 200 base pairs.
381  Bigwig files were viewed using IGV 2.4.
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