
 

 

 

Kumulative Dissertation 

zur 

Erlangung des Doktorgrades 

 

Dr. rer. nat. 

 

der Fakultät für 

Biologie 

 

an der 

Universität Duisburg-Essen 

 

 

 

 

Targeting transcriptional regulators for the treatment  

of therapy resistant carcinomas 

 

 

 

 

 

 

 

 

vorgelegt von 

 

 

Tim Zegar 

aus Witten 

 

 

Essen, August 2020 

 

 

 



2 

Die der vorliegenden Arbeit zugrunde liegenden Experimente wurden im Brückeninstitut für 

Experimentelle Tumortherapie, Westdeutsches Tumorzentrum, Universitätsklinikum Essen 

und in der DKTK Abteilung für Translationale Onkologie Solider Tumore am Partnerstandort 

Essen (Direktor: Prof. Dr. Jens Siveke) durchgeführt. 

1. Gutachter: Prof. Dr. Jens Siveke

2. Gutachter: Prof. Dr. Andrea Vortkamp

Vorsitzender des Prüfungsausschusses: Prof. Dr. Frank Kaiser 

Tag der mündlichen Prüfung: 08.01.2021 

Diese Dissertation wird über DuEPublico, dem Dokumenten- und Publikationsserver der
Universität Duisburg-Essen, zur Verfügung gestellt und liegt auch als Print-Version vor.

DOI:
URN:

10.17185/duepublico/74002
urn:nbn:de:hbz:464-20210225-093827-9

Alle Rechte vorbehalten.

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.17185/duepublico/74002
https://nbn-resolving.org/urn:nbn:de:hbz:464-20210225-093827-9


 

3 

List of contents 
 

List of abbreviations ....................................................................................................................................... 4 

List of figures .................................................................................................................................................. 5 

1. Introduction ................................................................................................................................................ 6 

1.1 Therapy resistance in cancer ................................................................................................................ 6 

1.1.1 Therapy resistance in pancreatic ductal adenocarcinoma ................................................................... 8 

1.1.2 Therapy resistance in nut midline carcinoma .................................................................................... 8 

1.2 Cell plasticity ......................................................................................................................................... 9 

1.2.1 Tumor cell plasticity in resistance to targeted therapy ..................................................................... 11 

1.2.2 Epithelial–mesenchymal-transition ................................................................................................. 11 

1.3 Transcriptional addiction ................................................................................................................... 15 

1.3.1 Transcriptional dysregulation in cancer .......................................................................................... 17 

1.3.2 Targeting transcriptional dependencies ........................................................................................... 19 

1.4 Challenges in epigenetic drug discovery ............................................................................................. 21 

1.4.1 Structural Genomics Consortium (SGC) ......................................................................................... 23 

1.4.2 Drug discovery in targeting bromodomains .................................................................................... 23 

2. Characterization of a dual BET/HDAC inhibitor for treatment of pancreatic ductal adenocarcinoma . 25 

3. Therapeutic targeting of p300/CBP HAT domain for the treatment of NUT midline carcinoma ........... 44 

4. Discussion .................................................................................................................................................. 58 

4.1 Combinational and low dose therapies ............................................................................................... 58 

4.2 Future directions ................................................................................................................................. 60 

5. List of literature ........................................................................................................................................ 63 

6. Acknowledgements .................................................................................................................................... 71 

7. Statutory declaration ................................................................................................................................ 72 

 

 

 

 

 

 

 

 

 



 

4 

List of abbreviations 

 

ABC  ATP-binding-protein 

AML  acute myeloid leukemia 

APML  acute promyelocytic leukemia 

ASTRA all-trans retinoic acid 

BCRP  breast cancer resistant protein 

BET  bromodomain and extra-terminal motif 

CBP  CREB-binding-protein 

ChIP  chromatin immunoprecipitation 

CSC  cancer stem cell 

ECM  extracellular matrix 

EMT  epithelial-mesenchymal-transition 

FDA  food and drug administration  

GSE  genes set enrichment 

HAT  histone-acetyltransferase 

HDAC  histone-deacetylase 

HTS  high-throughput screening 

IL-6  interleukin-6 

LIF  leukemia inhibitory factor 

MET  mesenchymal-epithelial-transition 

NMC  NUT-midline-carcinoma 

NSCLC non-small-cell lung carcinoma  

NUT  nuclear protein in testis  

OS  overall survival 

PDAC  pancreatic ductal adenocarcinoma  

PROTAC protein-targeting chimeric molecule 

RNAPII RNA-polymerase II 

RT-PCR real-time-polymerase-chain-reaction 

SAR  structure-activity-relationship  

SGC  Structural Genomics Consortium 

TAD  topologically associating domains 

TF  transcription factor 

TGF-ß  transforming growth factor-β 

ZEB  zinc finger E-box-binding homeobox 



 

5 

List of figures 

 

Fig. 1 Darwinian and dynamic fluctuation models of cell resistance……………….…………7 

Fig. 2 Process of cell differentiation…………………………………………………………..10 

Fig. 3 Physiological changes associated with the epithelial-mesenchymal transition…………….……12 

Fig. 4 EMT-associated contribution to general drug resistance in tumor cells…………………………13 

Fig. 5 From drug tolerance to drug resistance………………………………………………………..…15 

Fig. 6 Master transcription factors and super enhancers……………………………………………..…17 

Fig. 7 Typical workflow of preclinical drug discovery…………………………………………………22 

 

  



 

6 

1. Introduction 

 

1.1 Therapy resistance in cancer  

Cancer is by far one of the deadliest diseases in our modern world, even the evolving field of 

personalized medicine, including cancer prevention, new diagnosis and targeted therapies 

revolutionized the treatment of cancer and the patient outcomes during the last decades. 

Especially the identification of oncogenic driver mutations and the resulting molecular targeted 

therapy demonstrated notable clinical success in many cancer types like breast, leukemia, 

colorectal, lung or ovarian cancers1. Despite this mostly very effective and less toxic treatments, 

tumor cells often return after an initial response to therapy. The success of precision medicine 

is defeated by evolution of resistance, making therapy resistance the central cause of death in 

most cancers2. Thus, understanding the dynamics and mechanisms that control the response and 

resistance to therapeutics is just as important as the initial identification of biomarkers and 

effective treatments itself. 

In part, difficulties in treating cancer are caused by cancer stem cells (CSC), a small 

subpopulation of cells within tumors with capabilities of repeated processes of self-renewal and 

differentiation into diverse cell types3, 4. CSCs demonstrated to be resistant to conventional 

chemotherapy and radiation treatment and they are under suspicion to play important roles in 

cancer relapse and metastasis3. They have been identified in a variety of tumors, including 

breast and brain cancer and human acute myeloid Leukemia (AML)5-7. It is most likely, that 

they are partially responsible for therapy resistance. ATP-binding cassette (ABC) transporter 

proteins are used for the drug efflux and are highly expressed in stem cells2, 4. It has been shown 

that the breast cancer resistance protein (BCRP), an ABC transporter, is expressed in high levels 

and responsible for drug resistance in CD34+/CD38- cells in AML, considering them as stem 

cell subpopulation8. 

Another factor, which is affecting the therapy response is spatial heterogeneity in the tumor 

environment. Angiogenesis and complex interactions with adjacent host cells deliver local 

concentrations of factors, which mediate proliferation, cell survival or phenotype 2.  This effect 

goes hand in hand with cellular diversity and spatial heterogeneity in the genotypic and 

phenotypic properties of tumor cells2. Nowadays, cellular heterogeneity within tumor cells may 

be considered as a major driver of the development of therapy resistance. 

Historically the focus in understanding cell resistance has been on genetic driver mutations9. A 

small subpopulation or even a single cell acquires a drug-tolerant state through genetic key 

alterations and will survive the treatment based on Darwinian selection (Fig. 1A). These 

mechanisms of resistance can be a result of rare pre-existing cells or randomly acquired during 
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treatment10, 11. In both ways, cells are driven by Darwinian dynamics, independent of 

therapeutics and treatment. But there has been emerging evidence, that non-mutational 

mechanisms also play an important role in therapy resistance9, 12-14. It has been shown, that 

tumor cells may dynamically express fluctuating levels of resistance genes15, 16. Cells with high 

levels of these genes survive a certain treatment and are further reprogrammed, forming a drug-

tolerant subpopulation (Fig. 1B)15, 16. In contrast to Darwinian selection model, the surviving 

cells are a direct response to therapy and drug induced. These two models are not mutually 

exclusive and may complement each other.15  

 

 

 

 

Fig. 1: A: Darwinian selection model proposes pre-existing drug-tolerant cells, which are surviving the 

treatment. B: Dynamic fluctuation model suggests rare cells, transiently expressing various resistance 

genes, which are surviving and reprogrammed to stably express resistance genes. Both models are not 

mutually exclusive. Adapted from Boumahdi et al, Nat Rev Drug Discov, 2020. 

 

 

This dynamic and fluctuating drug-tolerant state thus rely on the process of phenotype 

switching, allowing one given genotype to switch between various phenotypes in response to 

external signals 9. A process, also known as cell plasticity, which is usually observed during 

development, but also injuries to adapt to their environment17, 18. Thus, cell plasticity and the 

epigenetic mechanisms behind phenotype switching and reprogramming opening new 

opportunities to target therapy resistance in cancer.  
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1.1.1 Therapy resistance in pancreatic ductal adenocarcinoma  

Pancreatic ductal adenocarcinoma (PDAC) is the most common form of pancreatic cancer, one 

of the most difficult to treat tumors and a remarkable example for therapy resistance. Due to 

late diagnosis, metastasis and treatment resistance, the 5-year overall survival (OS) is around 

8%19. It is estimated that pancreatic cancer will be the second leading cause of cancer death in 

the United States by the year 2030 20.  

PDAC is associated with poor prognosis for several reasons. Because of the absence of 

symptoms in most cases and the lack of specific biomarkers, it is diagnosed most often in an 

advanced stage21. In addition, multiple different genetic and epigenetic alterations occur in 

pancreatic cancer, creating a complex cell heterogeneity, which is completed by a dense and 

considerable immunosuppressive and hypoxic microenvironment21. Finally, PDAC is 

characterized by a remarkable resistance to virtually all chemo- and targeted therapeutic 

approaches21. Thus, surgery remains the only potentially option, but for many patients the tumor 

is too far progressed for curative approaches or shows fast recurrence after resection. 

Most therapy approaches are based on multi-chemotherapy regimen such as FOLFIRINOX22 

or gemcitabine, a nucleoside analogue, which was already approved by the US Food and Drug 

Administration (FDA) in 199723 and albumin-bound Paclitaxel, which showed median overall 

survival of around 8.5 month24. However, these therapies show significant toxicities and are 

only effective in a subset of patients for limited duration of time21. Given the limited efficacy 

and side effects, there is an urgent need for novel therapeutic strategies for pancreatic cancer. 

In addition, growing evidence demonstrates that different molecular subtypes in PDAC impact 

the clinical response. Several transcriptomic subtypes have been described, underlining the 

complex heterogeneity in pancreatic cancer cells25. Two major subtypes are well accepted, 

Classical and Basal-like25, 26. Classical tumors respond better to first-line chemotherapy 

compared to Basal-like tumors 27. Basal-like cells, alternatively named Quasi-mesenchymal 

(QM), are also associated with a poor clinical outcome25. These findings suggest, that this more 

aggressive subtype needs novel, non-standard chemotherapy approaches to improve the overall 

outcome for pancreatic cancer. 

 

1.1.2 Therapy resistance in nut midline carcinoma 

Nuclear protein of the testis (NUT) midline carcinoma (NMC) is a rare but highly aggressive 

subtype of undifferentiated squamous cell carcinoma. It is defined by chromosomal 

rearrangement of the NUT gene to another gene28. The most common rearrangement is a 

translocation between NUT and the bromodomain and extraterminal domain (BET) gene 

BRD4, forming a NUT-BRD4 fusion oncogene.28 It mostly arises from the head and neck 
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region and is characterized by the oncogenic function of blocking differentiation and  

maintaining proliferation29. NMC is very aggressive and therapy resistant cancer with an overall 

survival rate around 20 % one year after diagnosis29. Since all fusion partners of NUT are 

functionally BRD4-related, BET-inhibitors hold great promise for treating this disease29. 

Combinational approaches with histone deacetylase inhibitors (HDACi) demonstrated 

promising clinical activity and confirmed the importance of bromodomain inhibitors in 

targeting NUT-BRD429, 30. However, the clinical response rate in NMC is still low and even 

after a rapid initial response, patient relapses were observed, indicating an occurring resistance 

mechanism30. Furthermore, toxicity of BET-inhibitors is another concern, which is additionally 

limiting the therapy30, 31. Since BET-inhibition in NMC provided a proof of concept and 

partially high efficacy, future investigations on combinational treatments to overcome adaptive 

resistance mechanisms remain crucial.   

 

1.2 Cell plasticity  

The effect of cellular plasticity represents the ability of cells to change their phenotype in 

response to environmental signals and external cues, without changing their genotype. Given 

the fact, that only 2 % of the genome encodes proteins and the remaining DNA is replete with 

regulatory elements, a single human cell gives rise to innumerable different cell types 32. Cell 

plasticity is most notably relevant in developmental and regenerative processes 17, 33. The 

cellular identity is mainly mediated by chromatin structure, its regulators and transcription 

factors (TFs) and originally the developmental specification was conceptualized by Conrad 

Waddington as epigenetic landscape, in which cells move downhill along canals, separated by 

walls34. After passing these walls, cells irreversibly lose the ability to give rise to progeny 

outside of their given lineage (Fig 2A)9, 34. However, there is emerging evidence since 

Waddington’s description, that the cell state is highly dynamic and chromatin structure and its 

regulators are responsible for the height of the walls, that separate cell identities35, 36. For 

example, it has been shown, that bulge stem cells, normally restricted to hair follicles, are 

recruited into the epidermis after epidermal injury, contributing to the wound repair37. The 

mechanisms behind this phenotype switching are called transdetermination or trans-

differentiation (Fig. 2B, C). Transdetermination, describes a process, in which mature cells 

dedifferentiate to their progenitor state in order to differentiate to another, closely related cell 

identity38. In contrast to this, during transdifferentiation, differentiated cells switch their 

phenotype without dedifferentiate to an intermediate state first9, 38. It is known that pancreas 

and liver arise from the same area of the endoderm. In animal experiments, it was possible to 

develop hepatocytes, which are liver cells, in the pancreas of adult rats on a copper-deficient 
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diet39. A process that requires transdifferentiation. Chromatin regulation is given a central role 

in maintaining the height of the walls, which are preventing cells from switching their 

phenotypes32. Its structure is characterized by active and repressive areas. The active state, also 

known as euchromatin, is usually highly acetylated and accessible to TFs. While the repressive 

state, also called heterochromatin, is densely packed and slightly acetylated, allowing no 

transcription to take place. 

 

 

 

Fig. 2: A: Directed process of a stem cell giving rise to differentiated states. The epigenetic landscape 

is separating cell identities. B: Transdetermination, mature cells return to progenitor or stem cell-like 

state to differentiate to a closely related cell type. C: Transdifferentiation, cells acquire different cell 

identity without reversion to immature states. Adapted from Mills et al, The EMBO Journal, 2019. 

 

 

Chromatin networks mediate the cell identity and the responsiveness to intrinsic and extrinsic 

cues by regulating these active and repressive regions32. Thus, cells are highly flexible in 

different stages of development or able to adapt to environmental changes. If the chromatin 

homeostasis is disrupted, cells may fail to respond appropriately to external cues 32. Overly 

restrictive areas prevent cells to differentiate, forcing them to stay in a proliferative state.32 To 

much active chromatin lowers epigenetic barriers, allowing cells to switch phenotypes and 

receive alternate identities, which may result in drug-tolerant subtypes32.  
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1.2.1 Tumor cell plasticity in resistance to targeted therapy  

Although cancer is considered to be a genetic disease, it is well accepted, that epigenetic 

alterations also play an important role in tumorigenesis. Dysregulations of the chromatin 

structure, which lead to accumulation of active chromatin, give rise to cellular plasticity, that 

allows stochastic activation of alternate gene programs. These epigenetic changes may result in 

the activation of oncogenic drivers or bring cells in phenotypic states, that no longer depend on 

a drug-targeted pathway32. It has been shown before, that a rare subpopulation of tumor cells is 

dynamically expressing fluctuating levels of genes, which could result in a drug-tolerant state 

(Fig. 1B)15, 16. Clinical cases, in which patients regained drug sensitivity after drug holidays, 

underline the role of cell plasticity as resistance mechanism40, 41. Only non-mutational processes 

could explain this reversibility of drug sensitivity 9.  

 

1.2.2 Epithelial–mesenchymal-transition 

Epithelial–mesenchymal-transition (EMT) is remarkable example for phenotype switching and 

highly involved in resistance to targeted therapy9, 42. The EMT program describes the process, 

in which tumor cells partially lose epithelial features, like cell junctions or the expression of E-

cadherin, and gain mesenchymal abilities, including a fibroblast-like morphology as well as an 

increased capacity for migratory and invasive properties42, 43. The exact molecular processes 

behind this cellular change is still poorly understood, but it is clearly linked to cellular plasticity 

of tumor cells. Intermediate EMT states and the reversibility of the process, also know an 

mesenchymal-epithelial-transition (MET), pointing towards phenotype switching as major 

driver for this program9, 42. Just like cell plasticity, EMT was studied in the context of 

development and embryonic morphogenesis, as well as pathological processes, including 

wound healing44, 45. For example, cells from the primitive ectoderm, the first embryonic 

epithelial tissue, induce the EMT program to differentiate into primary mesenchymal cells and 

giving rise to mesodermal and endodermal cell layers46. In general, activation of the EMT 

program induces fundamental changes in the cellular physiology and morphology and is a 

crucial building block of the early development of healthy cells.  

A small group of transcription factors, often condensed as EMT-inducing transcription factors 

(EMT-TFs), was identified to maintain gene expression associated with EMT47. EMT-TFs, 

mainly containing transcription factors of the Snail and ZEB (Zinc finger E-box-binding 

homeobox) protein families, are known to suppress genes, related to an epithelial phenotype 

like cytokeratin or E-cadherin and to induce expression of N-cadherin or vimentin, associated 

with a mesenchymal phenotype47. In addition, they tend to regulate the expression of each other, 

resulting in a cooperatively activation of the full EMT program after overexpression of one 
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EMT-TF42. Interestingly, there is a partial overlap of genes, related to EMT and genes 

mediating transdifferentiation in various tumors like lung or prostate adenocarcinomas48, 49.  

In the context of tumorigenesis, the role of EMT is still a highly discussed topic. While there is 

a general agreement on the contribution of EMT to embryonic development, the impact on 

carcinoma progression is a matter of debate42. This is based on the fact, that the EMT program 

is only partially activated in most tumors, impeding the detection of relevant markers42. 

However, there is growing evidence underlining the contribution of activated EMT program to 

invasiveness, progression and drug resistance in cancer (Fig. 3). It is well accepted, that the loss 

of E-cadherin, a hallmark of invasiveness in carcinomas, is associated with poor prognosis50, 51. 

Additionally, the expression of EMT-TFs was linked to tumor progression, giving Snail or 

Twist1 an critical role in metastasis52, 53. The incomplete form of the EMT program and its 

reversibility, leads to a spatial phenotypic diversity within one tumor and it has been shown, 

that tumor-initiating abilities in cells are increased at intermediate levels of EMT54. Thus, the 

partial activation of EMT, triggered by increased expression of EMT-TFs may represent a key 

step in enabling drug induced cell plasticity, in contrast to a fully transformation to a 

mesenchymal phenotype 9.  

 

 

 

 

Fig.3: Physiological changes associated with the epithelial-mesenchymal transition (EMT) in tumor 

cells. Illustration how invasiveness, the tumor-initiating ability and degree of drug resistance change 

across the spectrum of EMT program activation. Adapted from Shibue and Weinberg, Nat Rev Clin 

Oncol, 2017. 
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Observations in mouse models even indicate, that for the formation of metastases, cells have to 

undergo the EMT program first, to leave the primary tumor and invade the surrounding tissue 

and regain epithelial characteristics later, to form metastases55, 56. The findings suggest that the 

activation of the EMT program is highly dynamic over time and the MET program may be as 

important as the initial loss of epithelial abilities. Furthermore, genetically-engineered mouse 

models could demonstrate high expression levels of EMT-TFs like Snail, Zeb1 or Twist1 in 

epithelial cells in early or pre-malignant stages of carcinoma development57-59. However, the 

mechanisms, which lead to activation of the previously silent EMT program in early stages of 

tumorigenesis remain unclear. 

The incomplete and reversible epithelial–mesenchymal-transition in tumor cells results in a 

spatial and temporal diversity, which is increasing the capacity for cell plasticity. In this way, 

the EMT program is both, driving the tumor progression and increasing chances to develop 

drug-tolerant subpopulations. Further, EMT has been associated with highly treatment resistant 

cancer stem cells (CSC)42. Analysis of surface-markers and expression patterns suggest, that 

the activation of the EMT program in tumor cells is closely linked to entrance into the CSC 

state42, 60. Mesenchymal phenotype-like cells demonstrate many characteristics like slow 

proliferation, increased expression of anti-apoptotic proteins or enhanced levels of ABC 

transporters, which are usually related with CSCs (Fig. 4)8, 9, 42. 

 

 

 

 

Fig. 4: EMT-associated contribution to general drug resistance in tumor cells. Decreased cell 

proliferation or transduction of apoptotic signals and enhanced drug efflux are also linked to CSCs. 

Adapted from Shibue and Weinberg, Nat Rev Clin Oncol, 2017. 
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The findings suggest that EMT and MET enabling cells to transit back and forth between the 

CSC and non-CSC states and especially the EMT program may serves as founder of metastatic 

colonies. 

The observation of slow cycling subpopulations, which survive lethal drug exposures, has been 

described in various tumor types and underlines the connection between entering low 

proliferative CSC states and therapy resistance11, 61, 62. Relapses after treatment, but also the 

previously described resensitization after drug holidays indicating, that drug tolerant tumor 

cells can undergo reprogramming steps in several direction (Fig. 5). It is assumed, that drug 

tolerant, persistent tumor cells randomly acquire genetic mutations or are further reprogrammed 

and activate alternative pathways to become reproliferative and permanently drug resistant9. 

Notably, drug tolerant cells can also become proliferative and drug sensitive again, after 

therapeutic withdrawal63. It was shown, that this process is re-inducible upon new cycles of 

treatment, indicating that cells may need to exit cell cycle to become resistant63. These findings 

give rise to the theory that therapy resistance always comes with a price. Maintenance of 

alternative pathways and unusual expression pattern requires resources, which must be diverted 

from proliferation. This leads to decreased fitness of resistant cells compared to the sensitive 

subtype in an environment of limited substrate2. In addition, cancer cells become highly 

dependent on certain pathways and transcriptional regulators, since the only alternative is to 

become sensitive to the current treatment again. These dependencies, also known as 

transcriptional addiction, provide new opportunities for novel therapeutics and targeting 

therapy resistance.  
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Fig.5: From drug tolerance to drug resistance. After drug exposure only fluctuating, slow cycling, drug-

tolerant cells remain. Persistent cells can either resume proliferation through further reprogramming or 

through de novo acquisition of genetic mutation and become permanently resistant. If the treatment is 

discontinued, drug tolerant cells can also reactivate previous oncogenic pathways and resume 

proliferation and drug sensitivity again. Adapted from Boumahdi et al, Nat Rev Drug Discov, 2020. 

 

 

1.3 Transcriptional addiction  

The dysregulation of transcriptional programs is one of the hallmarks of cancer. Genetic 

alterations or cellular plasticity establish phenotypes, which drive tumorigenesis or do not 

longer depend on a drug-targeted pathway. Especially persistent, drug tolerant cells, which are 

mainly affecting clinical responsiveness, rely on the transcription of key genes, a process 

termed transcriptional addiction64. Epigenetic regulators, involved in maintenance of cell 

identity and transcriptional control, thus represent novel attractive targets of a new generation 

of inhibitors. Cancer genome sequencing and identification of oncogenic driver mutations 

enabled molecular targeted therapy but gave no insights on which dysregulated pathway the 

cell survival relies on. A deeper understanding of mechanisms of gene control in normal cells 

is required to identify alterations in transcriptional programs of tumor cells64. 

It was previously described, that cell identity is predominantly controlled by transcription 

factors (TFs), while the chromatin structure is stabilizing the cell fate and adjusting cellular 

plasticity32. Since nearly half of all of the TFs encoded in the human genome are expressed in 
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every cell type, only a small group of regulators, also known as master transcription factors, is 

responsible for defining cell identity65-67. Thus, master TFs are highly expressed in a particular 

cell type and tend to regulate their own gene expression in an autoregulatory loop (Fig. 6A)67. 

It has been shown, that they co-occupy most enhancers together with other master TFs at genes, 

which are mediating the specific cell type67. Binding to enhancer elements leads to recruitment 

of coactivators and RNA polymerase II (RNAPII) to target genes68. Additionally, master TFs 

also activate transcription from the enhancer sequence itself to express enhancer RNA (eRNA), 

which binds other TFs to maintain the enhancer activity69. Combined to large regulatory 

elements, so called super-enhancers (SEs), these transcription-regulating complexes determine 

cellular identity and function (Fig 6B)64, 70. Within one SE element, single enhancers can 

interact with each other and high levels of TFs, cofactors, eRNA and RNAPII are present at 

each constituent enhancer64. 

Enhancers and SEs can activate any gene, they are physically connected to. Their target genes 

generally occur within so called insulated neighborhoods, chromosomal loop structures formed 

by the interaction of two DNA sites bound by the CTCF protein and occupied by a cohesin 

complex (Fig. 6C)71. This allows enhancer-gene interaction, even if they are separated by 

thousands of bases. Around 13.000 of these insulated neighborhoods with an average size of 

190 kb are known, forming the mechanistic basis of higher-order chromosome structures such 

as Topologically Associating Domains (TADs)71. 

The cell state relies on an intricate network and balance of cell-autonomous and non-cell-

autonomous mechanisms including signals delivered from the tissue environment. SEs are very 

responsive to most signal pathways and it has been shown, that especially the transcription 

factor targets of Wnt, leukemia inhibitory factor (LIF) and transforming growth factor-β (TGF-

β), a well-known EMT-inducer, are enriched in super-enhancers in embryonic stem cells 

(ESC)72. Finally, chromatin regulators control the accessibility of chromatin for TFs by 

modulating histone proteins. Their role is to maintain the current expression state, which is 

additionally supported by DNA methylation64. Depending on the methylation site, transcription 

is enhanced, decreased or the structure of insulated neighborhoods can be altered64. 

In summary, transcriptional programs that define cell identity are maintained by master TFs, 

which bind to specific enhancer elements. Combined to large, regulatory complexes, SEs 

control the expression state of genes within their insulated neighborhood. The tissue 

environment is mainly responsible for the cell state and delivers information by signal pathways 

directly to SEs. Chromatin regulators, like histone readers, writers, and erasers as well as DNA 

methylation, consolidate the current cell state, but also ensure high flexibility in order to adapt 

to external cues. 
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Fig. 6: A: Core regulatory circuitry. Master TFs co-regulate their own expression as well as the 

expression of cell type specific genes. B: Enhancers within SE complexes are physically connected and 

interact with each other and the target gene. C: Insulated neighborhoods are produced by 

multimerization of CTCFs and reinforced by cohesion, enabling most of the enhancer-gene interactions. 

Adapted from Bradner et al, Cell, 2017. 

 

 

1.3.1 Transcriptional dysregulation in cancer  

Transcriptional dysregulation in cancer can be a result of alterations directly in gene regulators 

or indirectly an outcome of mutations in signal pathway proteins. In both ways, the dysregulated 

transcriptional program can drive tumorigenesis or offer alternate pathways to escape drug 

treatment. Tumor cells develop a dependency on SE-driven transcription for proliferation and 

survival, which offers an Achilles’ heel for the therapeutic targeting of cancer.64 

Alterations may occur in all parts of the transcriptional control, including trans-factors (TFs, 

cofactors, signal pathways and chromatin regulators) and cis factors (enhancer, promoter and 

insulated neighborhoods). Dysregulated TFs can induce distinctly changes in the gene 

expression program and can be separated into three groups: master TFs, TFs involved in 

proliferation and signaling64. Activation of master TFs, that are normally expressed in early 

development, can activate previously silenced genes, which may result in phenotype switching. 

Alterations in proliferation control TFs like Myc, can have a profound effect, since they amplify 

the entire gene expression program73. Myc is frequently mutated or overexpressed in a various 
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types of cancer64. Further, a dysregulated signaling TF can bind enhancers occupied by master 

TFs and increase the expression of a specific gene or even stimulate the formation of SEs74. In 

addition, genetic alterations in cofactors, which are part of a large mediator complexes recruited 

by TFs to the transcription site, are frequently observed in different tumors75, 76. The interaction 

between enhancers and promoters as well as the accessibility for TFs is mediated by chromatin 

structure and its regulators. Thus, alterations in chromatin regulators can have a profound effect 

on global gene expression. More than 50% of human cancers carry mutations in enzymes that 

are involved in chromatin organization, underlining the significance of chromatin regulators for 

tumor progression77. 

The contribution to cancer pathogenesis by regulatory cis factors is mainly characterized by 

alterations in SE structure and insulators. Different mechanisms lead to acquisition of SEs at 

oncogenic driver genes, making tumor cells highly addicted to certain transcriptional programs. 

For example DNA translocation or focal amplification as well as dysregulated signaling can 

result in formation of SE at oncogenic key genes64, 78 A high density of cofactors and chromatin 

regulators can be found around those regulatory areas compared to typical enhancers78. 

Enriched levels of RNAPII, histone acetyltransferase (HAT) p300, BRD4, a member of the 

bromodomain protein family and chromatin reader, as well as Nipbl, which is required for the 

association of cohesin with DNA, are often found at SEs78. All of these proteins increase the 

transcriptional activity and maintain enhancer activity. Further, SEs are often observed to be 

hyperacetylated and increased levels of Chd7, a chromatin remodeler that also interacts with 

p300, are found around these areas78. ChIP-seq data revealed, that a remarkable number of 

known oncogenic drivers are associated with super-enhancers in cancer cells, which are not 

present in their healthy counterparts78. These findings may even support the identification of 

key oncogenes in specific cancers and expose the dependencies on transcriptional programs. 

Alterations in sequences of insulated neighborhoods can also contribute to dysregulations of 

gene expression. Mutations in loop anchors of oncogene-containing insulated neighborhoods 

are often observed in tumor cells, altering the CTCF DNA-binding motif79. DNA-

hypermethylation was associated with disrupting CTCF-binding in some cancers as well80. 

These chromosomal rearrangements and disruptions in insulated neighborhoods can relocate 

enhancers and bring them in physical connection to previously silenced proto-oncogenes. In 

this way the oncogene is activated and driving tumor progression without harboring an 

alteration in its own sequence. 

The identification of these mechanisms is the key step in understanding dependencies on certain 

transcriptional programs, which offers vulnerabilities for specific cancer cells. For instance, the 

previously mentioned subtypes of pancreatic cancer, Classical and Basal-like, significantly 
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affect the therapy response and prognosis. It was shown that most pancreatic tumors develop 

through the same mutations, suggesting that non-genetic mechanisms are responsible for the 

complex heterogeneity and different subtypes in PDAC26. In addition, the more aggressive 

Basal-like expression program is associated with enriched TGF-ß signaling, the EMT 

program26 and mutations in genes involved in chromatin modification81. These findings suggest 

an epigenetic driven transition from a Classical- to a Basal-like subtype and may offer 

transcriptional dependencies, which can be exploited. This is supported by observations, that 

Basal-like cells are more often sensitive to BET inhibition compared to Classical cells. 

Another example is the therapy resistant nut midline carcinoma. It is well accepted, that the 

chromosomal rearrangement of the NUT gene to BRD4 leads to the oncogenic function of 

blocking differentiation and maintaining proliferation, making NMC cells highly addicted to 

transcriptional regulation by the BRD4-NUT fusion protein and offers vulnerabilities by 

targeting BRD4-mediated functions and restoring differentiation. 

 

1.3.2 Targeting transcriptional dependencies 

Given its role in the context of cellular plasticity, a reversible process that enables drug 

tolerance, transcriptional addiction offers three main approaches to target therapy resistance.9 

Exploiting cell vulnerabilities and selectively targeting the new cell identity. Using the 

epigenetic mechanisms that control cell plasticity to revert and resensitize cells to therapy. And 

preventing cell plasticity by blocking crucial epigenetic mechanisms required for phenotype 

switching.  

The emerging drug tolerant cells may deliver specific vulnerabilities that can be exploited. For 

instance, in the case of epithelial−mesenchymal-transition (EMT), which is highly associated 

with cell plasticity. EMT-TF Snail induces the expression of the AXL receptor tyrosine kinase 

in carcinoma cells, offering a compensatory signaling to EGFR42. EMT-triggered AXL 

signaling confers Erlotinib resistance in non-small-cell lung carcinoma (NSCLC)42. It was 

shown, that exploiting this mesenchymal feature and combine treatment with AXL and EGFR 

inhibitors overcame EGFR inhibitor resistance associated with the mesenchymal phenotype in 

mouse xenograft models82. 

Another approach is targeting the reversibility of the process of cell plasticity and resensitize 

cells to drug treatment. Since the cell identity is tightly controlled by the chromatin landscape, 

chromatin modifying enzymes are a promising target9. Additionally, reverting EMT has the 

potential to significantly decrease therapy resistance, because the mesenchymal phenotype 

contains CSC-comparable resistance mechanisms and the activation of the EMT program itself 

increases the capacity of cell plasticity. By doing so, it would be required to induce MET 
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program and force cancer cells to differentiate into a non-CSC state again and regain epithelial 

abilities. Blocking TGF-ß signaling, which is among the best characterized pathways involved 

in EMT induction, would be a promising approach42. However, given its complex roles and 

also antiproliferative effects on tumor progression, targeting TGF-ß signaling requires caution 

and remains a challenge9, 54. 

Preventing cell plasticity may hold most promise, since several strategies could avoid 

phenotype switching from the very beginning. As previously mentioned, slow-cycling 

persistent subtypes are a key step in the process of induces drug resistance. Since epigenetic 

alterations are highly related with drug tolerant persister (DTP) cells, transcriptional regulators 

and specific pathways offer a wide range of potential targets. The most direct and encouraging 

way would be to target TFs and Cofactors, which are predominantly regulating transcription 

and cell identity. Especially dysregulations in master TFs such as Myc are driving proliferative 

programs in the majority of human cancers64. Transcriptional addiction of tumor cells to Myc 

has been shown in different model systems83, 84 Unfortunately, as for many TF, direct inhibition 

of Myc remains challenging64. Such challenges include its crucial physiological function for 

healthy cells, the lack of binding pockets and the nuclear localization additionally impede the 

progress in drug discovery85. Nevertheless, a remarkable example for direct inhibition of 

oncogenic TFs is the development of all-trans retinoic acid (ATRA) as therapy for acute 

promyelocytic leukemia (APML)64. In combination with chemotherapy, ASTRA is the standard 

of care for APML and exemplifies transcriptional addiction in cancer cells86. 

If inhibition of oncogenic TFs is not possible, targeting transcriptional cofactors and chromatin 

regulators is another promising approach, since they are connecting the transcriptional 

machinery and regulate chromatin accessibility. Inhibition of the bromodomain of BET proteins 

is a successful example of targeting oncogenic coactivators. In 2010 the first inhibitor targeting 

BET proteins (BRDT, BRD2, BRD3 and BRD4) JQ1 was reported87. Preclinical mouse models 

with NUT-midline carcinoma (NMC) xenografts underlined the potential of inhibiting this 

coactivator and various derivatives went into clinical trials based on the structure of JQ164. 

Interestingly, BRD4 was shown to be highly associated with transcription of oncogenic Myc70. 

In its function of recognizing acetylated histones, super-enhancers (SEs) and promoters of Myc 

and other oncogenes were highly occupied by BRD470. Thus, BRD4 was shown to be an 

important co-activator of MYC mediated transcription in tumor cells and a novel therapeutic 

strategy to indirectly target oncogenic TFs.64 Further, SEs-driven transcription is exceptional 

vulnerable to BRD4 inhibition, since decreased levels of TFs impair the auto-regulation 

mechanism, which is required to maintain large SE-complexes of master TFs64. 
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The Inhibition of chromatin modulators like histone acetyltransferases (HATs) and histone 

deacetylases (HDACs) is another approach to alter the epigenetic landscape of cancer cells. 

Hyperacetylation of SEs and oncogenes or a shutdown of tumor suppressor genes, induced by 

cell plasticity or genetic alterations result in transcriptional adaptation but also dependency on 

key regulators. Combinational therapy approaches got in the center of attention, using 

chromatin regulator inhibition to overcome resistance to certain treatments9, 12. Especially, 

HDAC inhibition seems to be a promising approach to sensitize tumor cells to a specific 

treatment and decrease the emergence of resistance88. HDAC inhibitors have been shown to 

have a limited therapeutic efficacy as a single therapeutic agent, but demonstrated preclinical 

and clinical success in combinational therapies since the first HDACi SAHA (Vorinostat) was 

approved by the FDA in 200688. However, as for most epigenetic inhibitors, HDACi are not 

selective for tumor cells and effect additionally a complex network of non-histone proteins88. 

Thus, off-target toxicity associated with HDACi and other epigenetic inhibitors remains as 

crucial challenge for future drug development. 

 

1.4 Challenges in epigenetic drug discovery 

Epigenetic drugs have undergone a rapid clinical development in recent years. They have 

primarily been studied for their use in treating cancer, but also demonstrate progress in the 

fields of neurological disorders, inflammatory or immune diseases89. Especially HDACi and 

bromodomain inhibitors showed promising preclinical in vitro and in vivo antitumor activity in 

hematological malignancies and solid tumors and many inhibitors have entered phase I-III 

clinical trials90, 91. In most cases, epigenetic inhibitors show limited single agent activity, but 

synergistic effects are observed in many different tumor types that have been investigated after 

combinational treatment with other epigenetic and non-epigenetic drugs90, 91 However, current 

epigenetic compounds lack isoform selectivity and also affect the global epigenome of healthy 

cells, thus on- and off-target toxicity is not uncommon in most therapies89. Although many 

epigenetic targets have been identified, substantial challenges remain in drug discovery. For 

instance, substrates of HDACs and HATs are not exclusively limited to chromatin proteins. It 

has been shown that HAT P300/CBP effects histones as well as the oncogene p5392.  

The lack of knowledge about chromatin networks impedes the development of accurate in vitro 

assay systems, which may not fully represent the drug activity in a cellular system93. Most 

epigenetic modulators work in complexes with other chromatin-related proteins. Thus, 

inhibiting one protein may induce unexpected cross-talk between chromatin regulators93. New  

generations of more selective epigenetic compounds would help to understand the specific role 

of each isoform and open new possibilities for future clinical development of anti-cancer 
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inhibitors. In addition to the epigenetic-specific challenges, the development of new epigenetic 

compounds has to deal with the typical problems of preclinical drug discovery (Fig. 7). After 

proof of activity and identification of structure-activity-relationship (SAR), many compounds 

still struggle with organic solubility, metabolic stability, target potency and molecular weight, 

also known as druglikeness. The majority of compounds already fails before entering clinical 

trials. High-throughput screening (HTS) will increase chances to identify novel epigenetic 

candidates. Phenotypic screening has shown to be important for the discovery of certain 

epigenetic drugs like the BETi RVX-208 or the HDACi SAHA (Vorinostat)93. Further, the 

focus on chemical libraries designed for the epigenetic enzyme pockets and structural features 

that are unique to the targeted sites will increase the efficiency of lead discovery93, 94. 

 

 

 

 

Fig. 7: Typical workflow of preclinical drug discovery, characterization and compound optimization. 

Multiple repeatable steps are required to obtain a promising compound, which fulfills all criteria before 

entering clinical trials. Adapted from Müller et al, eLife, 2018. 
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1.4.1 Structural Genomics Consortium (SGC) 

The Structural Genomics Consortium is a public-private partnership with scientists in many 

geographical sites like Frankfurt, Oxford or Toronto and funded by members from 

pharmaceutical industry. The SGC focuses on the development and rational design of selective 

inhibitors, that help to reach a deeper understanding of molecular mechanisms in different 

diseases95. Their libraries contain a wide spectrum of compounds such as kinase, receptor or 

epigenetic inhibitors. The compounds are either developed by academic research groups 

associated with Structural Genomics Consortium or donated as chemical probes (DCP) by 

industry. High-quality chemical probes developed by pharmaceutical industry and compound-

associated data are usually not accessible, which makes it difficult for academia to choose the 

right chemical tools. The highly specific inhibitors developed for diverse therapeutic areas are 

no longer pursued as drug candidates for several reasons, thus they offer resources for basic 

research, structure-activity-relationships and target validation95. Potency, selectivity and 

cellular activity are well characterized for every inhibitor and the compound related data base 

is constantly updated. Additionally, most compounds contain an inactive, structurally highly 

related analogues, which facilitate validation of on-target effects. Especially the release of 

previously hidden epigenetic compounds to the SGC epigenetics probes project can accelerate 

drug discovery in this research field. The SGC Frankfurt has additionally high capacities for 

protein expression, in vitro screening, NMR and X-ray crystallography to further develop and 

optimize lead structures95. Based on the open science probe project, a large number of these 

high-quality probes are available to the research community and will provide value to science 

and to the companies. 

 

1.4.2 Drug discovery in targeting bromodomains 

With the cell-permeable small molecule JQ1 the first bromodomain targeting inhibitor was 

reported in 201087. Until then, chromatin-acting efforts have been limited to chromatin 

modifying enzymes like HDACs, HATs, DNMTs and KMTs. The first inhibition of an 

epigenetic reader molecule had significant impact on cancer therapy and drug discovery. The 

development was based on an observation by Mitsubishi Pharmaceuticals that thienodiazepines 

have antitumor activity and the ability to inhibit binding between acetylated histone and 

bromodomain-containing proteins87, 91. Co-crystal structures of protein and inhibitor revealed, 

that only the (+)-JQ1 enantiomer competitively binds in acetyl-lysine binding sites in both 

bromodomains (BD1 and BD2) of BET-family proteins87. Binding to all members of the protein 

family (BRDT, BRD2, BRD3 and BRD4) was observed, whereas the binding affinity (Kd) to 

both subdomains BD1 and BD2 differs in every protein87. While there are 61 different 
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bromodomains expressed in the human genome, JQ1 seems to be selective for bromodomains 

of the BET-family, but unselective for both BD1 and BD296.  

Further, xenograft models of NUT midline carcinoma (NMC) demonstrated profound anti-

tumor activity in BRD4-dependent carcinomas by JQ1 and revealed that the BETi is able to 

induce differentiation, cell cycle arrest and apoptosis in tumor cells87. Targeting of BRD4, 

which is by far the best studied member of the bromodomain family, was also a successful in 

downregulating proinflammatory pathways 96.  

Based on JQ1, several BET inhibitors have entered clinical evaluation or are in preclinical 

development91, 96. Many of the BETi as well as JQ1 have been developed by academic groups, 

underlining the important role of academia in drug discovery and novel target identification96. 

However, until now no BRD inhibitor has been FDA approved, since most compounds struggle 

with therapeutic benefit or toxicity91, 96. Additionally, mechanisms of resistance have been 

reported from preclinical and clinical models30, 91. Certainly, a better understanding of 

molecular mechanisms will lead to more effective drugs in the future. Selectivity for single 

members of the BET-family proteins may decrease toxicity and offer new insights into roles of 

specific isoforms. A recent study from 2020 reports about BD1- and BD2-selective inhibitors 

with unprecedented selectivity and that specific inhibition of each domain alters gene 

expression in different ways97. Domain-selective inhibitors will provide exciting research on 

the role of both subdomains in the future. 

Since synergistic effects have been frequently observed for BETi in combination with other 

drugs, combinational approaches as well as the development of novel dual inhibitors are a 

promising strategy for next generation of anticancer agents91. It is assumed, that synergism 

appears due to blocking of a BRD4-mediated feedback mechanism by BETi, that would usually 

activate additional kinases98. Thus, combination therapies with kinase inhibitors are under 

preclinical investigation91. Another strategy is the development of protein-targeting chimeric 

molecules (PROTACs), which binds BET proteins with one part and mediates the binding to 

an E3 ubiquitin with another part, thus degrading the BET protein via the proteasome91, 96. In 

this way not only the bromodomain is inhibited, but the loss of BET protein as part of the 

chromatin complex would significantly impact the core transcriptional machinery91. 
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2. Characterization of a dual BET/HDAC inhibitor for treatment of pancreatic ductal 

adenocarcinoma 

 

Summary 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most therapy resistant tumors. Previous 

studies showed that combined BET and HDAC inhibition is synergistic in tumor models of 

various malignancies including PDAC99. However, toxicity, drug-drug interactions or 

pharmacokinetics can limit the application of combination therapies. The aim of this study was 

to design and analyze the efficacy of a novel dual BET/HDAC inhibitor to combine the benefits 

of a combinational approach in one single molecule.  

In cooperation with the group of Prof. Dr. Stefan Knapp (Goethe Universität, Frankfurt), three 

small molecules, containing the backbone of JQ1 as BET inhibitor and SAHA, Panobinostat or 

CI994 as HDAC inhibitor, were synthesized and tested. Based on cellular activity assays, TW9, 

the combination of JQ1 and CI994, was chosen as most potent BET/HDAC inhibitor for further 

characterizations. TW9 preserves both BETi and HDACi activities in cancer cells, comparable 

to single drug treatment. Additionally, washout experiments could demonstrate an enhanced 

histone acetylation for TW9-treated samples, in contrast to CI994 alone. In NUT midline 

carcinoma (NMC), a poorly differentiated squamous cell carcinoma, previous study showed 

that inhibition by JQ1 was able to induce squamous differentiation. Treatment with TW9 was 

significantly more efficient than JQ1 in inducing canonical squamous tissue genes like KRT10, 

KRT14 or TGM1 and induced morphological changes. Cell viability assays in different PDAC 

cell lines showed more pronounced anti-proliferative effects for TW9 compared to JQ1, CI994 

or the combination of both inhibitors. Immunoblot analysis also indicated a stronger induction 

of apoptosis by TW9. Notably, a prolonged suppression of proliferation by TW9 compared to 

single inhibitor or combinational treatment was observed, using short-time treatment. The 

combinational efficacy of TW9 and gemcitabine, the standard-of-care chemotherapeutic agent 

in the treatment of PDAC, was also evaluated. Sequential administration of gemcitabine and 

TW9 showed synergistic antitumor effects and strong induction of apoptosis compared to 

gemcitabine alone. Further, phospho-CHK1, an indicator for replicative stress induced by 

gemcitabine, was enhanced after sequential treatment. Simultaneous treatment largely 

prevented cells from replicative stress. TW9 was shown, just like JQ1, to induced accumulation 

of the cell-cycle regulator p21, which led to G1 arrest and to decrease the incorporation into 

DNA by gemcitabine. To explore more about the molecular mechanisms of TW9, 

transcriptomic profiling was performed. TW9 largely recapitulated the activity of JQ1 and 

CI994 and was mainly associated with metabolic processes, cellular component organization 
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and cell cycle-related processes. The aim was to identify TW9-downregulated master 

transcriptional regulators that control cell cycle progression and are driven by super-enhancers. 

453 super-enhancers were identified by ChIP-seq and 12 super-enhancers-associated genes 

were identified to be TW9-specific. The analysis revealed that downregulation of transcription 

factor FOSL1 may contribute to the antitumor effects of TW9, since FOSL1 is a prognostic 

marker and high expression levels are unfavorable for patient survival.  

In summary, we reported on the generation and characterization of a novel dual BET/HDAC 

inhibitor with promising anti-tumor properties in PDAC and revealed insights regarding 

molecular mechanisms.  

 

Zusammenfassung 

Das duktale Adenokarzinom des Pankreas (engl. PDAC) ist eines der therapieresistentesten 

Karzinome. Frühere Studien zeigten, dass die kombinierte Behandlung mit BET und HDAC 

Inhibitoren zu Synergien in verschiedenen Tumorarten, inklusive PDAC, führt99. Toxizität, 

Inhibitor-Interaktionen oder Probleme mit der Pharmakokinetik limitieren den Einsatz von 

Kombinationstherapien für gewöhnlich. Das Ziel dieser Arbeit war es, einen neuartigen dualen 

BET/HDAC Inhibitor zu designen und seine Wirksamkeit zu testen um die Vorteile einer 

Kombinationstherapie in einem Molekül zu vereinen. 

In Kooperation mit der Arbeitsgruppe von Herrn Prof. Dr. Stefan Knapp (Goethe Universität, 

Frankfurt), wurden drei Inhibitoren, bestehend aus den Grundgerüsten von JQ1 als BET 

Inhibitor und SAHA, Panobinostat und CI994 als HDAC Inhibitoren, synthetisiert und getestet. 

Basierend auf Ergebnissen aus zellularen Assay-Systemen, wurde TW9, die Kombination aus 

JQ1 und CI994, als potentester Dual-inhibitor ausgewählt und weiter charakterisiert. Es zeigte 

sich, dass TW9 sowohl BETi- als auch HDACi-Aktivitäten in sich vereint, vergleichbar zu den 

einzelnen Substanzen. Zusätzlich konnten washout-Experimente zeigen, dass TW9 im direkten 

Vergleich zu CI994 eine verstärkte Acetylierung von Histonen bewirkt. Es wurde bereits vorher 

veranschaulicht, dass eine Behandlung mit JQ1 im NUT midline carcinoma (NMC), einem 

undifferenzierten Plattenepithelkarzinom, Differenzierung induzieren kann. Behandlungen mit 

TW9 wiesen eine wesentlich effizientere differentielle Induktion von Plattenepithelgewebe-

Genen wie KRT10, KRT14 oder TGM1 auf. Cell viability assays in verschiedenen PDAC 

Zelllinien verdeutlichten einen ausgeprägteren anti-proliferativen Effekt von TW9 im 

Vergleich zu den Einzelinhibitoren oder deren Kombination. Immunoblot-Analysen deuten 

zusätzlich eine starke Induktion von Apoptose in TW9-behandelten Zellen an. 

Bemerkenswerterweise wies TW9 in Kurzzeitexperimenten ebenfalls eine verlängerte und 

ausgeprägte anti-proliferative Wirkung auf. Zusätzlich wurde eine Kombinationstherapie mit 
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Gemcitabine, dem Standard-Chemotherapeutikum für PDAC, getestet. Dabei zeigte sich, dass 

eine sequentielle Verabreichung von TW9 und Gemcitabine synergistische Effekte aufwies und 

Apoptose deutlich stärke induzierte als Gemcitabine alleine. Des Weiteren wurde verdeutlicht, 

dass phospho-CHK1, ein Indikator für durch Gemcitabine induzierten replikativen Stress, nach 

sequentieller Verabreichung verstärkt nachweisbar war. Simultane Verabreichung hingegen 

schützte die Zellen weitestgehend vor replikativem Stress. TW9, wie auch JQ1, sorgt für eine 

Anreicherung von Zellzyklusregulator p21, was die Zellen in der G1 Phase festsetzt und 

verhindert, dass Gemcitabine in die DNA eingebaut wird. Um mehr über den molekularen 

Mechanismus hinter TW9 zu erfahren, wurde ein Transkriptom-Profil erstellt. Es zeigte sich, 

dass TW9 zum großen Teil Effekte von JQ1 und CI994 in sich vereint und hauptsächlich mit 

metabolischen und Zellzyklus-Prozessen in Verbindung gebracht werden kann. Das Ziel war 

es TW9-spezifische master-Transkriptionsfaktoren zu identifizieren, die den Zellzyklus 

regulieren und zusätzlich durch super-enhancers (SEs) angetrieben werden. Insgesamt wurden 

453 SEs ermittelt, von denen 12 exklusiv on TW9 beeinfluss werden. Die Auswertung ergab, 

dass die Runterregulierung von Transkriptionsfaktor FOSL1 durch TW9 möglicherweise für 

die starke anti-proliferative Wirkung mitverantwortlich ist. FOSL1 dient zusätzlich als 

prognostischer Marker und hohe Expressionslevel werden mit einer geringeren Überlebensrate 

von Patienten in Verbindung gebracht.  

Zusammenfassend wurde die Synthese und Charakterisierung eines neuartigen dualen 

BET/HDAC-Inhibitors beschrieben, der eine vielversprechende anti-Tumorwirkung aufweist 

und dessen molekulare Mechanismen genauer beleuchtet wurden.  
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is resistant to virtually all chemo- and targeted

therapeutic approaches. Epigenetic regulators represent a novel class of drug targets.

Among them, BET and HDAC proteins are central regulators of chromatin structure and

transcription, and preclinical evidence suggests effectiveness of combined BET and HDAC

inhibition in PDAC. Here, we describe that TW9, a newly generated adduct of the BET

inhibitor (+)-JQ1 and class I HDAC inhibitor CI994, is a potent dual inhibitor simultaneously

targeting BET and HDAC proteins. TW9 has a similar affinity to BRD4 bromodomains as

(+)-JQ1 and shares a conserved binding mode, but is significantly more active in inhibiting

HDAC1 compared to the parental HDAC inhibitor CI994. TW9 was more potent in

inhibiting tumor cell proliferation compared to (+)-JQ1, CI994 alone or combined treat-

ment of both inhibitors. Sequential administration of gemcitabine and TW9 showed addi-

tional synergistic antitumor effects. Microarray analysis revealed that dysregulation of a

FOSL1-directed transcriptional program contributed to the antitumor effects of TW9. Our

Abbreviations: BET, bromodomain and extra-terminal; DNMT, DNA methyltransferase; HDAC, histone deacetylase; NMC, NUT midline carcinoma; PDAC, pancreatic ductal adenocarcinoma; SE,

super-enhancer.
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results demonstrate the potential of a dual chromatin-targeting strategy in the treatment

of PDAC and provide a rationale for further development ofmultitarget inhibitors.

K E YWORD S

BET inhibitor, combined therapy, dual BET/HDAC inhibitor, HDAC inhibitor, pancreatic ductal

adenocarcinoma

1 | INTRODUCTION

Tumorigenesis is often considered a consequence of the accumulation

of driver mutations. However, the extensive intratumor and

intertumor heterogeneity in established tumors involves additional

regulatory layers controlling transcriptomic activity. The epigenome, a

key determinant of the transcriptional output, controls cell identity

and disease status. In contrast to the irreversibility of genomic muta-

tions, aberrant epigenomic changes can potentially be reversed by

small molecules targeting chromatin modulators. Epigenome-targeting

drugs that are approved or in clinical trials include DNA methyl-

transferase inhibitors (DNMTi), histone methyltransferase inhibitors,

histone deacetylase (HDAC) inhibitors (HDACi) and bromodomain and

extra-terminal (BET) inhibitors (BETi) among others.1 Despite the clini-

cal efficacy of epigenetic drugs in hematological malignancies,

chromatin-acting therapeutic strategies such as HDAC inhibition in

solid tumors have so far been challenging.2

Pancreatic ductal adenocarcinoma (PDAC) is the most common

and lethal form of pancreatic cancer. It is now the fourth leading cause

of cancer death in men and women. Due to late diagnosis and metas-

tasis, most patients with PDAC undergo conventional chemotherapy

and obtain improved albeit limited benefits from intensified and toxic

chemotherapy regimens, inevitably leading to secondary resistance.3

In 2015, we reported a promising epigenetic-based therapeutic strat-

egy for PDAC that combined BET and HDAC inhibitors.4 We have

now generated a dual inhibitor simultaneously targeting BET and

HDAC proteins. Compared to combination therapies of two or more

drugs, multitarget drugs may achieve the same goal but utilize a single

compound. The potential advantages of dual targeting are a linked

pharmacokinetic profile, reduced risk of drug-drug interactions and

simplified dosing scheduling. Here, we present the design and synthe-

sis of dual BET/HDAC inhibitors, resulting in the identification of the

potent dual inhibitor TW9. Importantly, we examined its biological

effects in PDAC tumor cell lines, showing its potency as a novel chro-

matin-targeting approach for future clinical development for treat-

ment of PDAC.

2 | MATERIALS AND METHODS

2.1 | Synthetic procedures

Synthetic routes for inhibitors 1 (TW9), 2 (TW12) and 3 (TW22) are

described in detail in the Supporting Information.

2.2 | Cell culture and reagents

Pancreatic ductal adenocarcinoma cell lines (MIA PaCa-2 [RRID:

CVCL_0428], PaTu 8988t [RRID:CVCL_1847], HPAC [RRID:CVCL_3517],

DAN-G [RRID:CVCL_0243], PANC-1 [RRID:CVCL_0480]) and HEK293T

[RRID:CVCL_0045] were obtained from ATCC and cultured in Dulbecco's

Modified Eagle Medium (DMEM) containing 10% FBS, 25 mM glucose,

4 mM L-glutamine, 1 mM sodium pyruvate and 1% penicillin-streptomycin.

Nut midline carcinoma cell line HCC2429 (RRID: CVCL_5132) was a gift

from Lead Discovery Center GmbH (Dortmund, Germany) and was cul-

tured in RPMI1640 medium containing 10% FBS, 2 mM L-glutamine and

1% penicillin-streptomycin. All cell lines were free of mycoplasma contami-

nation. Cell lines (MIA PaCa-2, PaTu 8988t, HPAC, DAN-G, PANC-1) were

authenticated using Multiplex human Cell line Authentication Test (MCA)

by Multiplexion GmbH and cell lines HCC2429 were authenticated using

short tandem repeat (STR) profiling within the last 3 years. HEK293T was

only used for overexpressing nanoLUC fusion constructs. (+)-JQ1, CI994

and gemcitabine were purchased from Biomol, Selleck Chemicals and Bio-

zol Diagnostica Vertrieb, respectively. (+)-JQ1, CI994 and gemcitabine

were dissolved in DMSO as 10 mM stocks.

2.3 | Protein expression, purification and
crystallography

The first two bromodomains of BRD4, BRD4(1) and BRD4(2), were

each expressed in Escherichia coli as His-tagged proteins and were

What's new?

Preclinical evidence suggests effectiveness of the combined

inhibition of bromodomain and extra-terminal (BET) and his-

tone deacetylase (HDAC) proteins in pancreatic ductal ade-

nocarcinoma (PDAC). However, toxicity, scheduling, and

drug-drug interactions are common challenges in combined

therapy. Here, the authors developed a novel dual inhibitor,

TW9, simultaneously targeting BET and HDAC proteins.

TW9 showed high potency in suppressing tumor growth in

PDAC. Furthermore, optimized scheduling of TW9 improved

the efficacy of the chemotherapeutic agent gemcitabine. The

results demonstrate the potential of a dual chromatin-

targeting strategy in the treatment of PDAC and provide a

rationale for further development of multi-target inhibitors.
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purified by nickel-affinity and gel-filtration chromatography as

described.5 After the final gel filtration step on a Superdex-75 column

in 10 mM HEPES, pH 7.5, 150 mM NaCl, 0.5 mM TCEP and 5% glyc-

erol, the protein was concentrated to 10 mg/mL, flash-frozen in liquid

nitrogen and stored at −80�C. For setting up co-crystallization trials,

aliquots of the purified BRD4(1) domain were mixed with a 50 mM

stock solution of TW9, TW12 or TW22 in DMSO to give a final com-

pound concentration 1.5 mM. Crystals were grown at 4�C via the sit-

ting drop vapor diffusion technique using a mosquito crystallization

robot (TTP Labtech, Royston UK). For TW9 and TW12, crystals for

data collection were grown by mixing 130 nL of protein/ligand solu-

tion with 70 nL of reservoir solution containing 24% PEG 3350, 0.1 M

sodium formate, 15% ethylene glycol and 0.1 M bis-Tris-propane

pH 7.3. BRD4(1) crystals in complex with TW22 were grown by

mixing 100 nL of the protein/ligand solution with the same volume of

reservoir solution consisting of 24% PEG 3350, 0.2 M sodium for-

mate, 15% ethylene glycol and 0.1 M bis-Tris-propane pH 7.9. Crys-

tals were cryoprotected with mother liquor supplemented with 20%

ethylene glycol and flash-frozen in liquid nitrogen. X-ray data sets

were collected at 100 K at the ESRF Grenoble, France (beamline

ID30B). The diffraction data were integrated with the program XDS6

and scaled with AIMLESS,7 which is implemented in the CCP4 pack-

age.8 The structures were solved by difference Fourier analysis in

PHENIX9 using PDB entry 3MXF as a starting model with initial rigid-

body refinement. The structural models were then refined using itera-

tive cycles of manual model building with COOT10 and refinement in

PHENIX. Dictionary files for the TW9, TW12 and TW22 ligands were

generated using the Grade Web Server (http://grade.globalphasing.

org). There was excellent electron density for the (+)-JQ1 moiety in all

three structures. For TW9 and TW12, there was however not suffi-

cient electron density to unambiguously model the solvent-exposed

HDACi moiety. The disordered parts of the ligands were therefore

deleted in the final model. In contrast, the HDACi moiety of TW22

was well resolved due to interaction with a symmetry-related mole-

cule. Data collection and refinement statistics are listed in Table S1.

Structural figures were prepared using PyMOL (www.pymol.org).

2.4 | Isothermal titration calorimetry

ITC measurements were performed using a Nano ITC microcalorime-

ter (TA Instruments, New Castle, Pennsylvania). All experiments were

carried out at 15�C in ITC buffer (10 mM HEPES, pH 7.5, 150 mM

NaCl, 0.5 mM TCEP and 5% glycerol). The microsyringe was loaded

with the protein solution (50-150 μM protein) and titrated into an

8 to 15 μM compound solution in ITC buffer while stirring at 350 rpm.

The titrations were started with an initial injection of 4 μL followed by

24 identical injections of 8 μL, at a rate of 0.5 μL/sec and a spacing of

200 seconds between injections. The heat of dilution was determined

by independent titrations (protein into buffer) and was subtracted

from the experimental data. Data were processed using the Nano-

Analyze software (Version 3.5.0) supplied with the instrument. A sin-

gle binding site model was employed.

2.5 | XTT cell viability assay

XTT cell viability assays were performed as described,11 following the

XTT kit manufacturer's instructions. Briefly, HEK293T cells were

seeded into flat-bottomed 96-well plates 24 hours before the addition

of test compound at a density of 2.5 × 105 cells/mL (25 000 cells/

well). Then, 100 μL of test compound was added at a concentration

range from 10 μM to 170 pM as final concentrations and incubated

for 24 hours. For XTT measurement, 50 μL of a solution containing

XTT (Sigma) and phenazine monosulfate (Sigma) were added to give a

final concentration of 300 μg/mL and 10 μM, respectively, and the

reaction was incubated for 30 minutes before measuring absorbance

at 475 nm (specific signal) and 660 nm (nonspecific signal). The signal

was background-corrected using the following formula: specific absor-

bance = A475nm(test) − A475nm(blank) − A660nm(test).

2.6 | NanoBRET target engagement intracellular
assay

NanoBRET target engagement assays were performed following publi-

shed protocols.12,13 Briefly, plasmids for full-length HDAC1 and BRD4

as well as the isolated bromodomains of BRD4 containing either a

C-terminal (HDAC1) or an N-terminal (BRD4) placement of NanoLuc

were obtained from the manufacturer (Promega, Madison, Wisconsin).

To lower intracellular expression levels of the reporter fusion, the

NanoLuc/kinase fusion constructs were diluted into transfection carrier

DNA (pGEM3ZF-, Promega) at a mass ratio of 1:10 prior to forming

FuGENE HD complexes according to the manufacturer's instructions.

DNA:FuGENE complexes were formed at a ratio of 1:3 (μg DNA/μL

FuGENE). One part of transfection complex solution was then mixed

with 20 parts (v/v) of HEK293T cells suspended at a density of

2 × 105/mL in DMEM (Gibco) + 10% FBS (GE Healthcare, Chicago, Illi-

nois), seeded into T75 flasks and allowed to express for 20 hours. For

target engagement, the corresponding HDAC1- or BRD4-transfected

cells were added and reseeded at a density of 2 × 105/mL after

trypsinization and resuspension in Opti-MEM without phenol red (Life

Technologies, Carlsbad, California). Serially diluted test compound and

NanoBRET HDAC (Promega cat. N2140) or BRD (Promega cat. N2130)

tracer were pipetted (Echo 555 Acoustic Dispenser) into white 384-

well plates (Greiner 781 207). The system was allowed to equilibrate

for 2 hours at 37�C/5% CO2 prior to BRET measurements. To measure

BRET, NanoBRET NanoGlo substrate + extracellular NanoLuc inhibitor

(Promega) were added according to the manufacturer's protocol, and

filtered luminescence was measured on a PHERAstar FSX plate reader

(BMG Labtech) equipped with a luminescence filter module (450 nm

[donor] and 610 nm [acceptor]).

2.7 | Fluorogenic HDAC assay

The fluorogenic HDAC assay was performed according to the manu-

facturer's instructions (BPS Bioscience, Cat. # 50033). Briefly,
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fluorogenic HDAC substrate, test inhibitor and HDAC2 protein were

mixed sequentially and incubated at 37�C for 30 minutes. Then,

HDAC Assay Developer was added and incubated at room tempera-

ture for 15 minutes. The fluorescence values were measured using a

Spark Multimode Microplate Reader (Tecan). The wavelengths for

excitation and emission were 360 nm (bandwidth 35 nm) and 465 nm

(bandwidth 35 nm), respectively.

2.8 | CellTiter Glo cell viability assay

The assay was performed according to the manufacturer's instructions

(Promega, G7571). Briefly, inhibitors were preprinted in 96-well plates

(Corning, Corning, New York). Then, 100 μL of cell suspension was

added to the wells and cultured for indicated time periods. Then,

100 μL of diluted CellTiter-Glo Reagent (1:4 with PBS) was added to

the wells. Plates were shaken for 2 minutes and incubated for another

10 minutes at room temperature in the dark. Luminescent signals

were read by the Tecan Spark Multimode Microplate Reader. The

values of luminescent signals were normalized to the DMSO control

wells.

2.9 | Immunoblot analysis

Cell lysates were prepared in RIPA buffer (9806S, Cell Signaling Tech-

nology [CST]) containing protease inhibitor cocktail (Roche). Cell

lysates were separated on SDS-polyacrylamide gels, transferred to

nitrocellulose membranes with Trans-Blot Turbo Transfer System

(Bio-Rad, Hercules, California) and incubated with antibodies dis-

solved in TBS containing 5% BSA and Tween 20 (0.1%). The following

primary antibodies were used: rabbit anti-MYC (9402, CST), rabbit

anti-β-actin (ab8227, Abcam, Eugene, Oregon), rabbit anti-cleaved

Caspase-3 (Asp175; 5A1E; 9664, CST), rabbit anti-Caspase-3 (9662,

CST), rabbit anti-acetyl-histone H3 (Lys9/Lys14; 9677, CST), mouse

anti-p21 (F5) (6246, Santa Cruz), mouse anti-involucrin (i9018, Sigma-

Aldrich, St. Louis, Missouri), rabbit anti-phospho-CHK1 (Ser345)

(2341, CST). Primary antibodies were recognized by a peroxidase-

coupled secondary antibody (Jackson, Bar Harbor, Maine) and signals

were detected by chemiluminescence (ThermoFisher, Waltham,

Massachusetts).

2.10 | RNA extraction and quantitative RT-PCR
analysis

Total RNA was isolated using Maxwell RSC simplyRNA Cells Kit

(Promega) according to the manufacturer's protocol. cDNA was syn-

thesized using PrimeScript Reverse Transcriptase (TaKaRa, Kusatsu,

Japan). cDNA was amplified using LightCycler 480 SYBR Green I Mas-

ter (Roche Diagnostics, Indianapolis, Indiana) and the amplicon was

detected by SYBR Green I using LightCycler 480 instrument (Roche).

PCR conditions were 5 minutes at 95�C, followed by 45 cycles of

95�C for 10 seconds, 59�C for 10 seconds and 72�C for 20 seconds.

The relative gene expression levels were normalized to GUSB or

GAPDH and calculated using the 2−ΔΔCt method. The primer

sequences are given in Table S2.

2.11 | Crystal violet staining for colony formation
assay

Attached cells were rinsed once with PBS and fixed with ice-cold

methanol for 10 minutes. Fixed cells were then stained by crystal vio-

let solution (containing 0.1% crystal violet and 25% methanol) for

30 minutes. Cells were rinsed twice with H2O and dried overnight.

2.12 | Cell proliferation assay

MIA PaCa-2 cells (1200 cells/well) were seeded in 12-well plates

(Corning). On the days of measurement, whole-well images were cap-

tured and cell confluence was analyzed by NYONE Image Cytometer

(Synentec, Elmshorn, Germany).

2.13 | Cell-cycle analysis

The attached and floating cells were harvested and fixed in 70% etha-

nol at 4�C overnight. On the day of measurement, cells were washed

once with PBS and incubated in PBS containing 0.5 mg/mL RNase A

at 37�C for 30 minutes. Then, 30 μg/mL propidium iodide was added

immediately before the measurement. The cellular DNA contents

were analyzed by the Guava Easycyto System.

2.14 | Global gene expression profiles

Microarray using HumanHT-12 v4 Expression BeadChip (Illumina, Inc.,

San Diego, California) was performed by the Genomics & Proteomics

Core Facility at the German Cancer Research Center in Heidelberg fol-

lowing the manufacturer's instructions. Raw data were normalized

based on the quantile method. Hierarchical clustering of differentially

expressed genes was performed using Partek Genomics Suite 7.0.

2.15 | Kaplan-Meier survival analysis

The analysis was performed using the human protein atlas data set,14

which contains a pancreatic cancer patient cohort (n = 176). The

FPKMs (number Fragments Per Kilobase of exon per Million reads)

were used for quantification of expression of FOSL1 gene. The cohort

was stratified into two expression groups with the FPKM cut-off that

yields the lowest P score. The correlation between the expression

levels of FOSL1 and patient survival was examined by Kaplan-Meier

survival estimator.

4 ZHANG ET AL.



F IGURE 1 Legend on next page.

ZHANG ET AL. 5



2.16 | Bioinformatic analysis

Gene ontology (GO) analysis was performed using Gene Ontology

Consortium tool (http://geneontology.org/). Gene set enrichment

analysis (GSEA) was conducted using default settings on mean expres-

sion values from microarray data.15 Sets included in the analysis

ranged from 30 to 2000 genes, and gene set was used as a permuta-

tion type. For expression values for the same gene but different

isoforms, values for lower expressed isoforms in control samples were

disregarded. H3K27ac signal normalized to input was used to identify

super-enhancers using the Ranking of Super Enhancer (ROSE) algo-

rithm set at default settings and ignoring regions within 2500 base

pairs of transcriptional start sites.16,17 Genes associated with super-

enhancers were identified by Genomic Regions Enrichment of Anno-

tations Tool (GREAT) using default settings.18 Publicly available

datasets were used for PANC-1 [E-MTAB-7034]19 and healthy pan-

creas [GSM906397].20 Mapping to the hg19 genome was performed

using BOWTIE/2.2.5.21 Bam files were generated by SAMTOOLS/

1.622 and Bigwigs by DEEPTOOLS/2.4.0 with 200 base pair extension

and ignoring the duplicates. Occupancy profiles were visualized using

the Integrative Genomic Viewer.23-25

3 | RESULTS

3.1 | Generation of selective BET/HDAC dual
inhibitors and initial in vitro characterization

For the development of dual HDAC/BET inhibitors, we synthesized

three adducts that were based on the well-established BET inhibitor

(+)-JQ15 (Figure 1A). HDAC-inhibitory activity was introduced

through substitution of the tertbutyl ester by a class I selective inhibi-

tor moiety (4-acetamido-N-[2-aminophenyl]benzamide) as present in

tacedinaline (CI994), yielding the dual inhibitor TW9, as well as inhibi-

tors for panHDAC targeting using hydroxamic acids (vorinostat and

panobinostat), yielding the adducts TW12 and TW22. The synthetic

routes for these inhibitors and associated analytical data are compiled

in the supplemental information. The binding mode of the designed

inhibitors was confirmed in crystal structures with the first

bromodomain of BRD4, BRD4(1), at a resolution ranging from 1.05 to

1.25 Å (Table S1). As expected, the binding mode of the (+)-JQ1 moi-

ety of all three adducts was essentially the same as that of the paren-

tal compound (+)-JQ1 (Figure 1B), and all key interactions with the

bromodomain binding pocket were conserved, including the hydrogen

bond of the triazole moiety with the highly conserved asparagine

(Asn140). All HDAC moieties were solvent-accessible, suggesting that

they are free to interact with HDACs even in the BET-bound state. In

the case of the TW9 and TW12 complexes, the HDAC inhibitory moi-

eties were disordered. In the structure of the TW22 complex, how-

ever, the HDAC inhibitor, which was derived from panobinostat, was

visible due to stabilization by crystal contacts (Figures 1B and S1).

For initial functional evaluation, we determined the dissociation

constants, Kd, of binding to the first and second bromodomain of

BRD4, BRD4(1) and BRD4(2), by isothermal titration calorimetry (ITC).

All three adducts (TW9, TW12 and TW22) bound to the first

bromodomain, BRD4(1), with low nM affinity, resulting in Kd values of

F IGURE 1 Rational design of BET/HDAC dual inhibitors and initial characterization. A, Chemical structure of (+)-JQ1-HDACi-adducts and
their parental molecules. B, Crystal structure of dual inhibitors in complex with BRD4(1). The structure of the BRD4(1)-TW9 complex is shown as
a gray cartoon representation, with the TW9 ligand shown as a green stick model. Conserved structural water molecules in the binding pocket are
shown as small red spheres. The binding modes of TW12, TW22 and the parental molecule (+)-JQ1 are superimposed, showing that the binding
mode of the (+)-JQ1 moiety is essentially the same in all four structures. The solvent-exposed HDACi moieties of TW9 and TW12 were largely
disordered, and the corresponding atoms were deleted from the final model, whereas the HDACi moiety of TW22 was stabilized via interaction
with a symmetry-related molecule in the crystal. C, Isothermal titration calorimetry experiment of TW9 binding to BRD4(1). The upper panel
shows the raw binding heats for each injection, and in the lower panel, normalized binding isotherms are shown. D, Cellular BRD4(1)-targeting
activity of dual inhibitors measured by NanoBRET assay. E, Cellular HDAC1-targeting activity of dual inhibitors measured by NanoBRET assay
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Binding of dual inhibitors to BRD4 bromodomains

Compound

In vitro Kd (μM) ITC In cellulo IC50 (μM) NanoBRET

BRD4(1) BRD4(2) BRD4(1) BRD4(2) FL-BRD4

TW9 0.069 ± 0.009 0.231 ± 0.031 0.72 ± 0.09 0.074 ± 0.010 0.64 ± 0.09

TW12 0.052 ± 0.006 0.088 ± 0.015 4.53 ± 0.26 11.0 ± 3.0 6.85 ± 1.04

TW22 0.021 ± 0.004 0.054 ± 0.016 1.35 ± 0.15 1.58 ± 0.54 1.43 ± 0.07

JQ1 0.051 ± 0.015 0.089 ± 0.013 0.231 ± 0.042 0.039 ± 0.008 0.104 ± 0.010

Note: Summary of the dissociation constants Kd and cellular BRD4 activity of dual inhibitors determined by isothermal titration calorimetry (ITC) and

nanoBRET assays, respectively.

TABLE 2 Binding of dual inhibitors to HDAC1

Compounds IC50 (μM) NanoBRET

TW9 0.29 ± 0.04

CI944 0.96 ± 0.17

TW12 1.11 ± 0.36

Vorinostat 0.52 ± 0.08

TW22 >20

Panobinostat 0.19 ± 0.10

Note: Summary of the cellular HDAC1 activity of dual inhibitors deter-

mined by nanoBRET assay.
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69, 52 and 21 nM, respectively, which was in the range of the Kd

value determined for the parental molecule (+)-JQ1 (51 nM; Table 1).

A representative ITC experiment for TW9 is shown in Figure 1C. Kd

values for BRD4(1) were all slightly higher, ranging from 230 nM for

TW9 to 54 nM for TW22, which again was similar to the Kd of

(+)-JQ1. In summary, the ITC measurements demonstrated excellent

BET binding activity of our dual inhibitors, indicating that introduction

of the HDAC-inhibitor moiety did not significantly alter affinities for

the two bromodomains present in BRD4.

Next, we tested the cellular BRD4 activity of the synthesized

adducts using nanoBRET assays (Table 1 and Figure 1D). All

nanoBRET experiments were carried out in HEK293T cells under non-

toxic conditions (Figure S2). TW9 showed the best BRD4-targeting

activity, with an IC50 value of around 700 nM for BRD4(1) (Figure 1D).

The affinity of TW12 and TW22 for BRD4(1) in cells was notably

weaker, with IC50 values of 5.5 and 12 μM, respectively. A similar

trend was observed for the cellular affinity of our dual inhibitors to

BRD4(2). Notably, TW9 had a 10 times higher affinity for BRD4(2)

than for BRD4(1), with an IC50 value of 74 vs 720 nM, and bound

BRD4(2) more than 20 times more strongly than did TW12 and TW22

(Table 1). Comparison of the ITC and nanoBRET data suggests that

the drastically reduced potency of TW12 and TW22 in cells compared

to (+)-JQ1 was most likely due to reduced cellular uptake rather than

differences in intrinsic binding affinity. We also measured cellular Kds

for the full-length BRD4 protein, FL-BRD4. In all cases, the measured

apparent binding constants were as expected between the values

obtained for the two isolated bromodomains (Table 1).

After confirming the BRD4-targeting activity, we performed fur-

ther NanoBRET assays to determine the cellular activity of our com-

pounds against HDACs, the second target protein class of our dual

inhibitors (Table 2 and Figure 1E). TW9 was a potent inhibitor of

HDAC1 with an IC50 value in cells of about 300 nM. As such, it was

more potent than the parental HDAC inhibitor CI994, which had an

IC50 of around 1 μM under the same conditions. TW12 was less

potent than TW9 in targeting HDAC1, and TW22 displayed an even

lower potency in cells with an IC50 > 20 μM, corresponding to a

potency more than three orders of magnitude lower compared to its

parental compound panobinostat (Table 2). We also performed a cell-

free fluorogenic HDAC assay, which showed that TW9 and CI994

inhibited HDAC2 activity to a similar degree, with IC50 values of 2.5

and 1.7 μM, respectively (Figure S3). Based on the above results, we

chose TW9 as the most potent BET/HDAC dual inhibitor for further

characterization in cancer cells.

3.2 | TW9 preserves both BETi and HDACi
activities in cancer cells

Both MYC and HEXIM1 are often used as readout biomarkers of BET

inhibitor activity in cancer cells, while acetylated histone H3 is used as

a direct readout for HDAC inhibitor activity. Expression analysis by

RT-PCR showed prompt (6 hours) down-regulation of MYC and

upregulation of HEXIM1 by TW9 to similar levels as (+)-JQ1

(Figure S4A). Immunoblot analysis showed that MYC and histone H3

acetylated at lysines 9 and 14 were regulated in a dose- and time-

dependent manner by TW9 (Figure 2A,B), comparable to (+)-JQ1 and

CI994, respectively. Consistent with the nanoBRET assays for HDAC-

targeting activity of TW9 (Table 2 and Figure 1E), histone H3 acetyla-

tion at lysine 9 and 14 was enhanced by TW9 at a much higher level,

compared to the parental HDAC inhibitor CI994 (Figures 2B and

S4B). Intriguingly, when we treated cells with a higher dose (4 μM) of

TW9, we observed a more sustained suppression of MYC and induc-

tion of p57, a target previously identified as being regulated by com-

bined BET/HDAC inhibition,4 indicating more sustained BETi activity

of TW9 (Figure 2C,D). In contrast, we did not observe the sustained

BETi activity with 1 μM TW9 (Figure S2C,D). In addition, we per-

formed washout experiments (1 day on and 2 days off) and still

observed enhanced histone H3 acetylation at lysine 9 and 14 in both

1 and 4 μM TW9-treated samples on day three (Figures 2E andS2E).

We next implemented immunoblot analysis of MYC and histone

H3 acetylated at lysines 9 and 14 in cells treated with TW12 and

TW22. Both ligands down-regulated MYC to the same degree as

(+)-JQ1, indicating preserved (+)-JQ1 activity (Figure S4F). However,

TW12 and TW22 failed to accumulate acetylated histone H3, indicat-

ing decreased activity of the HDAC-inhibitor moiety (Figure S4F).

3.3 | TW9 induces squamous differentiation in
NUT midline carcinomas

We next assessed the biological activity of TW9. NUT midline carci-

noma (NMC) is a poorly differentiated squamous cell carcinoma

defined by chromosomal rearrangement of the NUT gene, most often

fused with BRD4. A previous study showed that BRD4-NUT inhibition

by (+)-JQ1 was able to induce squamous differentiation.5 Thus, we

tested if TW9 could also induce differentiation in the NMC cell line

HCC2429.26 Like (+)-JQ1, TW9 provoked a differentiation phenotype

in HCC2429, featuring cell spreading, flattening, and striking spindle

F IGURE 2 TW9 preserves both BETi and HDACi activities, and induces squamous differentiation in NMC. A, Dose-dependent manner of
MYC and H3K9/14 ac protein levels by immunoblot. PaTu 8988t cells were treated with the indicated doses of inhibitors for 48 hours. B, Time-
dependent manner of MYC and H3K9/14 ac protein levels by immunoblot. PaTu 8988t cells were treated with 1 μM indicated inhibitors and

harvested at the indicated time points. C and D, Time-course analysis of MYC protein levels by immunoblot (C) and p57 mRNA levels by
quantitative RT-PCR (D). PaTu 8988t cells were treated with 4 μM indicated inhibitors and harvested at the indicated time points. Mean ± SEM
from three independent experiments. E, Immunoblot analysis of drug washout experiment in PaTu 8988 t cells treated with 4 μM indicated
inhibitors (24 hours on and 48 hours off). F, Morphological changes of NMC cell line HCC2429 treated with 500 nM indicated inhibitors for
48 hours. G, Immunoblot analysis of involucrin, a differentiation marker, in HCC2429 cells treated with 500 nM indicated inhibitors for 72 hours.
H, Quantitative RT-PCR analysis of canonical squamous tissue genes (KRT10, KRT14 and TGM1) in HCC2429 cells treated with 500 nM indicated
inhibitors for 72 hours. Mean ± SEM from three independent experiments, ***P ≤ .001, **P ≤ .01, *P ≤ .05; n.s., not significant
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F IGURE 3 TW9 is a more potent antiproliferation molecule than its parental molecules or combinations thereof. A, CellTiter Glo cell viability
assay using four different PDAC cell lines treated with different doses of the indicated inhibitors for 5 days. Mean ± SEM from three independent
experiments, ***P ≤ .001, **P ≤ .01, *P ≤ .05; n.s., not significant. B, Colony formation assay of MIA PaCa-2 cells treated with 50 nM indicated
inhibitors for 5 days. C, Immunoblot analysis of cleaved caspase-3 in MIA PaCa-2 cells treated with 50 nM indicated inhibitors for 3 days. D, Cell
confluence measurement of MIA PaCa-2 cells after treatment of 1 μM indicated inhibitors for 24 hours by NYONE image cytometry (left). At end
time point, cells were stained for colony formation assay (right) [Color figure can be viewed at wileyonlinelibrary.com]

ZHANG ET AL. 9

http://wileyonlinelibrary.com


F IGURE 4 Legend on next page.

10 ZHANG ET AL.



morphology (Figure 2F). Furthermore, TW9 induced gene expression

of Involucrin, a differentiation marker, to a similar level as (+)-JQ1

(Figure 2G). Expression analysis of three canonical squamous tissue

genes by RT-PCR showed marked (>700-fold) induction of KRT14 and

modest induction of KRT10 (6-fold) and TGM1 (2-fold) by TW9 (Fig-

ure 2H). Notably, TW9 was significantly more efficient than (+)-JQ1 in

inducing the expression of each of these genes.

3.4 | TW9 is more potent in suppressing growth of
pancreatic cancer cells than its parental molecules

We next performed cell viability assays in a panel of PDAC cell lines

(MIA PaCa-2, DAN-G and HPAC) and observed that TW9 decreased

cell survival in a dose-dependent manner (Figure 3A). Furthermore,

TW9 showed a more potent effect on cell survival when compared to

(+)-JQ1, CI994 alone or the combination of (+)-JQ1 and CI994. Colony

formation assay also showed that TW9 was more potent in

suppressing cell growth (Figures 3B and S5A,B). Immunoblot analysis

clearly showed that TW9 treatment led to increased expression of

cleaved caspase 3, consistent with apoptotic cell death (Figure 3C).

In current clinical trials, single-agent BET inhibition is challenged

by limited effectiveness, toxicity issues and still largely unknown opti-

mal scheduling strategies.27 To evaluate alternative scheduling strate-

gies early on, we evaluated the long-term effects on cell survival of

TW9 when administered only once for a time period of 24 hours.

Compared to single-agent or combination treatment with (+)-JQ1 and

CI994, TW9 had more sustained effects on suppressing cell growth,

and cells started to grow much later (Day 10; Figure 3D, left panel).

Colony formation assay at the end time point also showed much

fewer colonies formed by TW9-treated cells (Figure 3D, right panel).

Next, we applied a schedule for TW9 (1 day on and 6 days off for

3 cycles), which further prolonged the suppressive effects

(Figure S5C). Thus, dosing of TW9 may be reduced with ongoing

tumor-suppressive activity.

3.5 | Sequential administration of gemcitabine and
TW9 shows synergistic effects

Gemcitabine is a standard-of-care chemotherapeutic agent in the

treatment of PDAC. Previous combination of gemcitabine with the

HDAC inhibitor CI994 resulted in increased toxicity and no beneficial

effect of this combination in a phase II clinical trial.28 Thus, we

evaluated the efficacy of combining TW9 and gemcitabine using dif-

ferent scheduling routes. Gemcitabine and TW9 were administered

either at the same time or sequentially. Serial dilutions of each com-

pound were combined, and the effect on the viability of HPAC cells

was measured by cell viability assay. A synergistic effect between

gemcitabine and TW9 was observed and most prominent when

gemcitabine was given 24 hours before TW9 (G1T2 schedule,

Figures 4A,B and S6A). Cleaved caspase 3 staining induced by G1T2

schedule supports highly increased apoptosis (Figure 4C). After the

same schedule, we also performed synergistic test for JQ1/CI994

when combined with gemcitabine (Figure S6B). The ZIP score (8.96)

of JQ1/CI994 is lower than that of TW9 (10.20), proving benefits of

TW9 as a dual inhibitor. Strikingly, simultaneous or sequential admin-

istration of TW9 first followed by gemcitabine showed no combinato-

rial benefits or even detrimental effects in colony formation

(Figures 4B and S7A), indicating that TW9 may reduce sensitivity to

gemcitabine in these schedules. Consistent with previous reports, we

found that (+)-JQ1 as well as TW9 induced accumulation of the cell-

cycle regulator p21 (Figure S7B), which led to G1 arrest (Figure S7C).

We assumed that the attenuated S-phase entry by (+)-JQ1 or TW9

inhibited gemcitabine incorporation into replicating DNA. To support

this hypothesis, we found that simultaneous administration of

gemcitabine and (+)-JQ1 or TW9 retained more cells in G1 phase

compared to gemcitabine treatment alone, which induced early S-

phase arrest (Figure S7D).

As known, gemcitabine induces acute replication stress as indi-

cated by the induction of phospho-CHK1, and withdrawal of

gemcitabine releases cells from such stress (Figure S7E). Simultaneous

treatment of TW9 followed by gemcitabine largely prevented cells

from replication stress induced by gemcitabine (Figure S7F). However,

G1T2 scheduling enhanced the gemcitabine-induced replication stress

(Figure 4D). Withdrawal of gemcitabine relieved replication stress and

cells returned to normal cell-cycle distribution (Figure 4E). However,

after the G1T2 schedule, cells maintained S-phase arrest after drug

withdrawal (Figure 4E). In summary, G1T2 scheduling showed the

most prominent synergistic effects by augmenting gemcitabine-

induced replication stress and apoptosis.

3.6 | TW9 blocks cell-cycle progression through
super enhancer-associated transcription factor FOSL1

To explore the molecular mechanisms elicited by TW9, transcriptomic

profiling was performed in the established PDAC cell line PANC-1.

F IGURE 4 Administration of TW9 with chemotherapy. A, Combination response to TW9 and gemcitabine for HPAC cells treated with three
administration schedules: (1) simultaneous administration of gemcitabine and TW9 for 24 hours and incubation for another 4 days; (2) Sequential

administration of TW9 and gemcitabine (each for 24 hours) and incubation for another 3 days; (3) Sequential administration of gemcitabine and
TW9 (each for 24 hours) and incubation for another 3 days. CellTiter Glo cell viability assay was performed to measure cell viabilities for all the
indicated dose combinations. Synergy effects were evaluated using SynergyFinder (synergyfinder.fimm.fi).39 The ZIP synergy score is averaged
over all the dose combination cells. B, Colony formation assay for HPAC cells treated with different administration schedules indicated above.
Here, 10 nM gemcitabine and 2 μM individual inhibitors were used. C and D, HPAC cells were sequentially treated with 10 nM gemcitabine and
2 μM individual inhibitors. Then, inhibitors were removed, and cells were cultured for another 1 day for immunoblot analysis of cleaved caspase-3
and phospho-CHK1. E, HPAC cells were treated as above and harvested at 24 and 48 hours after removal of inhibitors for cell-cycle analysis
[Color figure can be viewed at wileyonlinelibrary.com]
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Hierarchical clustering of the differentially expressed genes by either

TW9 or (+)-JQ1 revealed distinct gene expression profiles between

TW9 and (+)-JQ1-treated samples (Figure 5A). Around 70% of the dif-

ferentially expressed genes by (+)-JQ1 were also deregulated by TW9

(Figure 5B), indicating that TW9 largely recapitulates the activity of

(+)-JQ1. To obtain a deeper insight into the gene expression patterns

altered by TW9, we performed gene ontology (GO) analysis. Interest-

ingly, the genes downregulated by TW9 were mainly associated with

metabolic processes, cellular component organization and cell-cycle-

related processes (Figure 5C). Gene set enrichment analysis (GSEA)

also revealed that the significantly enriched pathways involved in cell

cycle progression were downregulated by TW9 in comparison with

DMSO or (+)-JQ1 treatment (Figure 5D). Furthermore, HDAC inhibi-

tion was among the most significantly enriched pathways in TW9-

treated samples (Figure 5E), indicating that TW9 also recapitulates the

activity of CI994.

Further, we aimed to identify TW9-regulated master transcrip-

tional regulators (TFs) that control cell-cycle progression. Previous

studies suggested that master TFs could be driven by super-enhancers

(SEs).29 We thus performed ChIP-seq using H3K27ac to identify the

genomic enhancer landscape. Bioinformatic analysis of the genome-

wide occupancy of H3K27ac resulted in the identification of 453 SEs

in PANC-1 cells (Figure 5F). We next analyzed SE-associated gene

expression of TW9- or (+)-JQ1-treated cells compared to controls.

Venn diagram analysis shows that 41 TW9-downregulated genes

were associated with SEs (Figure 5G). Compared to (+)-JQ1 treatment,

12 SE-associated genes were identified to be selectively targeted by

TW9, including the transcription factor FOSL1. FOSL1 has previously

been linked to KRAS-associated mitotic progression.30 To confirm the

downregulation of FOSL1 by TW9, we performed RT-PCR and found

that FOSL1 was indeed downregulated by TW9 to a larger extent,

compared to (+)-JQ1, CI994 and combined treatment (Figure 5H).

Moreover, GSEA analysis revealed that FOSL1 targets30 were signifi-

cantly downregulated by TW9 (Figure 5I), implying that TW9 dys-

regulated the transcriptional program of FOSL1. Consistent with the

elevated levels of FOSL1 in PDAC,30 we found SEs around the FOSL1

gene locus in PANC-1 cells but not in healthy pancreas (Figure 5J),

supporting the notion that cancer cells establish super-enhancers at

oncogenes during tumor pathogenesis.29 Statistical analysis of a pan-

creatic cancer cohort from the Human Protein Atlas data set14 rev-

ealed that FOSL1 is a prognostic marker and that high FOSL1

expression levels are unfavorable for patient survival (Figure 5K).

These results suggest that the antiproliferative phenotype observed in

TW9-treated cells may involve targeting of the FOSL1-regulated

mitotic machinery.

4 | DISCUSSION

Current drug discovery remains widely dominated by the “one gene,

one drug, one disease” paradigm. However, this paradigm has been

continuously challenged in terms of redundant functions and alter-

native complex compensatory signaling patterns that are especially

common in cancer. Thus, the biological rationale is compelling to

consider multitarget approaches over single-target strategies. Con-

ventional multitarget approaches include drug combinations, where

it is difficult to achieve equitable pharmacokinetics and bio-

distribution. To solve this issue, our study aimed at a single com-

pound that has multiple inhibitory activities. We designed and

synthesized ligands by conjugating two distinct pharmacophores

(BETi and HDACi).

In our study, the ligand TW9 contains (+)-JQ1 and CI994 moieties

showing dual inhibitory activities against BRD4 and HDAC proteins.

Here we show that TW9 is a more potent BET/HDAC dual inhibitor

than the combination of the parent molecules (+)-JQ1 and CI994,

showing promising antiproliferative activities in vitro in PDAC. Similar

dual BET/HDAC inhibitors have been reported in previous studies.31-34

In a recent study,34 a dual BET/HDAC inhibitor (compound 13a) with

a structure very similar to TW9 was reported. The difference is that

the ortho-aminoanilide in the CI994 moiety is replaced with

hydroxamic acid in compound 13a. This modification makes com-

pound 13a a potent pan-HDAC inhibitor, whereas our TW9 is a class I

selective HDAC inhibitor. Both probes (TW9 and compound 13a) are

valuable and complementary tools in cellular context-dependent stud-

ies. However, as a potential limitation, TW9 represents an adduct of

two inhibitory moieties, resulting in a dual inhibitor with a relatively

large molecular weight. In future studies, we aim to integrate both

functionalities in a single inhibitor in a manner that will reduce molec-

ular weight. Such dual inhibitors with BET activity have already been

reported for BET-kinase combinations by us and other research

groups.35-38

Intriguingly, we observed that TW9 had enhanced and more

sustained HDAC-inhibiting effects when assessing histone H3 acety-

lation at lysines 9 and 14 by western blot analysis and in the drug

washout experiment, suggesting that the CI994 moiety on TW9 has a

longer residence time on its targets. While this needs further

F IGURE 5 TW9 blocks cell-cycle progression through super-enhancer associated transcription factor FOSL1. A and B, Hierarchical clustering
(A) and Venn diagram analysis (B) of the differentially expressed genes in PANC-1 cells treated with 1 μM TW9 or (+)-JQ1 for 24 hours compared

to DMSO treatment. Each treatment was done in duplicate. C, Gene ontology analysis of TW9-downregulated genes. D and E, GSEA plots
comparing the enrichment of cell cycle-related pathways (D) and HDAC inhibition signature (E). F, Enhancers in PANC-1 ranked based on
H3K27ac signal intensity using the ROSE algorithm defining 453 super-enhancers. G, Venn diagram analysis identifying TW9-specific super-
enhancers. H, Quantitative RT-PCR analysis of FOSL1 gene in PANC-1 cells treated with 1 μM indicated inhibitors for 24 hours. Mean ± SEM
from six independent experiments, ***P ≤ .001, **P ≤ .01, *P ≤ .05; n.s., not significant. I, GSEA plot comparing the enrichment of FOSL1
signature. J, H3K27ac occupancy profiles at the FOSL1 gene in PANC-1 and the healthy counterpart. K, Kaplan-Meier plot showing the survival of
pancreatic cancer patients stratified by FOSL1 mRNA expression levels [Color figure can be viewed at wileyonlinelibrary.com]
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characterization, it may explain why TW9 has more prolonged

growth-inhibitory effects in the long-term proliferation assay.

Chemotherapy remains the standard-of-care treatment for PDAC

patients with limited long-term effectiveness. In our study, we

addressed if TW9 administration could improve the efficacy of

gemcitabine, a well-tolerated chemotherapeutic agent with limited

single-drug activity in PDAC. Strikingly, different schedules for admin-

istration yielded highly different results. We found that the cell-cycle

arrest by cotreatment with TW9 interferes with the incorporation of

gemcitabine into newly synthesized DNA and suppresses

gemcitabine-induced replication stress. In contrast, TW9 treatment

after gemcitabine administration sustains gemcitabine-induced S-

phase arrest and replication stress. This result may explain why we did

not previously observe synergism between (+)-JQ1 and gemcitabine

in a PDAC mouse model, in which twice daily treatment of (+)-JQ1

plus a Q3Dx4 schedule (every third day for four cycles) for

gemcitabine administration was applied.4

Previous studies implied that super-enhancers play key roles in

the control of cell identity and disease.29 In our study, we discovered

that PANC-1 tumor cells display super-enhancers at the oncogene

FOSL1. This led to the activation of a FOSL1 downstream transcrip-

tional program that supports tumor cell proliferation. The transcrip-

tional addiction of tumor cells to certain regulators of gene expression

provides opportunities for therapeutic interventions in cancer. Along

this line, we propose a model where TW9, by targeting the super

enhancer-associated FOSL1 gene, may counteract the dysregulated

transcriptional program and inhibit tumor cell proliferation.

As a proof of concept, our data support future efforts at develop-

ing chromatin-acting multitarget drugs harboring potential benefits

for clinical application: a linked pharmacokinetic profile, reduced risk

of drug-drug interactions and simplified dosing schedules. We are

now designing a second generation of BET/HDAC dual inhibitors that

integrate the two pharmacophores to achieve a lower molecular

weight and more drug-like physicochemical properties.
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3. Therapeutic targeting of p300/CBP HAT domain for the treatment of NUT midline 

carcinoma 

 

Summary 

NUT midline carcinoma (NMC), is a rare but highly aggressive and therapy resistant form of 

undifferentiated squamous cell carcinoma. Its characterized by chromosomal rearrangement of 

the NUT gene, most commonly to the bromodomain and extraterminal domain (BET) gene 

BRD4, forming a BRD4-NUT fusion oncogene. Because of the involvement of BRD4, BET 

inhibitors represent an attractive therapeutic approach. Since toxicity and obtained resistance 

observed in clinical trials limit the use BET inhibitors, the aim was to identify new selective 

compounds for the treatment of NMC. 

A drug screening approach using a library of different compounds developed by industry and 

academic collaborators and collected by the Structural Genomics Consortium (SGC) was 

performed. P300/CBP HAT inhibitor A-485, as well as the known BET inhibitor JQ1, was 

identified and further characterized. In contrast to JQ1, A-485 was selectively potent in NMC 

compared to other cell lines tested. Supporting an on-target action of A-485, an inactive 

analogue A-486 yielded no activity in NMC cells. Immunofluorescence and immunoblot 

analysis revealed that BRD4-NUT and BRD4 expressed from wild-type allele (BRD4 wt) were 

co-localized with acetylated H3K27 and decreased and dispersed after treatment with A485. 

The binding of BRD4-NUT to acetylated histones leads to interaction and recruitment of 

p300/CBP, which further acetylate histones and recruit even more BRD4-NUT in a feed-

forward manner. Large acetylated chromatin regions termed megadomains are created. It was 

shown, that A485 impairs the formation of hyperacetylated megadomains, induced by binding 

of BRD4-NUT and recruitment of p300. Further, megadomain-associated genes like MYC, 

CCAT1 and TP63 were also downregulated. Chromatin immunoprecipitation revealed 

diminished H3K27ac and BRD4-NUT levels at the MYC promoter and TP63 enhancer regions 

in A-485-treated cells. Additionally, a loss-of-function experiment was performed and in 

agreement with A-485 treatment, double knockdown of p300 and CBP also downregulated 

MYC, CCAT1 and TP63 mRNA levels. It was shown that treatment with A-485 induces a 

differentiated phenotype and increased levels of pan-cytokeratin in cytoplasm. The three 

canonical squamous tissue genes KRT10, KRT14 and TGM1 were upregulated as well as C-

fos, a transcription factor required for normal epithelial cell differentiation. Further, it was 

shown, that A-485 induced G1 arrest in NMC cells at early time point (24 h) and apoptosis at 

later time points (48 h and 72 h). In Addition, strong synergistic anti-proliferative effects 

between JQ1 and A485 were observed and transcriptomic profiling was performed to explore 



 

45 

the molecular mechanism. Combined treatment differentially regulated significantly more 

genes than both single treatments together. The most significantly enriched pathways are the 

p53 pathway, apoptosis and Wnt/β catenin signaling pathway. Additionally, using low dose 

concentrations, only combined treatment induced squamous differentiation in contrast to single 

drug treatment. 

In summary, p300/CBP HAT domain was identified as a novel potential therapeutic target for 

the treatment of therapy resistant NMC. The findings indicate that p300/CBP inhibition by A-

485 efficiently impairs BRD4-NUT oncogenic functions in NMC megadomains and induces 

differentiation and apoptosis. Combined p300/CBP and BET inhibition may be a potential 

approach to overcame obtained resistance to BET inhibitors. 

 

Zusammenfassung 

NUT midline carcinoma (NMC), ist ein seltenes, aber auch sehr aggressives und 

therapieresistentes, undifferenziertes Plattenepithelkarzinom. Charakteristisch für NMC ist 

eine chromosomale Umlagerung des NUT-Gens, zumeist an das bromodomain and 

extraterminal domain (BET)-Gen BRD4, was zur Bildung eines BRD4-NUT-Fusionsonkogens 

führt. Durch die Beteiligung von BRD4, repräsentieren BET-Inhibitoren einen attraktiven 

Behandlungsansatz. Da allerdings Toxizität und aufkommende Resistenzen, die in klinischen 

Studien beobachtet wurden, den Einsatz von BET-Inhibitoren einschränken, war das Ziel dieser 

Arbeit die Identifizierung neuer selektiver Inhibitoren für die Behandlung von NCM.  

Es wurde ein drug screening mit einer Sammlung verschiedener compounds, welche sowohl 

aus der Industrie als auch von akademischen Kooperationspartner stammen und vom Structural 

Genomics Consortium (SGC) zusammengestellt wurden, durchgeführt. Neben dem bekannten 

BET-Inhibitor JQ1 wurde der HAT-Inhibitor A485 identifiziert und weiter charakterisiert. Im 

Gegensatz zu JQ1 war A485 ausschließlich in NMC Zellen aktiv, im direkten Vergleich mit 

anderen Zelllinien. Gleichzeitig zeigte ein inaktiven Kontrollcompound A486 zeigte keinerlei 

Aktivität in NMC Zellen. Immunofluoreszens- und Immunoblot-Analysen veranschaulichten, 

dass BRD4-NUT sowie BRD4 Wildtyp co-lokalisiert mit acetyliertem H3K27 waren und nach 

einer Behandlung mit A485 verschwanden bzw. zerstreut wurden. Das Binden von BRD4-NUT 

an acetyliertes Histon führt zur Interaktion mit und Rekrutierung von p300/CBP, wodurch 

umliegende Histone weiter acetyliert werden, was wiederum BRD4-NUT rekrutiert und in 

einem sich Selbs verstärkenden Schleifenmechanismus endet. Riesige acetylierte 

Megadomänen innerhalb des Chromatins werden auf diese Weise gebildet. Es konnte gezeigt 

werden, dass eine Behandlung mit A485 die Bildung dieser Megadomänen unterbindet, die 

durch NUT-BRD4 induziert werden. Des Weiteren wurde beobachtet, dass Gene, welche in 
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direktem Zusammenhang mit diesen Megadomänen stehen, wie MYC, CCAT1 oder TP63, 

ebenfalls runterreguliert wurden. Mit Hilfe von Chromatin-Immunopräzipitation wurden 

zusätzlich verringerte Mengen von acetyliertem Histon und BRD4-NUT am MYC-Promoter 

bzw. am TP63-enhancer in mit A485 behandelten Zellen nachgewiesen. Ein loss-of-function- 

Experiment bestätigte, dass in Zellen mit einem p300/CBP Doppel-knockdown ebenfalls MYC, 

CCAT1 und TP63 runterreguliert wurden. Es konnte gezeigt werden, dass eine A485-

Behandlung einen differenzierten Phänotyp auslöste, der erhöhte Mengen pan-Cytokeratin im 

Cytoplasma aufwies. Die drei Plattenepithelgewebe-Gene KRT10, KRT14 und TGM1 wurden 

genau wie der Transkriptionsfaktor für epitheliale Zelldifferenzierung c-fos hochreguliert. 

Darüber hinaus wurde gezeigt, dass A485 zu einem frühen Zeitpunkt (24h) eine Blockade der 

G1-Phase auslöst und zu einem späteren Zeitpunkt (48h und 72h) Apoptose in NMC Zellen 

induziert. Zusätzlich wurden synergistische, anti-proliferative Effekte zwischen JQ1 und A495 

beobachtet, woraufhin ein Transkriptom-Profil erstellt wurde, um den molekularen 

Mechanismus genauer zu beleuchten. Es zeigte sich, dass die kombinierte Behandlung mit 

beiden Inhibitoren deutlich mehr Gene beeinflusste als die Behandlung mit beiden 

Einzelinhibitoren zusammen. Zu den am stärksten beeinflussten Signalwegen gehörten der P53- 

als auch Wnt/ß-catenin-Signalweg sowie Signalwege, die mit Apoptose in Verbindung gebracht 

werden. Zusätzlich wurde gezeigt, dass mit geringeren Behandlungskonzentrationen nur die 

kombinierte Behandlung mit beiden Inhibitoren Zelldifferenzierung auslösen konnte. 

Zusammenfassend konnte die p300/CBP HAT-Domäne als neue, therapeutische Zielstruktur in 

NMC identifiziert werden. Die Ergebnisse verdeutlichen, dass der HAT-Inhibitor A485 die 

Bildung von hyperacetylierten Megadomänen unterbindet und in der Lage ist Differenzierung 

und Apoptose zu induzieren. Eine Kombinationstherapie mit BET-Inhibitoren könnte ebenfalls 

eine Möglichkeit bieten, Therapieresistenzen gegen eben diese zu adressieren.  

  

  



 

47 

Cumulative dissertation of Tim Zegar - author contributions 

 

 

Therapeutic targeting of p300/CBP HAT domain for the treatment of 

NUT midline carcinoma 

 

Xin Zhang, Tim Zegar, Anais Lucas, Chevaun Morrison-Smith, Tatiana Knox, Christopher A. French, Stefan 

Knapp, Susanne Müller and Jens T. Siveke  

 

Xin Zhang and Tim Zegar are co-first authors of this article 

 

 

conception - 0 %: The conception was done by Prof. Dr. Jens T. Siveke and Dr. Xin Zhang. 

 

experimental work - 60 %: Tim Zegar was involved in biological and biochemical experiments 

(immunoblot analysis, RT-qPCR, colony formation assay, immunofluorescence analysis, 

Hemacolor assay). 

 

data analysis - 50 %: Tim Zegar was involved in data analysis from biological and biochemical 

experiments. 

 

data collection and statistical analysis - 30 %: Tim Zegar was collecting and combining 

results. The final statistical analysis was done by Dr. Xin Zhang. 

 

writing the manuscript - 5 %: Tim Zegar was partially writing the experimental part.  

 

revision process of the manuscript - 50 %: Tim Zegar was involved in experimental work and 

revising and editing of figures. 

 

 

 

 

____________________        ___________________ 

   Signature PhD student           Signature supervisor 

 

  



Oncogene
https://doi.org/10.1038/s41388-020-1301-9

BRIEF COMMUNICATION

Therapeutic targeting of p300/CBP HAT domain for the treatment of
NUT midline carcinoma

Xin Zhang1,2
● Tim Zegar1,2 ● Anais Lucas3,4,5 ● Chevaun Morrison-Smith6 ● Tatiana Knox6 ● Christopher A. French6

●

Stefan Knapp3,4,5
● Susanne Müller 3,4

● Jens T. Siveke 1,2

Received: 8 October 2019 / Revised: 8 April 2020 / Accepted: 9 April 2020
© The Author(s) 2020. This article is published with open access

Abstract
Nuclear protein of the testis (NUT) midline carcinoma (NMC), is a rare and highly aggressive form of undifferentiated
squamous cell carcinoma. NMC is molecularly characterized by chromosomal rearrangement of the NUT gene to another
gene, most commonly the bromodomain and extraterminal domain (BET) gene BRD4, forming the BRD4-NUT fusion
oncogene. Therefore, inhibiting BRD4-NUT oncogenic function directly by BET inhibitors represents an attractive
therapeutic approach but toxicity may limit the use of pan-BET inhibitors treating this cancer. We thus performed a drug
screening approach using a library consisting of epigenetic compounds and ‘Donated Chemical Probes’ collated by the
Structural Genomics Consortium (SGC) and identified the p300/CBP HAT inhibitor A-485, in addition to the well-known
BET inhibitor JQ1, to be the most active candidate for NMC treatment. In contrast to JQ1, A-485 was selectively potent in
NMC compared to other cell lines tested. Mechanistically, A-485 inhibited p300-mediated histone acetylation, leading to
disruption of BRD4-NUT binding to hyperacetylated megadomains. Consistently, BRD4-NUT megadomain-associated
genes MYC, CCAT1 and TP63 were downregulated by A-485. A-485 strongly induced squamous differentiation, cell cycle
arrest and apoptosis. Combined inhibition of p300/CBP and BET showed synergistic effects. In summary, we identified the
p300/CBP HAT domain as a putative therapeutic target in highly therapy-resistant NMC.

Introduction

Nuclear protein of the testis (NUT) midline carcinoma
(NMC) is defined by chromosomal rearrangement of the
nuclear protein of the testis (NUT) gene on chromosome
15q14 mainly arising in midline structures, such as head,
neck and mediastinum. In ~70% of NMCs, most of the
coding sequence of NUT is fused to BRD4, creating a
BRD4-NUT oncogene [1, 2]. In the BRD4-NUT fusion
protein, the BRD4 moiety contains two tandem bromodo-
mains (BD) that bind to acetyl-lysine residues on histones
and the NUT moiety contains two acidic domains (AD), one
of which binds to the histone acetyltransferase p300/CBP
stimulating its catalytic activity [3]. Recruitment of p300/
CBP leads to regional histone hyperacetylation, which
further recruits BRD4-NUT in a feed-forward manner [4].
Eventually, massive acetylated chromatin regions termed
‘megadomains’ are created. BRD4-NUT megadomains
drive transcription of underlying genes (e.g. MYC and
TP63) that prevent differentiation and stimulate growth [4].

NMC is one of the most therapy-resistant tumors. As a
major pathogenic driver of transformation, BRD4-NUT
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represents a rationale target for NMC. In preclinical models,
BET inhibitors (BETi) that compete with acetyl-lysines on
histones for binding of BRD4 have shown anti-proliferative

efficacy accompanied with squamous differentiation [5].
Exposure of NMC cells to BETi results in the loss of
BRD4-NUT megadomain and downregulation of

X. Zhang et al.



megadomain-associated genes [4]. Several BETi have
entered clinical trials and evidence of clinical activity was
observed [6–8]. However, the response rate in NMC to
BETi was only 20–30% and patients eventually developed
resistance [6, 7]. Another concerning issue is toxicity of
pan-BETi, leading most commonly to thrombocytopenia,
thus limiting the usage of BETi in NMC [6, 7]. Therefore,
alternative regimens or combination therapies need to be
developed. In this study, we identified a p300/CBP HAT
inhibitor that is selectively potent in NMC. Consistent with
the location of p300/CBP in a complex with BRD4-NUT,
this inhibitor disrupts BRD4-NUT megadomain and
downregulates megadomain-associated genes, leading to
squamous differentiation and growth arrest. Additionally,
p300/CBP and BET inhibitors confer synergistic anti-tumor
effects. These results implicate an alternative regimen in
NMC by targeting p300/CBP as a monotherapy or com-
bined with BETi.

Results

A-485 is selectively anti-proliferative in NMC

In order to identify potential inhibitors for NMC, we
screened two libraries of highly selective and well-
characterized inhibitors, so called chemical probes that
have been developed by the Structural Genomics Con-
sortium (SGC) chemical probe program (epigenetic library)
or have been donated by industry (donated chemical probes,
DCP). Each compound of these libraries is accompanied by
its inactive structurally highly related analogues. The

potency, selectivity and cellular activity of all the com-
pounds have been extensively profiled and data are reg-
ularly updated in an online database and web resources
(https://www.sgc-ffm.uni-frankfurt.de/ and https://www.
thesgc.org/chemical-probes/epigenetics). The currently
assembled 79 chemical probes cover diverse cellular targets
such as epigenetic regulators, receptors and transporters as
well as kinases [9–11] (Supplementary Fig. 1).

Next, we analyzed the NMC cell line HCC2429 and two
pancreatic tumor cell lines (Patu8988T and QGP-1) to
identify NMC-selective inhibitors and distinguish them
from compounds of general toxicity (Fig. 1a). Among the
chemical probes that showed strong anti-proliferative
activity in HCC2429 cells, we identified the BETi JQ1
(P < 0.0001; Fig. 1a, b). Consistent with previous studies
[12], JQ1 also showed strong activity against non-NMC
cells (Fig. 1a, b). In contrast, two compounds, A-485 (P=
0.016) and BTZO-1 (P= 0.028), only showed activities in
HCC2429 cells (Fig. 1a, b). A-485 was developed as a
selective catalytic p300/CBP inhibitor, which has demon-
strated inhibitory effects in several hematological malig-
nancies and androgen receptor-positive prostate cancer [13].
BTZO-1, a selective inhibitor for macrophage migration
inhibitory factor (MIF), was originally discovered as a
cardioprotective agent [14]. However, the role of MIF in
NMC remains to be established and this strategy was not
pursued further in this study.

Considering the important roles of p300/CBP in NMC,
we focused on A-485 for further characterization. To
validate our findings, we determined the half maximal
inhibitory concentration (IC50) values of A-485 across
three NMC cell lines (HCC2429, 00–143 and Ty-82) and
six non-NMC cell lines (Patu8988T, Patu8988S, U2OS,
HepG2, M21 and COLO320DM). We found a sig-
nificantly higher activity in all NMC cell lines compared to
non-NMC cells (Fig. 1c). Supporting an on-target action of
A-485, the inactive analogue A-486 yielded no activity in
NMC cells (Fig. 1d).

A-485 impairs hyperacetylated chromatin domains
and downregulates BRD4-NUT megadomain-
associated genes

Because of the critical roles of p300/CBP in creating
hyperacetylated chromatin domains associated with BRD4-
NUT in NMC [3, 4], we explored the consequences of
p300/CBP inhibition by A-485. First, we performed
immunofluorescence analysis in HCC2429 cells. In DMSO-
treated cells, BRD4-NUT and BRD4 expressed from wild-
type allele (BRD4 wt) were co-localized with acetylated
H3K27 (H3K27ac) in the distinct chromatin foci (Fig. 2a).
A-485 treatment dispersed the hyperacetylated chromatin
foci (Fig. 2a). Similar effects were observed in NMC cell

Fig. 1 Chemical probe screening identified a p300/CBP inhibitor
that is selectively anti-proliferative in NMC. a Chemical probe
screening in three tumor cell lines. HCC2429, NUT midline carci-
noma; Patu8988T, pancreatic ductal adenocarcinoma; QGP-1, pan-
creatic neuroendocrine tumor. Cells were incubated with each of the
chemical probes at a concentration of 10 µM for 72 h and cell viabil-
ities were measured by CellTiter Glo Cell Viability assay. The values
were normalized to dimethyl sulfoxide (DMSO)-treated samples and a
heatmap was generated based on the mean values of three independent
experiments. The heat map was colored according to normalized cell
viability as depicted in the figure capture. The p-values of positive hits
(JQ1, A-485 and BTOZ-1) were presented in the text. b Venn diagram
analysis showing NMC-selective and -unselective inhibitors. Probes
with cell viability less than 50% in at least one cell line from the
screening above were chosen as potent hits. c IC50 of A-485 on three
NMC cell lines and six cell lines of other tumor identities. Mean ±
SEM from three independent experiments, *P ≤ 0.05. d Comparison of
the growth effects A-485 (red circles) and the inactive analogue A-486
(black square) on three NMC cell lines. IC50 of A-485 is shown in the
graph. Mean ± SD from three technical replicates. In (c) and (d), cells
were incubated with inhibitors at a concentration range between 10 nM
and 25 µM. Cell viability was monitored after 72 h by CellTiter Glo
Cell Viability assay. The dose response curve was used to determine
the IC50 by Prism.
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lines TC-797 and PER-403 (Supplementary Fig. 2A). We
further observed that BRD4-NUT and BRD4 wt protein
levels were decreased by A-485 (Supplementary Fig. 2B).

Previous studies demonstrated that BRD4-NUT mega-
domains overlap at oncogenic loci and induce abnormal

expression of oncogenes (e.g. MYC, CCAT1 and TP63) in
NMC [4]. CCAT1 is an enhancer RNA upstream of MYC
locus [15], and CCAT1 and MYC share one BRD4-NUT
megadomain [4]. We assumed that p300/CBP inhibition
could impair BRD4-NUT binding at these oncogenic loci
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due to the diminished acetylated histone. To confirm this,
we performed chromatin immunoprecipitation. Indeed, we
observed diminished H3K27ac and BRD4-NUT levels at
the MYC promoter and TP63 enhancer regions in A-485-
treated HCC2429 cells (Fig. 2b). Consistently, MYC,
CCAT1 and TP63 mRNA levels were significantly repres-
sed by A-485 at a very early time point (6 h, Fig. 2c),
suggesting a direct effect of A-485 on the expression of
these genes. Similar effects were observed in TC-797 and
PER-403 cells (Supplementary Fig. 3A). MYC protein
levels were also reduced in A-485-treated HCC2429 cells
(Fig. 2d).

To further elucidate the specific role of A-485 on p300/
CBP, we performed p300/CBP loss-of-function experiment.
The siRNAs showed moderate repression of p300 and CBP
mRNA levels respectively (Supplementary Fig. 3B). Since
A-485 targets the HAT domain of both p300 and CBP, we
combined p300 and CBP siRNAs for the knockdown
experiment to maximally phenocopy A-485. In agreement
with A-485, double knockdown of p300/CBP also down-
regulated MYC, CCAT1 and TP63 mRNA levels supporting
target-specific effects of A-485 (Supplementary Fig. 3C).
These results indicate that p300/CBP inhibition by A-485
efficiently impairs BRD4-NUT oncogenic functions
in NMC.

A-485 induces squamous differentiation, cell cycle
arrest and apoptosis

We reasoned that if competitive inhibition of BRD4-NUT
in NMC is sufficient to induce squamous differentiation
[5], A-485 might also provoke differentiation by disrupt-
ing BRD4-NUT megadomains. Indeed, A-485-treated
HCC2429 cells showed a differentiation phenotype, fea-
tured by flattening of cells and accumulation of pan-keratin
in the cytoplasm (Fig. 3a, b). Expression analysis by
quantitative RT-PCR showed induction of three canonical
squamous tissue genes (KRT10, KRT14 and TGM1) in a

dose-dependent manner (Fig. 3c). C-fos, belonging to the
Activation Protein-1 (AP-1) family, is an immediate-early
inducible transcription factor required for normal epithelial
cell differentiation [16]. Here, we also observed the
induction of c-fos by A-485 (Fig. 3c). Furthermore, A-485
induced the protein levels of Involucrin, a well-known
differentiation marker (Fig. 3d). Differentiation phenotype
was also observed in TC-797 and PER-403 cells treated
with A-485 indicated by morphological changes (Supple-
mentary Fig. 4A). Although TC-797 and PER-403 have
different cells of origin and varying degrees of capacity to
differentiate, their marker profiles are in most consistent
with that of HCC2429 cells (Supplementary Fig. 4B, C).
Consistently, p300/CBP double knockdown in HCC2429
cells also induced c-fos expression (Supplementary Fig.
4D), although the induction of squamous tissue genes
(KRT10, KRT14 and TGM1) was not obvious probably due
to the moderate downregulation of p300/CBP by siRNAs
(Supplementary Fig. 3B). By performing chromatin
immunoprecipitation analysis at the c-fos promoter region,
we also observed diminished H3K27ac and BRD4-NUT
enrichment upon A-485 treatment (Supplementary Fig. 5).
It would be interesting to further dissect the mechanism of
de-repression of differentiation gene by A-485.

In NMC cells, differentiation was shown to be accom-
panied by cell cycle arrest [5]. Indeed, A-485 induced G1
arrest in HCC2429 cells at early time point (24 h, Fig. 3e).
Moreover, elevated levels of cleaved caspase-3 at later time
points (48 and 72 h) indicated apoptosis induction by A-485
(Fig. 3f).

P300/CBP and BET inhibition have synergistic
effects in NMC

Because P300/CBP and BRD4-NUT co-localize in hyper-
acetylated chromatin foci in NMC, we assessed if combi-
nation of p300/CBP and BET inhibitors would lead to
synergistic anti-proliferative effects. We tested 9 different
concentrations of A-485 ranging from 3.91 nM to 1 µM in
combination with 5 different concentrations of JQ1 ranging
from 6.25 to 100 nM for HCC2429 cells. After 72 h incu-
bation, cell viability assays were performed and the syner-
gistic effects were evaluated using SynergyFinder [17].
Combined treatment of A-485 and JQ1 showed strong
synergy (ZIP synergy score 13.514, Fig. 4a). We also tested
combined treatment in a non-NMC cell line Patu8988S and
still observed an albeit smaller synergistic effect (ZIP
synergy score 7.531, Supplementary Fig. 6), arguing that
combined inhibition of p300/CBP and BET may be syner-
gistic beyond NMC cells.

To further explore this synergistic effect, transcriptomic
profiling was performed in HCC2429 cells incubated with
A-485 and JQ1 alone or combined at concentrations of 1/3

Fig. 2 A-485 impairs hyperacetylated chromatin domains and
downregulates BRD4-NUT megadomain-associated genes. a
Immunofluoresence detection of H3K27ac, BRD4-NUT and BRD4 wt
proteins in HCC2429 cells incubated with 1 µM A-485 or DMSO for
3 days. Scale bar = 10 µm. b Chromatin immunoprecipitation (ChIP)
analysis of H3K27ac and BRD4-NUT at the MYC promoter and TP63
enhancer regions in HCC2429 cells incubated with 1 µM A-485 or
DMSO for 3 days. Chromatin was precipitated with normal rabbit IgG
(IgG as control), H3K27ac and NUT antibodies. Precipitated chro-
matin was analyzed using qPCR and presented as fold enrichment to
IgG control. Mean ± SEM from four independent experiments, **P ≤
0.01, *P ≤ 0.05. c Quantitative RT-PCR analysis of MYC, CCAT1 and
TP63 genes and (d) immunoblot analysis of H3K27ac and MYC
proteins in HCC2429 cells incubated with A-485 at indicated con-
centrations for 48 h. Mean ± SEM from three independent experi-
ments, ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05; n.s., not significant.
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of cellular IC50 values for 8 h to evaluate the primary
transcriptional effect of the inhibitors. Only 149 and 71
genes were affected by A-485 and JQ1 respectively

(Fig. 4b, c), but combined treatment differentially regulated
more genes (518 genes, Fig. 4b, c). To obtain insight into
the gene expression patterns, we performed gene set

A DAPI                        cytokeratin merge

C

D

24 h

DMSO           0.5                 1             

A485

cleaved casp3

cleaved casp3

cleaved casp3

-actin

-actin

-actin

μM

48 h

72 h

F

B

DMSO    
A485 

0.5 μM
A485 
1 μM

JQ1 
0.5 μM

Involucrin

-actin

E

DMSO

0.5 μM
A-485

0.5 μM
JQ1

DMSO

0.5
µM

 A-48
5

1µM
 A-48

5

0.5
µM

 JQ
1

0

1

2

3

KRT10

N
or

m
al

iz
ed

 m
R

N
A 

le
ve

ls

��

��
�

DMSO

0.5
µM

 A-48
5

1µM
 A-48

5

0.5
µM

 JQ
1

0

20

40

1000

1500

KRT14

N
or

m
al

iz
ed

 m
R

N
A 

le
ve

ls

��
�

���

DMSO

0.5
µM

 A-48
5

1µM
 A-48

5

0.5
µM

 JQ
1

0

2

4

6

8

10

TGM1
N

or
m

al
iz

e d
 m

R
N

A 
le

ve
ls

��

�

��

DMSO

0.5
µM

 A-48
5

1µM
 A-48

5

0.5
µM

 JQ
1

0
2
4
6
20
25
30
35
40

c-fos

N
or

m
al

iz
ed

 m
R

N
A 

le
v e

ls

�

��

���

24 h 48 h 72 h
30

40

50

60

70

80

%
 p

op
ul

at
io

n 
at

 G
1 

ph
as

e

DMSO
A-485 0.5 μM
A-485 1 μM

��

�
�

���
�

�

DMSO

0.5 μM
A-485

0.5 μM
JQ1

X. Zhang et al.



enrichment analysis (GSEA). In combination-treated sam-
ples, the p53 pathway and apoptosis were among the most
significantly enriched pathways (Fig. 4d), which probably
contribute to the observed synergistic effects. Furthermore,
gene sets for MYC targets and Wnt/β catenin signaling that
support tumor cell growth and inhibit differentiation were
significantly downregulated (Fig. 4d). Validating the above
findings, immunoblot analysis showed enhanced cleaved
caspase-3 by combined treatment (Fig. 4e), indicating
induced apoptosis. Consistently, combined treatment, but
not single treatment with sub-optimal concentrations,
strongly inhibited colony formation (Fig. 4f and Supple-
mentary Fig. 7A). Moreover, at concentrations below the
IC50 values for the single agents, only combined treatment
induced squamous differentiation (Fig. 4g and Supple-
mentary Fig. 7B).

Discussion

We identified the p300/CBP HAT inhibitor A-485 to be
highly potent in NMC but not in tested cell lines derived
from other tumor entities. Our chemical probe library also
included two p300/CBP bromodomain inhibitors (I-
CBP112 and SGC-CBP30) [18, 19]. However, both p300/
CBP bromodomain inhibitors showed no or only margin-
ally inhibitory effects on NMC cells raising the question if
the bromodomain of p300/CBP is dispensable for its
oncogenic function in NMC. In general, the bromodomain
is required for p300/CBP to serve as acetyl-lysine binding
module tethering the HAT activity to defined chromatin
sites to achieve highly specific histone acetylation and
transcriptional activation [20, 21]. In NMC, BRD4-NUT
binds to acetylated chromatin through its bromodomains
and provides a platform for the recruitment of p300/CBP
and the stimulation of its HAT activity [3]. Moreover, the
bromodomain of p300/CBP is not required for the direct
interaction between p300/CBP and BRD4-NUT [3].
Therefore, we reasoned that the bromodomain might be

dispensable for chromatin binding of p300/CBP in NMC.
However, whether the bromodomain affects p300/CBP
HAT activities in NMC is unknown. Further work will be
required to compare the effects of the p300/CBP HAT and
bromodomain inhibition to develop the most potent p300/
CBP inhibitors.

NMC, one of the most lethal solid tumors, responds
poorly to chemo- and radiotherapy. Since the discovery of
BET proteins in the tumorigenesis of NMC, current efforts
focus on targeting the causative oncoprotein BET. The
main targets of the pan-BETi developed so far include
BRD2, BRD3 and BRD4, which are ubiquitously
expressed in tissues. Given the importance of BET pro-
teins in the basal transcription machinery, BETi inevitably
affect normal cell functions. Thrombocytopenia, fatigue,
gastrointestinal symptoms, and hyperbilirubinemia are
among the dose-limiting side effects reported in patients
treated with BETi [7]. Pan-BETi was also reported to have
activity for bromodomain testis-specific protein (BRDT),
causing testicular atrophy and reversible infertility [22].
Compared to the activity of BETi across broad tumor
types, p300/CBP inhibitors selectively target lineage-
specific tumors [13]. Moreover, transcriptional profiling
of human T cells and one prostate cancer cell line after
treatment of p300/CBP inhibitors revealed significantly
fewer altered genes than observed with BETi [19, 23].
Thus, p300/CBP inhibition is an alternative therapeutic
strategy that potentially leads to fewer adverse events than
the broadly acting BETi.

In clinical trials of BEiT, only a small fraction of NMC
patients responded and eventually relapsed during treat-
ment [6, 7]. Thus, the development of BETi faces the
challenges of how to enhance the sensitivity of patients
and how to overcome resistance. Others [18, 23] and our
study discovered that combination of p300/CBP and BETi
results in a highly synergistic inhibitory effect in several
tumor types. Furthermore, BETi-resistant cells continue to
respond to the p300/CBP inhibitor [23]. We propose that
combination therapy using both p300/CBP and BET
inhibitors may be necessary to sensitize patient and over-
come BETi resistance. Our efforts in exploring the mole-
cular mechanisms of this synergistic effect in NMC
discovered that combined p300/CBP and BET inhibitors
significantly downregulate Wnt/β catenin signaling.
Interestingly, one study in human and mouse leukemia
cells demonstrated that increased Wnt/β catenin signaling
contributes to the resistance to BETi and negative reg-
ulation of this pathway restores the sensitivity [24].
Recently, a dual inhibitor of both p300/CBP and BET
showed promising anti-tumor effect in prostate cancer
[25, 26]. Thus, combined p300/CBP and BET inhibition
may be a rational and conceivable targeting approach in
NMC and other tumor types.

Fig. 3 A-485 induces squamous differentiation, cell cycle arrest
and apoptosis. a Hemacolor staining of HCC2429 cells incubated
with 0.5 or 1 µM A-485 for 5 days. b Immunofluoresence detection of
cytokeratin in HCC2429 cells incubated with 0.5 µM A-485 or JQ1 for
5 days. Scale bar = 20 µm. c Quantitative RT-PCR analysis of squa-
mous tissue genes (KRT10, KRT14 and TGM1) and c-fos in HCC2429
cells incubated with 0.5 or 1 µM A-485 or 0.5 µM JQ1 for 5 days.
Mean ± SEM from three independent experiments, ***P ≤ 0.001,
**P ≤ 0.01, *P ≤ 0.05. d Immunoblot analysis of Involucrin in
HCC2429 cells incubated with 0.5 or 1 µM A-485 or 0.5 µM JQ1 for
5 days. e Flow cytometry analysis of HCC2429 cells incubated with
0.5 or 1 µM A-485 for 24, 48 and 72 h. Mean ± SEM from three
independent experiments, ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05.
f Immunoblot analysis of cleaved caspase-3 in HCC2429 cells incu-
bated with 0.5 or 1 µM A-485 for 24, 48 and 72 h.
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Materials and Methods

Cell culture

NMC cell lines HCC2429 [27], Ty-82 [28], 00–143 [29],
TC-797 [30], PER-403 [31] and the pancreatic tumor cell
line QGP-1 [32] have been described. HCC2429, Ty-82 and
00–143 were kindly provided from Lead Discovery Center
GmbH (Dortmund, Germany). The pancreatic tumor cell line
Patu8988T was from the American Type Culture Collection.
All cell lines were free of mycoplasma contamination and
authenticated using short tandem repeat (STR) profiling.

Data availability

Microarray data are available through ArrayExpress under
the accession code E-MTAB-8955.
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4. Discussion 

Altered epigenetic states and dysregulated transcription in cancer cells indicated a significant 

impact of epigenetic therapies. The promising results of dual BET/HDAC inhibitor TW9 in 

PDAC and HAT inhibitor A485 in NMC underline the important role of targeting epigenetic 

regulators as essential part of cancer therapy in the future. Exploiting vulnerabilities of 

transcriptional addiction and a better understanding about the connection between tumor 

heterogeneity and therapy resistance will be a considerable addition to targeted therapy and 

improve therapeutic strategies. Thus, this new generation of inhibitors may deliver a powerful 

tool for treating the most therapy resistant tumors, since their low overall survival (OS) is often 

linked to relapse of treatment resistant cells. While NMC is a deadly, but also very rare cancer, 

PDAC is estimated to be the second leading cause of cancer death in the United States by the 

year 20302, underlining the urgent need for novel therapeutic strategies for pancreatic cancer. 

Especially the Basal-like subtype is highly involved in therapy resistance and recurrence of 

tumor cells. Targeting transcriptional regulators could become a promising approach to block 

or revert the epigenetic driven transition from Classical to Basal-like cells. Since the Classical 

subtype responds much better to first-line chemotherapy, a combination therapy with 

chemotherapeutic agents holds great promise for treating PDAC, which is supported by 

observed synergistic effects between TW9 and gemcitabine. However, a deeper understanding 

of cellular plasticity, transcriptional dependencies and mechanistic models, how they drive 

cancer progression, is required to transform these findings into patients benefit. Targeting 

master TFs and especially oncogenic Myc provides great opportunities, but remains 

challenging. So far, many BET inhibitors entered clinical evaluation, but no inhibitor reached 

FDA approvement. A focus on epigenetic-based screening platforms and improved assay 

systems, as well as a new generation of more potent and selective compounds, will hopefully 

help to develop the field of epigenetic approaches and to yield new therapeutic strategies. 

So far, a large body of results points to combination therapies rather than single inhibitor 

treatment. While advanced diagnostics, identification of oncogenic driver mutations and 

targeted therapy already revolutionized cancer medicine, transcriptional inhibitors are the most 

promising approach to complete existing strategies and target the remaining “untreatable” 

carcinomas as well as emerging therapy resistance. 

 

4.1 Combinational and low dose therapies 

Recent preclinical studies report synergism for most epigenetic inhibitors in combination with 

other epigenetic and non-epigenetic therapeutics. The rational design of TW9 was based on 

previous observation of synergism between the BETi JQ1 and the HDACi SAHA in PDAC 
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xenograft experiments and TW9 was additionally shown to synergize with gemcitabine, the 

standard-of-care chemotherapeutic agent in the treatment of PDAC. Further, synergism 

between HATi A485 and JQ1 was observed in combinational treatment of NMC, indicating 

that novel therapeutic strategies will consider epigenetic combination therapies rather than 

single agent treatments. Given the fact, that most cancers are driven by multiple gene alterations 

and additionally compensatory signaling pathways occur, its rational to focus on multitarget 

therapies. Like previously reported, HDAC inhibitors were shown to decrease the emergence 

of resistance and sensitize tumor cells to a specific treatment, thus combinational approaches 

together with first-line therapeutics is a promising strategy to overcome resistance against 

targeted or immune therapy. Drug-drug interactions, toxicity or pharmacokinetics are usually 

limiting the application of combination therapies. If possible, an optimized low dose scheduling 

is one strategy to solve this issue. Another approach would be the focus on the design of dual 

active compounds with multiple inhibitory activities. Recent studies about BET/kinase 

inhibitors underline the importance of dual active compounds in future therapeutic strategies 

and only a few weeks before publication of TW9, another research group reported about a 

BET/HDAC inhibitor with nearly similar structure to TW9 for the treatment of pancreatic 

cancer100. After observation of strong synergism between gemcitabine and TW9, the usage of 

a dual inhibitor allows a potential multitarget treatment, while a therapy containing three 

different drugs is difficult to implement into clinical applications.  

Beside the advantages of the application of a single drug instead of two, dual inhibitor TW9 

additionally demonstrated advanced activity in PDAC cells compared to combinational 

treatment with both single inhibitors. TW9 had a more potent and sustained effect on cell 

viability, which will increase the therapeutic window and enable more combinational strategies.  

Especially the HDAC moiety showed enhanced and prolonged activity compared to same levels 

of CI994. While this observation definitely needs further evaluation, a longer on target 

residence time or increased molecule stability are possible explanations. However, TW9 was 

successfully designed as proof of concept compound. Therefore, as adduct of two epigenetic 

inhibitors, it has a relatively high molecular weight and was not optimized for clinical 

applications. First in vivo experiments in mouse models also indicate toxicity by TW9. Thus, a 

second generation of dual BET/HDAC inhibitors with lower molecular weight and improved 

physicochemical properties has to proof its in vivo application for prospective therapeutic 

strategies. 

Many combinational approaches already demonstrate strong synergy at reduced doses of single 

inhibitors. Decreased concentrations of A485 and JQ1 were able to induce squamous 

differentiation in NMC, while single agent treatment was not. A low dose therapy would 
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additionally lower toxicity and side effects, which are affecting quality of life of most cancer 

patients, especially in combination with conventional chemotherapy. Working with lower drug 

concentrations also becomes interesting in the context of therapy resistance. Using the 

maximum tolerable dose for treatment is not uncommon in clinical anti-cancer applications. As 

previously mentioned, fluctuating drug tolerant cells are a small subpopulation of cancer cells, 

becoming the predominant population after treatment and probably the main reason for tumor 

relapse (Fig. 1). It was also mentioned that therapy resistance comes with a price, since 

maintenance of alternative pathways requires resources, which must be diverted from 

proliferation, resulting in slow cycling cells. These findings suggest, that sensitive cells have 

an increased fitness compared to resistant cells in an environment of limited substrate. In 

contrast to a conventional high dose therapy, lower concentration treatments may not eliminate 

all sensitive cells, but in each treatment cycle the tumor remains sensitive, since the sensitive 

cells will always overgrow the resistant cells after therapeutic withdrawl2. This therapeutic 

strategy would aim for maximizing progression free survival and patient`s quality of life. 

Recent studies underline the potential impact of low dose therapies for treating cancer101, 102. 

However, a well optimized scheduling and dosing as well as a highly flexible and adaptive 

treatment is required to release the full potential of a low dose combinational therapy. If used 

properly, these adaptive strategies may prolong therapy response and sustainable increase 

patient’s wellbeing. 

 

4.2 Future directions 

Therapy resistance is one of today’s biggest challenges in treating cancer. Even the application 

of transcriptional inhibitors was shown to be a first successful strategy to target treatment 

resistance, there are emerging evidences that indicate development of resistance against 

epigenetic inhibitors by tumor cells103, 104. For instance, while most NMC cell lines were shown 

to be sensitive to treatment with p300/CBP inhibitor A485, two cell lines (TC-797 and PER-

403) only demonstrated comparable effects and induced differentiation with high inhibitor 

concentrations, indicating an emerging escape mechanism. Beside low dose combination 

therapies, simultaneously targeting of two transcriptional regulators may be a possible approach 

to avoid resistance against epigenetic inhibitors. I would be interesting to see for example, 

whether TW9 is able to overcome BET inhibitor resistance in tumor cells. 

Studies about BETi resistance report about different mechanisms, which are induced by 

compensatory signaling and pathways instead of mutations in BET bromodomain genes91, 

suggesting that cellular plasticity is also involved in the development of resistance to BET 

inhibitors. One of the described escape mechanisms to BETi treatment is an increased WNT 



 

61 

signaling91. Wnt/β-catenin signaling in collaboration with TGF-ß, is highly involved in EMT-

induction and cellular plasticity. It has been shown, that they are part of autocrine signaling 

loops in order to maintain the mesenchymal state and CSC-like properties, including drug 

resistance105. Observations, that chromatin-bound BRD4 levels in BETi-resistant cells are 

globally reduced, but the expression of target genes like Myc are unchanged, indicate the 

emerge of compensatory pathways106. Wnt/β-catenin inhibition sensitized cells to BET 

treatment again, demonstrating that a ß-catenin-mediated Myc expression is involved in 

resistance to bromodomain inhibitors106. These findings give rise to another combinational 

approach, targeting transcriptional regulators as well as signaling pathways involved in EMT. 

Interestingly, gene set enrichment analysis (GSEA) in NMC cells HCC2429 revealed that MYC 

targets and Wnt/β catenin signaling are significantly downregulated after combinational low 

dose treatment with HATi A485 together with JQ1. Transcriptomic profiling of treated and 

untreated NCM cell-lines TC-797 and PER-403, which showed to be more resistant to p300 

inhibition, may give more insights into the role of ß-catenin and other compensatory pathways. 

Another interesting aspect which was only minor mentioned before, nevertheless has a 

significant impact on EMT induction and cell plasticity, is the role of the microenvironment 

and extracellular matrix (ECM). 

The tumor microenvironment is highly involved in tumor progression, but also in response to 

therapy. Like previously described, especially in pancreatic cancer, an immunosuppressive, 

dense and considerable hypoxic microenvironment is contributing to low tumor accessibility 

and treatment resistance. Since cell plasticity represents the ability of cells to change their 

phenotype in response to environmental signals, the ECM significantly regulates carcinoma cell 

behaviors. These close interactions between cancer cells, ECM and stroma cells are forming 

the tumor microenvironment (TME), which is characterized by a chronic inflammatory, pro-

angiogenic and immunosuppressive network107. Chronic inflammation is linked to genetic 

instability, enhanced proliferation, resistance to apoptosis and promotes tumor progression by 

recruiting mitogenic growth factors and cytokines including TGF-ß107, 108. The hypoxic 

microenvironment, increased expression of programmed death-ligand 1 (PD-L1) by tumor cells 

and the recruitment of cytokines and regulatory T cells (Treg) are only a few mechanisms of 

immunosuppression in the TME, that inhibit T-cell activity and allows tumor cells to avoid the 

immune control109. Thus, immune checkpoint blockers (ICBs) against PD-1/PD-L1 or 

checkpoint protein CTLA-4 got in the center of attention and offered new therapeutic 

approaches. Interestingly, it was shown, that BETi JQ1 is able to suppress PD-L1expression 

and decrease levels of inflammatory mediator interleukin-6 (IL-6) in tumor cells.99, 110  
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Further, the unequal distribution of oxygen and signaling factors in the TME contributes to an 

already increased heterogeneity within the tumor. It has been shown, that only the variation of 

oxygen levels in melanoma cells was sufficient to induce a shift between a drug-tolerant slow 

cycling state and proliferative drug-sensitive state111. Specific cytokines, tumor-associated 

inflammatory cells and macrophages were also linked to activation of the EMT program in 

cancer cells42. This complexity of tumor environment is definitely not captured accurately in 

current assays system and creates additionally a serious challenge for therapeutic strategies. 

Advanced methods like patient derived xenografts (PDX) are required to mimic realistic 

patient’s conditions. Even tumor microenvironment is highly contributing to an already 

increased complexity around cell plasticity, EMT and therapy resistance, it also delivers new 

opportunities for targeting cancer. A deeper understanding of the interaction between 

microenvironment and tumor cells and its ability to induce the EMT program could additionally 

support future investigation.  

However, the ability of TME of limiting access to tumor cells has to be considered for all kind 

of future drug discoveries. Since the tumor microenvironment is much more penetrable and 

accessible than tumor cells, it also becomes an attractive target for combinational therapies in 

order to enhance the efficacy of other anti-cancer agents. 
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