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Pancreatic ductal adenocarcinoma (PDA) subtype classifications were originally defined by 

transcriptional differences between two groups, known as the basal and classical PDA subtypes. 

The biological differences between these two subtypes goes beyond just transcriptional 

differences as the transcriptome is defined by the epigenome, therefore epigenetic changes 

including chromatin regulation, control transcriptional expression of the gene groups used to 

define the basal and classical subtypes. In this dissertation, I discuss how different epigenetic 

regulators contribute to the basal and classical PDA cell states and that disruptions to these cell 

states can alter cellular plasticity. I then show that regulation of these subtype-specific cell states 

defines the cells’ ability to respond to stressors such as transcriptional inhibitors. Further 

investigation of transcriptional inhibitors as a therapeutic option for PDA, led us to uncover that 



 
 

PDA presents with a subtype-specific sensitivity to inhibitors of transcriptional cyclin-dependent 

kinases (CDKs). Moreover, we define that altering chromatin regulation and disrupting PDA cell 

state can modify PDA sensitivity to transcriptional CDK inhibitors. This work presents novel 

insights into the therapeutic potential of transcriptional CDK inhibitors in the treatment of PDA 

patients and how regulation of chromatin states can be used to adjust sensitivity of PDA tumors 

to the inhibitors. 
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CHAPTER 1: INTRODUCTION 

1.1 Pancreatic Cancer 

1.1.1 The progression and development of pancreatic cancer 

The pancreas is composed of both endocrine and exocrine components. The endocrine 

pancreas is defined by the pancreatic islet which contains alpha and beta cells. Alpha cells 

secrete glucagon to promote release of glucose from glycogen storages during times of low blood 

glucose1. Beta cells secrete insulin to maintain normal physiological levels of glucose. Insulin 

antagonizes glucagon and other hyperglycemic hormones to lower blood glucose levels2. The 

exocrine pancreas is defined by the pancreatic ducts which contain acinar and ductal cells. 

Acinar cells secrete digestive enzymes that are carried through the pancreatic ducts and released 

into the duodenum of the small intestine3. 

Pancreas cancer can occur in either the endocrine or exocrine pancreas. Endocrine 

pancreas cancer is called pancreatic neuroendocrine tumors (PNET) which accounts for less than 

5% of pancreas cancer cases. PNET has a relative 5-year survival rate of 53% which increases to 

95% if the PNET has remained localized to the primary tumor site4. Exocrine pancreas cancer is 

called Pancreatic Ductal Adenocarcinoma (PDA) which accounts for about 90% of pancreas 

cancer and is therefore the most common pancreas cancer5. Unfortunately, PDA is an extremely 

lethal disease with a 5-year survival rate of only ~12% and is projected to become the second 

leading cause of cancer related deaths in the US by 20306. This low survival rate and increase in 

death is due to a lack of clinically validated screening methods and very minimal treatment 

options. Early detection of PDA is challenging as most early-stage patients are asymptomatic, 

therefore detection would largely rely on highly specific and sensitive tests for biomarkers of 

which there are very few7,8. Due to the late stage of diagnosis for most patients, only a small 
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percentage qualify for surgical resection while most patients present with locally advanced or 

metastatic disease. Therefore, chemotherapy presents as the standard of care for the large 

majority of patients yet tumor heterogeneity and plasticity often lead to chemoresistant tumors5,9.  

To better understand the complexity of PDA tumors, researchers first turned to 

understanding the genetics of PDA progression. As indicated by the name it was originally 

thought that pancreatic ductal adenocarcinoma was derived solely from aberrant changes to 

pancreatic ductal cells given that the PDA precursor lesions or pancreatic intraepithelial 

neoplasias (PanINs) contain characteristics of ductal cells and tumor cells10. More recent 

research has uncovered that PanINs may also be derived from acinar cells that have undergone 

an acinar to ductal metaplasia (ADM). Both acinar and ductal cells are differentiated cell types 

meaning that an acinar to ductal metaplasia would be considered transdifferentiation11. The 

ability of acinar cells to undergo ADM elucidates the plasticity of these cells and the potential 

reversibly of ADM if the stress inducer resolves quickly. Prolonged stress, such as acquired 

genetic mutations, can lead to irreversible ADM and promote PanIN progression12. PanINs 

progress from low grade to high grade through architectural changes and acquisition of genetic 

alterations7,13. Low-grade PanINs are associated with acquisition of oncogenic kras mutations 

and telomere shortening leading to accelerated growth of the aberrant cells. As PanINs progress, 

they acquire loss of p16/CDKN2A tumor suppressor gene leading to decreased cell cycle 

regulation of the growth accelerated ductal cells. Finally, high grade PanINs associate with loss 

of p53, SMAD4 and BRCA2 leading to further decreased regulation of these abnormal cells and 

eventual formation of PDA7,13. 

PDA tumors generally retain some duct like structures in the form of a glandular 

histology however different regions of individual tumors can still vary in their histology, tumor 
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grade and ‘degree of differentiation’13. An early method to classify PDA tumors into groups used 

degree of differentiation as it corresponded to tumor grade and patient prognosis. Studies of 

patient tumors identified four grades of differentiation: highly differentiated (G1), moderately 

differentiated (G2), poorly differentiated (G3) and un-differentiation (G4)14. It was then 

identified that patients with more differentiated tumors generally had a more favorable prognosis 

while poorly differentiated tumors yielded a worse prognosis15. Further investigation into the 

four grades of differentiation showed that gene expression in PDA tumors changes between the 

different grades, for example tumor differentiation related genes: JUNB, HMGA2 an MCM2 all 

increased expression as tumor grade increased14. This indicated that PDA tumor differentiation 

grade could provide more insight into development of PDA. 

 

1.1.2 Introduction to mouse models of pancreatic cancer 

Genetically engineered mouse models (GEMMs) are a vital model system for studying 

PDA tumor biology, from initiation to progression of disease and metastasis. An added benefit of 

this in vivo system is the capacity to study PDA in a 3D environment thereby enabling retention 

of all other tumor interacting cells in the tumor microenvironment. Through extensive work 

studying pancreatic development, the field has developed several GEMMs that can recapitulate 

the genetic and histological characteristics of human PDA13. To create GEMMs with tissue 

specific expression of the genetic changes needed to induce PDA in the pancreas, researchers 

opted for a model in which the CRE recombinase enzyme would be expressed under a pancreas-

specific gene promoter. PDX1 expression was identified as one of the earliest developmental 

markers of a pancreatic progenitor cell, specifically PDX1 is expressed in a multipotent pancreas 

progenitor cell population that exists before differentiation into the acinar, ductal, and endocrine 



4 
 

cell type16. P48/PTF1 is a pancreas specific transcription factor expressed slightly later in 

development during which the progenitor cell fully commits to a pancreatic cell fate17.  

The Pdx1-Cre system has been widely used to create many PDA GEMMs that can 

activate oncogenic Kras, these systems use a Kras mutation that converts amino acid 12 from a 

glycine to an aspartic acid (KrasG12D). The KrasG12D oncogene is placed downstream of a Lox-

STOP-Lox cassette (LSL- KrasG12D) which prevents expression of KrasG12D unless the Cre 

recombinase in present. The Cre recombinase will excise the stop codon between loxP sites in 

the LSL- KrasG12D allele and enable expression of oncogenic Kras. These Pdx1-Cre, LSL- 

KrasG12D GEMMs have shown that induction of oncogenic Kras alone can drive PanIN and PDA 

formation but requires an extended period of time. Further studies identified that combining 

Pdx1-Cre, LSL- KrasG12D with mutations in tumor suppressors such as p53 could accelerate PDA 

formation in these GEMMs13. Additionally, Pdx1-Cre, LSL- KrasG12D with p53 mutant and Pdx1-

Cre, LSL- KrasG12D with Ink4a/Arf deficiency (cyclin-dependent kinase inhibitor 2A, another 

tumor suppressor in PDA) GEMM models have shown earlier appearance of PanIN lesion, 

dramatic induction of highly penetrant PDA, and highly invasive, metastatic disease which 

strongly recapitulates the disease seen in human PDA patients18,19. However, no model system is 

a perfect representation of human disease, therefore they all have flaws. For example, even 

though the Pdx1-Cre, LSL- KrasG12D GEMM is widely used to study PDA, it has been shown 

that this model systems results in a stochastic pattern of Cre expression in the mouse pancreas 

whereas the p48-Cre, LSL- KrasG12D mouse results in more uniform Cre expression throughout 

the pancreas. This study also showed that expression of oncogenic Kras was slightly higher in 

the p48-Cre, LSL- KrasG12D mouse than the Pdx1-Cre, LSL- KrasG12D mouse17. These studies 

have all shown the importance of GEMMs in understanding and investigating PDA tumor 
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biology but like any model system they have limitations and can only address specific scientific 

questions. Therefore, it’s important to incorporate many model systems into any PDA study. 

 

1.2 Epigenetic regulation in pancreatic ductal adenocarcinoma 

1.2.1 Introduction to epigenetic regulation in PDA  

As described in section 1.1, PDA tumors have very low diversity in genetic mutations yet 

there is a class of genes frequently mutated in PDA that stands out. This class is epigenetic 

regulators including transcription factors, histone modifying enzymes and chromatin remodeling 

complexes. SMAD4 is a prominently mutated transcription factor in PDA, as these mutations are 

acquired during PanIN lesion formation and promote progression of PDA disease. SMAD4 is 

part of the TGF-b growth factor signaling pathway. TGF-b binds the SMAD family receptors 

which in turn bind SMAD4 and translocates to the nucleus where SMAD4 activates transcription 

of many TGF-b regulated signaling pathway genes20. SMAD4 mutations and other disruptions to 

the TGF-b signaling pathways can lead to more aggressive PDA21.  

In addition to SMAD4 and other key mutations mentioned previously, PDA mutations 

can exist in many genes that come together to form chromatin remodeling complexes22. 

Chromatin remodeling complexes determine accessibility to chromatin and regulation of 

transcription through histone modifications. Active transcription is facilitated by histone 

modifications that promote the opening of chromatin which spatially enables transcription and 

recruits the transcriptional machinery. Repressing transcription is facilitated by histone 

modifications that promote compaction of chromatin which spatially blocks transcription 

machinery23. These chromatin modifying complexes comprise of a DNA binding protein, a 

recruitment mediator, and histone modifying proteins. The general classes of histone modifying 
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proteins are Histone acetyltransferase (HAT), Histone deacetylase (HDAC), Histone 

methyltransferase (HMT), and Histone demethylase (HDM). Some chromatin modifying 

complexes also contain DNA modifying proteins such as DNA methyltransferase (DNMT) 

which deposits methylation marks on DNA and promotes chromatin compaction24.  

One of these complexes is the SWItch/Sucrose NonFermentable (SWI/SNF) chromatin 

remodeling complex, which contains five components that can be mutated in pancreatic cancer: 

ARID1A, ARID1B, PBRM1, SMARCA4, and SMARCA2. Grouping these mutations together, 

the SWI/SNF complex is then ranked fourth in the list of tumor suppressors mutated in PDA25. 

Mutations in other epigenetic regulator genes were also identified by multiple studies, finding 

that the group of MLL chromatin regulatory genes (MLL, MLL2 and MLL3) was impacted 

along with KDM6A, a histone demethylase26–28. Interestingly, KDM6A functions as part of the 

MLL regulatory complex to facilitate active transcription, thereby identifying another chromatin 

regulatory complex with multiple mutated components in PDA tumors. Mutated genes then 

imply a worse prognosis for patients, yet mutated MLL, MLL2, MLL3 and ARID1A actually 

confers improved patient survival26. This finding highlights the importance of understanding that 

altered chromatin regulation in pancreas cancer, as well as other cancers, can be very context 

specific and needs to be acknowledged when studying the impact of these chromatin regulators 

on cancer progression.  

 

1.2.2 Mouse models of epigenetic regulators 

 SMAD4 is deleted or mutated in 55% of human PDA, therefore investigating the 

importance of SMAD4 in development and progression of PDA was vital to the field. The 

creation of the Ptf1-Cre, LSL- KrasG12D, Smad4lox/lox GEMM enabled assessment of Smad4 loss 
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in the context of KrasG12D driven disease. The addition of Smad4 loss greatly accelerated the 

formation of PanIN lesions in the Ptf1-Cre, LSL- KrasG12D, Smad4lox/lox mice compared to Ptf1-

Cre LSL- KrasG12D (Kras alone) mice, however the Smad4 null PDA tumors retained a more 

differentiated histology and expression of epithelial markers21. Interestingly the combined loss of 

Smad4 and Cdkn2a in the KrasG12D driven GEMM lead to development of well-differentiated 

PDA with duct-like/glandular structures21. Further investigation of how the disruption to 

SMAD4/TGF-b pathway affects PDA progression and development was completed using a TGF-

b receptor 2 (Tgfbr2) knockout GEMM model. Tgfbr2 knockout alone gave no discernable PDA 

tumor phenotype but combination of oncogenic Kras plus Tgfbr2 loss yielded PanIN progression 

to PDA formation29. Similar to the Smad4 knockout mouse model, the Tgfbr2 knockout mouse 

also presented with a well-differentiated PDA tumor21,29. These model systems provide important 

insight into how disruptions to transcriptional regulation of the TGF-b signaling pathway can 

promote development and progression of PDA.  

 ARID1A is one of the most commonly mutated components of the SWI/SNF chromatin 

remodeling complex and is known to function as a tumor suppressor in PDA30. Several studies 

have used Arid1a knockouts in mice to decipher the role of Arid1a in PDA tumor initiation and 

progression. It was identified that Arid1a has very compartment-specific tumor suppressive 

effects in PDA. Lineage specific deletion of Arid1a, using the duct-compartment specific Sox9-

CreER; KrasG12D;Arid1af/f, showed that loss of Arid1a in pancreas ductal cells lead to 

enlargement of ducts and some cysts with eventual formation of PDA31. Heterozygous loss of 

Arid1a in acinar cells (Ptf1aCreER; KrasG12D;Arid1af/+) lead to rapid PanIN formation and PDA 

progression with poor survival31,32. These studies prove that Arid1a is necessary to restrict Kras 

driven PDA. Interestingly, another study shows that Arid1a loss has a growth suppressive effect 
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on precursor lesions and results in low grade cyst33. This study did not use any lineage specific 

models and instead used the Ptf1a-Cre; KrasG12D; Arid1af/f which induces Arid1a knockout in the 

whole pancreas which would explain the cyst formation from the ductal cells as mentioned 

previously. Additionally, this study discovered that during PDA tumorigenesis, Arid1a loss drives 

downregulation of p53, upregulation of Myc, and alterations to EMT-associated transcription 

factors in some precursor cells which can facilitate further PDA progression33. This suggests that 

the absence of Arid1a promotes loss of general chromatin and transcriptional regulation leading 

to changes in expression of tumor suppressive and tumor promoting factors thereby driving more 

aggressive PDA.  

 Brg1, also known as SMARCA4, is an ATPase catalytic subunit of the SWI/SNF 

complex. Inactivating mutations and deletions of BRG1 have been found in human PDA tumors 

and PDA cell lines34. The role of Brg1 in pancreatic cancer development has been studied using 

the Ptf1a-Cre; KrasG12D; Brg1f/f mouse as Brg1 deficiency alone in the pancreas is not enough to 

drive tumor formation. Brg1 deficiency in addition to oncogenic Kras leads to formation of a 

different PDA precursor lesion—Intraductal papillary mucinous neoplasia (IPMN)—whereas 

oncogenic Kras alone leads to PanIN formation and progression to PDA. This study further 

identified that Brg1 loss inhibits Kras driven formation of PanIN in adult acinar cells35. The same 

research group later continued investigating the roles of Brg1 in PDA ductal cells and found that 

Brg1 inhibits a dedifferentiation program prior to cell transformation in pancreas ductal cells. In 

contrast, Brg1 drives tumorigenesis in PDA cells by promoting a more mesenchymal 

transcriptional landscape36. These studies have identified very context-dependent roles of Brg1 in 

PDA development and progression which highlights the complexity of chromatin regulation in 

PDA.  
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 KDM6A (also known as UTX) is an X-chromosome encoded histone H3K27me3 

demethylase which antagonizes the EZH2 methyltransferase which deposits H3K27me337. Due 

to its demethylase activity, KDM6A, in conjunction with other histone modifiers, can promote a 

more accessible chromatin state enabling active transcription and gene expression. KDM6A is a 

highly mutated chromatin regulator in PDA but how these mutations contribute to oncogenesis 

was poorly understood. Pancreatic tumors with mutated or deleted KDM6A were found to 

correlate with high expression of the squamous differentiation marker, TP63, which is also a 

marker of highly aggressive PDA38. To further understand how KDM6A contributes to 

oncogenesis, the same group made pancreas specific Kdm6a knockout mice in conjunction with 

Pdx1-Cre; KrasG12D or Ptf1α-Cre; KrasG12D. They found that both cohorts of Kdm6a knockout 

mice presented with aggressive tumors selectively in female mice. Kdm6a null male mice and 

heterozygous female mice showed much slower disease progression with eventual development 

of well-differentiated tumors. Females with Kdm6a null tumors exhibited more squamous 

characteristics including increased proliferation and metastatic potential38. This study uncovered 

the role of Kdm6a in safeguarding pancreatic cell identity and preventing malignant 

transformation suggesting that epigenetic reprogramming is critical to driving tumorigenesis and 

metastatic disease. 

 

1.2.3 Histone Deacetylase: SIRT6 in PDA 

Sirtuin 6 (SIRT6) is a histone 3 lysine 9 and lysine 56 deacetylase from the family of 

Sirtuin proteins which are highly conserved NAD+-dependent enzymes. SIRT6 enzymatic 

activity is known to impact a large diversity of biological functions including genomic 

stability/DNA repair, inflammation, and glucose/lipid metabolism of which all are important for 
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maintaining normal cellular function and when disrupted can lead to human diseases such as 

cancer39. SIRT6 loss of function mutations have been found in a variety of human cancers and 

can alter stability, localization, or enzymatic activity of the protein. These mutations affect SIRT6 

regulation of HIF1-alpha and MYC transcriptional activity which can drive glycolytic changes 

and enhance tumor cell growth, thereby validating the important tumor suppressive role of 

SIRT640.  

In pancreatic cancer, the absence of Sirt6 with the addition of oncogenic Kras accelerated 

PDA formation41. To further assess the impact of Sirt6 loss on the development of PDA, Kugel et 

al created a Sirt6 knockout mouse with a pancreas-specific Cre recombinase (p48-Cre), a floxed 

p53 allele (p53f/+), and a LSL-KrasG12D allele. This GEMM then presents with specific loss of 

one or both alleles of Sirt6 and p53 in addition to oncogenic Kras expression in the pancreas. 

Interestingly, they found that the absences of Sirt6 in the presence of oncogenic Kras 

dramatically accelerated the development of PDA regardless of p53 status41. To investigate the 

mechanisms behind this finding, they derived cell lines from their Sirt6 knockout (Sirt6 KO) and 

Sirt6 wildtype (Sirt6 WT) murine tumors. They used these murine cell lines as well as human 

PDA cell lines to uncover that SIRT6 suppresses PDA growth through decreasing the levels of 

global acetylation and the amount of chromatin-bound MYC as well as specific deacetylation at 

the Lin28b promoter. Lin28b is an onco-fetal protein highly expressed in embryonic tissue but 

completely silenced in differentiated cells. Dysregulation of SIRT6 drives aberrant expression of 

Lin28b and its downstream let-7 targets resulting in poor PDA prognosis41. This study highlights 

that chromatin regulators can directly impact tumor growth through epigenetic regulation, 

leading to transcriptional changes in specific gene targets important to PDA formation.  
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1.2.4 Chromatin modifying complex: KRAB-ZNF/KAP1/SETDB1 

As previously mentioned, histone modifications can regulate transcription by promoting 

open or closed chromatin. The KRAB-ZNF/KAP1/SETDB1 is a repressive complex which 

installs H3K9me3 to maintain chromatin compaction and gene silencing42. SETDB1 is a histone 

methyltransferase that deposits H3K9me3 mark. KAP1 is the recruitment mediator which binds 

the DNA binding protein and recruits the histone modifying protein (ie. SETDB1). The KRAB-

ZNF is a DNA binding protein which contains a Krüppel-associated box (KRAB) domain (which 

recruits KAP1 and repressive histone modifying proteins) and a Zinc Finger (ZNF) DNA binding 

domain (which coordinates zinc ions to for specific DNA binding patterns). KRAB-ZNF 

complexes have now been implicated in the regulation of multiple biological processes such as 

lipid metabolism, cell differentiation, immune response and more43. Historically, KRAB-ZNFs 

were studied through their function of suppressing endogenous retroviruses (ERVs) and other 

repetitive DNA elements. Through studies of primate genomes it was discovered that infiltration 

of new ERVs occurred around the same time as novel duplications of KRAB-ZNF44. Further 

studies have continued to elucidate the evolutionary arms race between ERVs and KRAB-ZNFs 

that drove the duplication and diversification of KRAB-ZNF genes. KRAB-ZNF duplication 

enabled continued suppression of ERVs as they evolved and tried to evade suppression which 

forced selection for KRAB-ZNFs with new mutations that were advantageous in suppressing 

active ERVs42. With the decrease in mobile DNA elements in the human genome, KRAB-ZNFs 

have acquired new functional roles in biology and have been implicated in human diseases and 

cancer.  

Although no previous studies have assessed the role of a KRAB-ZNF in PDA 

progression, there is one study that identified another zinc finger, ZNF655, as an oncogene which 
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has a stimulatory effect on PDA. This study found that ZNF655 promotes binding of E2F 

transcription factor 1 (E2F1) to the promoter of cyclin-dependent kinase 1 (CDK1) and thereby 

enhances the activity of CDK1 driving malignant behaviors of PDA cells45. This study validates 

that ZNF genes can play important regulatory roles in defining PDA progression. 

SETDB1, the histone methyltransferase component of KRAB-ZNF/KAP1/SETDB1 

repressive complex, has been implicated in the development of PDA. Ogawa et al used the Ptf1-

Cre, KrasG12D GEMM with a Setdb1 deficiency and then with or without p53 loss to investigate 

how Setdb1 contributes to PDA development. They found Setdb1 loss in conjunction with 

oncogenic Kras accelerated formation of PanIN lesion but prevented formation of full PDA in 

the presence of WT p53. They uncovered that Setdb1 binds the p53 promoter and suppresses its 

expression such that the loss of Setdb1 would increase p53 expression and thereby p53 mediated 

apoptosis of malignant cells preventing PDA formation. Further loss of p53 in addition to loss of 

Setdb1 enables progression from PanINs to full PDA due to the complete loss of p53 regulated 

apoptosis46. Here Setdb1 has been described as vital for complete PDA formation through its 

inhibition of p53 mediate apoptosis. SETDB1 has also been implicated in other cancers such as 

lung47 and breast48 but its impact on tumor progression varies dramatically based on the context, 

therefore SETDB1 may have different functional roles in PDA formation versus PDA 

progression. 

Investigation of another zinc finger transcription factor, ZBED2, has uncovered novel 

zinc finger regulation of the interferon response and cellular identity in PDA. ZBED2 is part of 

the ZBED gene family of DNA binding transcriptional regulators. Somerville et al identified that 

ZBED2 is highly expressed in the more aggressive, squamous PDA subtype. High expression of 

ZBED2 led to loss of pancreatic progenitor cell identity through suppression of GATA6 and 
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promotion of more squamous PDA tumors by induction of the epithelial to mesenchymal 

transition (EMT)49. Additionally, they found that ZBED2 is a transcriptional repressor of 

interferon response pathway genes, showing that zinc finger genes can form complex regulator 

networks that regulate many pathways in tumors such as the interferon response and cellular 

identity in PDA.  

Together all these studies have shown that chromatin and transcriptional regulators are 

vital to control the specific cell state that the malignant pancreas cells need in order to form, 

progress and metastasize into the aggressive disease seen in human PDA patients.  

 

1.3 Subtype classifications of pancreatic ductal adenocarcinoma tumors 

1.3.1 Epigenome determines transcriptome: 

Chromatin regulators determine chromatin states and chromatin states determine the 

accessibility of DNA to the transcriptional machinery. Transcription and mRNA expression are 

major readouts for determining changes that occur in a tumor cell, yet those transcriptional 

changes are inherently controlled by chromatin regulators. Therefore, epigenetic regulation 

determines the transcriptome.  

As described in the previous section PDA has acquired mutations in many chromatin 

regulatory proteins and complexes which can alter the different characteristics of the PDA 

tumors. Expression changes and other alteration to chromatin regulatory proteins can also define 

specific chromatin states found in PDA. Lomberk et al. performed a multiparametric integrative 

analysis study to assess RNA expression, chromatin accessibility and DNA methylation status in 

order to define the epigenetic landscapes of PDA. From their analysis, they identified different 

patterns of epigenetic marks which defined their chromatin states and determine significantly 



14 
 

altered pathways that could characterize each group. Diving further into the data, they were able 

to identify specific transcriptional landscapes for two PDA subtypes: basal and classical50. 

Interestingly, the classical PDA subtype showed a very high level for chromatin regulation 

through defined super-enhancer and transcription factor regulatory networks. On the other hand, 

the basal PDA subtype shows a clear lack of this defined regulatory network50,51. Disruptions to 

this well-defined chromatin regulatory network in classical PDA can lead to phenotypic plasticity 

and potential switching to a more basal chromatin state51. These studies have elucidated the 

importance of understanding the chromatin regulation behind the transcriptional changes that 

originally defined the PDA subtypes (described more in the next section). The differential states 

of PDA subtypes are built through the complex interworking’s of these epigenetic landscapes.  

 

1.3.2 Transcriptional subtypes of pancreatic cancer 

The basal and classical PDA subtypes were identified through over a decade of research 

into how transcriptional changes could explain the heterogeneity of PDA tumors. A variety of 

sample types were used to determine transcriptional signatures of PDA including resected 

tumors, patient-derived xenografts, organoids, and cell lines which led to an initial discovery of 

two to four PDA subtypes. Collisson et al published the first identification of PDA 

transcriptional subtypes using microarray data from PDA patient samples as well as human and 

mouse cell lines and identified three subtypes: Exocrine-like, Classical, and Quasi-

mesenchymal52. A few years later, Moffitt et al used virtual microdissection to profile metastatic 

PDA tumors by microarray and RNA-sequencing to discover two PDA subtypes: Classical and 

Basal-like53. Next, Bailey et al used bulk resected tumor tissue and performed RNA-sequencing 

and array-based expression profiling to identify four PDA subtypes: Squamous, Immunogenic, 
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Pancreatic Progenitor and ADEX (aberrantly differentiated endocrine exocrine)54. Following 

these initial three studies, Raphael et al performed integrative multi-omics profiling on PDA 

patient samples and compared with the three previous studies. This study also assessed purity of 

the samples from each study and identified that high purity samples associated with only two 

subtype classification (basal-like/squamous and classical/progenitor) while low purity samples 

associated with the other subtypes (immunogenic and ADEX or exocrine-like)55.  

Around this time, a general consensus was beginning to form that there are two 

predominant PDA tumor subtypes: Classical (which includes progenitor) and Basal (which 

includes quasi-mesenchymal and squamous). This was reinforced by the next set of subtyping 

papers which, using different methodologies, all identified similar forms of classical and basal 

PDA subtypes56–58. One study took a step further and speculated that PDA subtypes may be 

influenced by lineage plasticity where the cancer cell progenitor may be more classical in 

subtype and as the tumor progressed, the cancer cells could have diverged into the basal and 

classical tumor cells identified by these transcriptional signatures58.  

Even though the current consensus is that there are two PDA subtypes—basal and 

classical—this classification could still be an oversimplification of very complex tumor biology. 

The basal and classical subtype labels could be better used as overarching classifications that 

may group together smaller subclasses. This is apparent in Chan-Seng-Yue et al which identified 

two basal and two classical subtypes, along with a hybrid type: Basal-like-A, Basal-like-B, 

Hybrid, Classical-A and Classical-B. They were able to correlate their subtype classification with 

stage of disease and found that Classical A/B were more prevalent in early-stage disease (Stage 

I/II), Basal-like B was found in resectable and locally advanced tumors while Basal-like A was 

predominantly found in late stage/metastatic disease and accounts for almost a quarter of Stage 
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IV disease57. Even though most PDA tumors are heterogeneous in subtype and consist of some 

basal regions and some classical regions, tumors with Basal-like A classification presented with 

the worst overall survival likely in conjunction with them being highly chemoresistant57. 

Therefore, it is important to note that even though basal and classical are the generally accepted 

subtype classifications, not all basal PDA tumors are the same and that stage of tumor could 

indicate the basal subclass and inform therapeutic options for the patient.  

 

1.4 Therapies and treatments for pancreatic ductal adenocarcinoma patients 

1.4.1 Standard of care chemotherapy treatment 

As mentioned earlier, very few patients receive surgical intervention as most PDA 

patients are not diagnosed until the disease has already progressed to the later stages. This results 

in chemotherapy being the main source of treatment for many PDA patients. Patients with PDA 

tumors are typically given Gemcitabine sometimes in combination with albumin-bound (Nab) 

Paclitaxel or the multi-drug regimen FOLFIRINOX (5-Fluorouracil, Leucovorin, Irinotecan, and 

Oxaliplatin)9. Gemcitabine is the most widely used drug for management of PDA as curative 

cases are rare. It is a nucleoside analog that enters cells through the SLC nucleoside transporters 

and is metabolized into dFdC triphosphate which incorporates into genomic DNA preventing 

DNA synthesis and repair thereby driving apoptosis in cancer cells59. Unfortunately, 

Gemcitabine treatment as a monotherapy or in combination with other drugs only has a modest 

impact on patient survival and almost all tumors will develop some level of Gemcitabine 

resistance60. 

Although the multi-drug regimen FOLFIRINOX (5-Fluorouracil, Leucovorin, Irinotecan, 

and Oxaliplatin) has shown improvement in patient survival over Gemcitabine in PDA patients, 
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it has also been associated with more adverse effects and therefore not all PDA patients can 

tolerate it61,62. 5-Fluorouracil has shown strong anti-neoplastic effects in a variety of cancer 

types, including pancreatic cancer, leading to its incorporation into the FOLFIRINOX regimen. 

Additionally, 5-Fluorouracil is metabolized upon cellular entry and can then inhibit multiple 

cellular complexes including RNA Polymerase9. Irinotecan is a topoisomerase inhibitor which 

primarily inhibits DNA synthesis in the S phase of the cell cycle. Irinotecan alone showed little 

anti-tumor activity but was further paired with 5-Fluorouracil which improved response rates and 

lead to its approval for metastatic PDA in 201363. Oxaliplatin is a platinum-based agent that 

alone showed anti-tumor activity but no survival benefit in solid tumor patients so was not 

approved until it was studied in combination with 5-Fluorouracil and Irinotecan64. Oxaliplatin 

was eventually approved for treatment of metastatic PDA and is used as part of the 

FOLFIRINOX regimen. 

These standard of care treatment regimens have changed little in the last few decades 

even though there has been a plethora of research into developing new therapies for PDA. 

 

1.4.2 Subtype specific response to therapies 

PDA subtype classification was key to better understanding current and future therapies 

for PDA patients. Given that patient tumors are genetically very similar, patients responding 

differently to therapy was an early indicator that determining specific PDA subtypes that could 

explain intra- and inter tumoral heterogeneity would be necessary for determining better 

treatment options for patients. Upon identification of the basal and classical PDA subtypes, 

multiple studies assess the effect of standard of care chemotherapy on patient tumors subtyped 

by GATA6 expression which has been shown to be high in more classical tumors and lower in 
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basal tumors. These studies found that different combinations of the chemotherapies: 

Gemcitabine, Nab-Paclitaxel, FOLFIRINOX, or sub combinations of the FOLFIRINOX 

regimen, showed better response and more favorable clinical outcomes in patients with high 

GATA6 tumors (classical) and lower responses and poorer outcomes in patients with low GATA6 

tumors (basal)65,66. These studies provided early indications that specific markers of the PDA 

subtype linages could predict therapeutic response. Unfortunately, many candidate markers show 

mixed expression in tumor tissue and therefore cannot provide a clear-cut subtype classification. 

So, Nicolle et al developed a transcriptome-based molecular signature that uses a gradient system 

of PDA subtyping to predict therapeutic response. They were able to validate their model with 

FOLFIRINOX and showed that the more aggressive (basal) tumor responded less to 

FOLFIRINOX67.  

Not only can PDA subtypes predict response to treatment, but recent studies have also 

shown that certain treatments may alter PDA subtypes. These studies have used a combination of 

transcriptomic data from PDA patient tumors as well as PDA cell lines to study the cellular 

changes that occur upon chemotherapy treatment and how they related to subtype identity. They 

found that FOLFIRINOX treatment can promote a more phenotypically basal tumor68,69. 

Through assessment of differentially expressed genes in malignant cells with or without 

treatment of FOLFIRINOX, Hwang et al identified enrichment of basal subtype markers 

including TP63, a known master regulator of the basal subtype, and deenrichment of classical 

subtype markers including GATA668. Porter et al discovered that FOLFIRINOX treatment can 

promote a shift in EMT for both classical and basal cells meaning the drug regimen drives all 

tumors cells towards a more basal state69. These studies highlight that transcriptional plastically 

within PDA tumors plays an immense role in how these tumors respond to therapeutic 



19 
 

intervention. Understanding these changes will enable development of new subtype specific 

therapies and new combination therapies designed to target subtype alterations within a patient 

tumor. 

 

1.4.3 Transcriptional inhibitors 

As described in section 1.3, PDA tumors contain well-defined transcriptional and 

epigenetic regulatory networks that maintain the specific cell state of each subtype. As 

mentioned in the previous section, these subtypes can be classified by the expression of specific 

transcription factors, such as TP63 for basal and GATA6 for classical. Changes to the expression 

of these subtype specific factors have been correlated with a shift in PDA subtype, indicating that 

transcriptional regulation and chromatin state is vital for the maintenance of each PDA subtype 

cell state. Therefore, as part of this thesis, we hypothesize that transcriptional inhibition may lead 

to lethal disruption of PDA subtype cell states and drive tumor regression potentially in a subtype 

specific manner. Therefore, we propose inhibition of transcription as new potentially subtype 

specific therapy for PDA patients.  

Transcriptional inhibitors can be broken down into by the RNA polymerase they impact. 

Here we will focus on inhibitors of RNA polymerase II as RNA Polymerase I predominantly 

transcribes ribosomal DNA and RNA Polymerase III predominantly transcribes tRNAs. A few 

types of RNA Polymerase II inhibitors are bromodomain inhibitors and cyclin dependent kinase 

inhibitors. Bromodomain inhibitors function to block bromodomain proteins ability to “read” 

acetyl marks and recruit chromatin modifiers that regulate gene transcription70. Cyclin dependent 

kinase inhibitors are the newest class of transcriptional inhibitors and will be the main focus of 

transcriptional inhibitors in this thesis71.  



20 
 

 

1.4.3.1 Background on cyclin-dependent kinase function in transcription 

Cyclin-dependent kinases (CDKs) can be classified into two groups: those that regulate 

cell cycle (CDK1, 2, 4, & 6) and those that regulate transcription (CDK8, 9, 12, 13, 19). Most are 

selective to one group except for CDK7 which serves as a CDK-activating kinase for cell cycle 

control but is also a main transcriptional regulating CDK72. CDK7 was one of the first CDKs 

discovered to facilitate RNA Polymerase II (RNA POL II) transcription. CDK7 is a subunit of 

TFIIH, which is from the transcription factor II (TFII) family of proteins, and identified as the 

kinase that phosphorylates the C-terminal Domain (CTD) of RNA POL II73,74. Later research 

determined that CDK7 is not the only kinase that phosphorylates the CTD of RNA POL II. 

CDK7 is the predominant kinase responsible for phosphorylation of Ser7 on the CTD while both 

CDK7 and CDK9 are responsible for phosphorylation of Ser5 on the CTD and CDK9 

phosphorylates Ser2 on the CTD75,76. However, CDK12 and CDK13 can also phosphorylate 

Ser2, 5, and 7 on the CTD increasing the complexity and redundancy of RNA POL II 

transcriptional control77,78. Phosphorylation of the CTD of RNA POL II is not only important for 

the initiation of transcription but is also important for every step of the transcription cycle from 

initiation to termination. The stages of the cycle rely predominantly on transcriptional CDKs as 

follows: Initiation – CDK7 and CDK9; Pausing – CDK7; Elongation – CDK8, 9 & 12; RNA 

processing – CDK12 and CDK13; Termination – CDK9 and CDK1272. CDK7 also plays a minor 

role in elongation and termination through its regulation and phosphorylation of CDK972,79. 

Given their prominent roles in regulation of RNA POL II transcription, it is unsurprising that 

deletion or loss of CDK7 and CDK9 can affect a plethora of cellular processes making them 

exciting therapeutic targets.  
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1.4.3.2 Discovery and development of CDK7 inhibitors 

Flavopiridol is a clinically approved CDK9 inhibitor used in cancer therapy while CDK7 

inhibitors for cancer therapy have been a much more recent development. Nathanael Gray’s 

group has taken on the task of discovering pure and selective inhibitors of CDK7. They 

identified THZ1 as a candidate CDK7 inhibitor given its disruption of cell proliferation and 

biochemical CDK7 activity at low doses80. THZ1 bonds irreversibly to Cys312 (C312) on CDK7 

which is located outside of the kinase domain of CDK7. Because of the location of C312, which 

traverses the ATP cleft of the kinase domain, THZ1 can covalently bind to C312 and dock in the 

ATP binding domain of CDK7, thereby blocking CDK7 kinase activity80. THZ1 is unlike other 

CDK inhibitors which are mostly non-covalent ATP competitive inhibitors like flavopiridol. ATP 

competitive inhibitors bind in place of ATP with the intention of flooding the system with more 

drugs than ATP so that the drug out-competes binding of ATP to the ATP binding pocket81. These 

types of inhibitors will eventually unbind from the ATP binding pocket enabling ATP to replace it 

meaning that higher doses of the drug may be necessary to maintain the desired effect. Since 

THZ1 is covalently bound to CDK7, it does not have this problem and theoretically, could 

indefinitely inhibit CDK7 or until a new mutation enables resistance to the drug.  

Even though treatment of cells with THZ1 predominantly inhibits CDK7, THZ1 can also 

inhibit CDK12 and CDK1380. Since CDK12 and CDK13 are also involved in phosphorylation of 

the CTD of RNA POLII and therefore necessary for productive transcription82, THZ1 still has a 

very strong impact on transcription despite its lack of CDK7 specificity. Additionally, Nathanael 

Gray’s lab developed a selective CDK12 and CDK13 inhibitor (THZ531) which enables a 

comparison of effects imparted by CDK12 and CDK13 inhibition versus those imparted by the 
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addition of CDK7 inhibition83. THZ531 is also a covalent inhibitor but binds to a different 

cystine residue (Cys1039) to be specific to CDK12 and CDK13 but does not inhibit CDK7 or 

CDK9.  THZ531 is able to bind to Cys1039 and still block the ATP binding pocket on CDK12 

and CDK13 due to their slightly different structures83. To compare the impact of THZ1 versus 

THZ531 on mammalian cells, they treated Jurkat cells (an immortalized human T lymphocyte 

cell line) with different doses of THZ531 and compared to THZ1. They found that THZ531 

selectively reduces phosphorylation of Ser2 on the CTD of RNA POL II versus THZ1 which 

reduces phosphorylation of Ser 2, 5 and 7 on the CTD of RNA POL II83. This indicates that 

THZ531 treatment inhibits transcriptional elongation over transcriptional initiation.  

Further investigation into these inhibitors of transcriptional CDK7 lead to the 

development of a pure, covalent CDK7 inhibitor, YKL-5-124. This drug is structurally distinct 

from THZ1 but still binds the same Cys312 residue on CDK7 and blocks the ATP binding 

pocket, inhibiting CDK7 kinase activity84. Given that YKL-5-124 is structured differently than 

THZ1, it is unsurprising that its effect on cells would be slightly different. Initial studies showed 

that YKL-5-124 has a more dramatic inhibitory effect on the cell cycle than on transcription 

through its inhibition of CDK784. This different inhibitory effect could be cell type specific and 

therefore needs to be further investigated in different contexts.  

There are a few CDK7 inhibitors that are now clinically approved though they are a bit 

different from the inhibitors described above. SY5609 is a highly selective, orally bioavailable 

CDK7 inhibitor. SY5609 non-covalently binds to CDK7 and interacts with Met94 in the ATP 

binding pocket of CDK785. Early assessments showed potent inhibition of CDK7 by SY5609 in 

cells, mice, and cancer patients85,86. Samuraciclib (ICEC0942) is also a non-covalent, oral, 

clinically approved CDK7 inhibitor with high selectivity and affinity for CDK7 over other 



23 
 

CDKs87. The first in human, modular study of samuraciclib demonstrated an acceptable safety 

profile and evidence of antitumor activity in patients with advanced solid tumors88. 

 

1.4.3.3 Transcriptional inhibitors in cancer treatment 

Transcriptional inhibitors have been assessed for therapeutic potential in many different 

cancers. Early studies of flavopiridol in HeLa cells showed that it potently inhibits CDK9 

leading to reduced RNA Pol II transcription89. Other studies showed that CDK9 inhibition has 

potent anti-tumor activity in Leukemia90,91. Flavopiridol later became the first CDK inhibitor to 

enter clinical trials92. Over the past few decades, new versions of flavopiridol as well as many 

other CDK9 inhibitors have been developed and are now entering the clinic93. CDK9 inhibitors 

have shown preclinical efficacy in many different cancer types including breast94–96, lung97–99, 

ovarian95,100 and colon/colorectal cancers95,101. One such study showed that CDK9 inhibition can 

lead to reactivation of tumor suppressor genes and can be paired with immunotherapy for an 

enhanced anti-tumor effect95. 

The role of THZ1 anti-tumor activity have been extensively studied from the specifics of 

how CDK7 inhibition block RNA POL II capping and pausing102 to CDK7 inhibition disrupting 

tumor growth of transcriptionally addicted triple-negative breast cancer103,104. CDK7 inhibition 

by THZ1 also showed promise as a therapeutic strategy against glioblastomas105, small cell lung 

cancer106, and MYC-driven cancers through the suppression of oncogene super enhancers107. 

YKL-5-124 treatment in small cell lung cancer has shown that selective CDK7 inhibition 

dramatically impairs cell cycle progression and DNA replication. They also found that 

combination of YKL-5-124 and anti-PD1 treatment clearly reduces tumor growth in mouse 
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models of small cell lung cancer108. Despite the clear anti-tumor activity of THZ1 and YKL-5-

124, these CDK7 inhibitors never made it to the clinic.  

Clinical versions of CDK7 inhibitors were developed and have shown promising 

potential in preclinical studies and early clinical trials. Samuraciclib has shown potent 

therapeutic potential in vitro and in vivo models of AML109, prostate110, lung111, and breast111–113 

cancer. Samuraciclib entered Phase 1 dose escalation study and showed both an acceptable safety 

profile and evidence of clinical activity in advanced metastatic triple negative breast cancer and 

hormone receptor-positive (HR+) and HER2- breast cancer88,114. Preclinical studies for SY5609 

were performed in breast115,116, ovarian116 and colorectal cancer117 with all solid tumor 

malignancies showing an anti-tumor response. SY5609 treatment of advanced ER+/HER2− 

breast cancer patients showed encouraging activity at low doses and with a variety of dosing 

schedules in the Phase 1 study118. Additionally, the Phase1/1b study of SY5609 in patients with 

advanced solid tumors, including advanced and metastatic PDA, presented an acceptable safety 

profile and encouraging clinical activity as a single agent and in combination with 

chemotherapy86,119. Together, these studies and clinical trials validate the strong therapeutic 

potential of CDK7 inhibitors in cancer treatment. 
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ABSTRACT 

Pancreatic ductal adenocarcinoma (PDA) is classified into two key subtypes, classical and basal, 

with basal PDA predicting worse survival. Using in vitro drug assays, genetic manipulation 

experiments, and in vivo drug studies in human patient-derived xenografts (PDXs) of PDA, we 

found that basal PDAs were uniquely sensitive to transcriptional inhibition by targeting cyclin-

dependent kinase 7 (CDK7) and CDK9, and this sensitivity was recapitulated in the basal 

subtype of breast cancer. We showed in cell lines, PDXs, and publicly available patient datasets 

that basal PDA was characterized by inactivation of the integrated stress response (ISR), which 

leads to a higher rate of global mRNA translation. Moreover, we identified the histone 

deacetylase sirtuin 6 (SIRT6) as a critical regulator of a constitutively active ISR. Using 

expression analysis, polysome sequencing, immunofluorescence, and cycloheximide chase 

experiments, we found that SIRT6 regulated protein stability by binding activating transcription 

factor 4 (ATF4) in nuclear speckles and protecting it from proteasomal degradation. In human 

PDA cell lines and organoids as well as in murine PDA genetically engineered mouse models 

where SIRT6 was deleted or down-regulated, we demonstrated that SIRT6 loss both defined the 

basal PDA subtype and led to reduced ATF4 protein stability and a nonfunctional ISR, causing a 

marked vulnerability to CDK7 and CDK9 inhibitors. Thus, we have uncovered an important 

mechanism regulating a stress-induced transcriptional program that may be exploited with 

targeted therapies in particularly aggressive PDA.   
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INTRODUCTION 

Pancreatic ductal adenocarcinoma (PDA) is an extremely lethal disease with a 5-year survival of 

11% and is likely to become the second leading cause of cancer-related deaths within a decade (1). 

PDA pathogenesis is characterized by a gradual progression through increasingly dysplastic 

precursor lesions toward invasive and lastly metastatic PDA (2). This progression is paired with 

the early acquisition of oncogenic KRAS (Kirsten rat sarcoma virus) mutations and the subsequent 

loss of tumor suppressor genes CDKN2A (p16INK4a) (cyclin-dependent kinase inhibitor 2A), 

TP53 (transformation-related protein 53) and components of the transforming growth factor b 

(TGFb) pathway such as SMAD4 (SMAD Family Member 4), TGFbR1 (transforming growth 

factor beta receptor 1), and TGFbR2 (transforming growth factor beta receptor 2), each of which 

is mutated in more than 50% of patients. The creation of genetically engineered mouse models 

(GEMMs) with different combinations of these genes has faithfully recapitulated the disease and 

validated their importance in the initiation and progression of PDA (3, 4). The various genetic 

analyses of PDA have led to the same conclusion that PDAs are genetically very similar—both 

between patients, and between primary and metastatic tumors within the same patient (5, 6). 

However, clinical experience would suggest that pancreatic cancer is much more diverse, given 

the heterogeneity of responses to chemotherapy and corresponding range of survivals observed.  

To understand differences in clinical behavior, transcriptional signatures have been 

examined from resected tumors, biopsies, patient-derived xenografts (PDXs), organoids and cell 

lines (7, 8). The consensus across several studies is that there are two predominant subtypes of 

PDA: classical (includes immunogenic, aberrantly differentiated endocrine exocrine (ADEX), 

classical A, and classical B) and basal (alternatively named and overlaps with quasi-mesenchymal 

(QM), Squamous, basal A, and basal B), and that the basal subtype confers a poorer overall 
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prognosis (7-11). Basal PDA tends to be poorly differentiated with some exhibiting squamous 

features, whereas the classical subtype is well differentiated and maintains epithelial 

characteristics. Basal PDA is defined by a complete loss of endodermal identity (low HNF4A 

(hepatocyte nuclear factor 4 alpha) and GATA6 (GATA binding protein 6)); acquired expression 

programs characteristic of squamous tumors, including TGF-b signaling, hypoxia response, 

metabolic reprogramming, and epithelial to mesenchymal transition (EMT); a reduced dependence 

on oncogenic KRAS for growth (8), higher frequency for inactivation of TP53, CDKN2A (11), 

and chromatin modifiers, including MLL2 (lysine methyltransferase 2D), MLL3 (lysine 

methyltransferase 2C), and KDM6A (lysine demethylase 6A); MYC (MYC proto-oncogene, 

bHLH transcription factor) amplification (6, 12); and MYC pathway activation (8).  

The mechanism by which this highly aggressive basal PDA subtype is established remains 

poorly understood, although recent analysis of the PDA epigenome suggests that epigenetic 

dysregulation may be involved (13). An unbiased characterization of the PDA epigenome can 

predict PDA subtype and prognosis, which has not been possible with genetics alone (13, 14). 

Sirtuin 6 (SIRT6) is an NAD+-dependent histone deacetylase that acts as a repressor of MYC-

driven transcription and has been implicated in cellular stress resistance, genomic stability, aging, 

and energy homeostasis (15, 16). It acts as a strong tumor suppressor in both human and murine 

PDA, where SIRT6 inactivation cooperates with oncogenic KRAS to drive a more aggressive and 

highly metastatic form of disease (17, 18).  

We show here that basal PDA cells are highly sensitive to transcriptional cyclin-dependent 

kinase (CDK) inhibition. We demonstrate that SIRT6 defines the classical subtype and regulates 

activating transcription factor 4 (ATF4), the master regulator of the integrated stress response 

(ISR). Inhibition of transcriptional CDKs elevates cellular stress catastrophically in basal PDA 
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cells, whereas this stress can instead be resolved in classical PDA cells. The vulnerability of basal 

PDA cells to CDK inhibition lies in their inability to activate ATF4 to mitigate cellular stress in 

the absence of SIRT6. 

 

RESULTS 

Low SIRT6 expression correlates with basal state 

To establish whether SIRT6 expression correlates with PDA subtype, we first analyzed data 

generated from a previous large-scale integrated genomic analysis of human PDAs (8), which were 

classified into classical and basal PDA subtypes (Fig. 1A). Because stromal contamination in 

human tumors may confound such transcriptional analyses, we also looked at a panel of 12 human 

PDA cell lines classified as either classical or basal PDA by previous groups. All classical PDA 

cell lines expressed higher amounts of SIRT6 than any basal PDA cell line (Fig. 1B).  Moreover, 

ectopic expression of wild-type (WT) SIRT6 but not a catalytically inactive mutant (HY) form of 

SIRT6 reduced RNA and protein expression of the DN isoform of TP63, a key biomarker of the 

basal subtype, in two independent basal PDA lines (fig. S1, A to C).  

 

Basal and classical PDA have unique therapeutic vulnerabilities 

SIRT6 acts as a potent co-repressor for the MYC oncogene. SIRT6low/basal human PDA cell lines 

and Sirt6 knockout (Sirt6 KO) cell lines derived from PDA GEMMs demonstrated elevated 

amounts of chromatin-bound MYC and a dependency on MYC expression for growth and survival 

(17). Studies have shown that the CDK7 inhibitor THZ1 can selectively target super-enhancer 

(SE)-regulated genes such as MYC in some cancers. Unlike most kinase inhibitors, THZ1 binds 

to an allosteric site on CDK7, CDK12 and CDK13 rather than its adenosine triphosphate (ATP)-
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binding pocket, thereby affording high specificity with few off-target effects at clinically relevant 

doses (19). It should be noted that inhibition of CDK12 and CDK13 occurred at slightly higher 

concentrations when compared to CDK7 (20). THZ1 has recently been shown to markedly inhibit 

tumor cell growth in multiple cancer types (13, 19, 21-24). In these studies, THZ1 was found to 

achieve its anti-proliferative effect through selective inhibition of target genes driven by SEs, 

which normally function to amplify lineage-specific transcription factors in these cancers (25). 

SEs are areas within the genome typically marked by H3K27ac (histone H3 acetylated at lysine-

27), H3K9ac (histone H3 acetylated at lysine-9), and H3K4me1 (histone H3 monomethylated at 

lysine-4) and occupied by paused RNA polymerase II (RNAPII) (26, 27). CDK7 functions as a 

known regulator of RNAPII-mediated initiation, pause establishment, and elongation through the 

direct phosphorylation of the RNAPII C-terminal domain (CTD) (19). Thus, it has been suggested 

that CDK7 inhibition by THZ1 leads to reduced occupancy of RNAPII within SEs (28).  

To evaluate the potential efficacy of THZ1 in basal PDA, we treated a panel of seven human 

basal PDA cell lines with THZ1 and compared their sensitivity to five human classical PDA lines 

(Fig. 1C). SIRT6low/basal PDA lines were highly sensitive to THZ1, whereas SIRT6high/classical 

PDA lines were not as sensitive. By contrast, both basal and classical PDA lines were equally 

sensitive to gemcitabine (Fig. 1D), the standard of care treatment of pancreatic cancer. Moreover, 

THZ1 sensitivity was inversely correlated with SIRT6 expression across a broad panel of 22 PDA 

lines (fig. S1D). Treatment with THZ1 resulted in a similar reduction in phosphorylation of both 

substrates of CDK7 within the RNAPII CTD, referred to as phospho-serine 5 (PS5) and PS7, as 

well as the transition to productive elongation marker PS2, in both basal and classical PDA lines 

(Fig. 1E). MYC protein was greatly reduced in both cell subtypes. However, activation of the 

apoptotic marker cleaved caspase-3 was observed as early as 16 hours after treatment with THZ1 
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at 500nM in basal PDA lines, whereas no activation of cleaved caspase-3 was seen in classical 

PDA lines even at doses 10-fold higher. Consistent with these results, annexin V staining was 

markedly increased after 24 hours of treatment with 100nM THZ1 in basal but not classical PDA 

cell lines (Fig. 1F and fig. S1E). Propidium iodide staining revealed an accumulation of basal PDA 

cells in G2/M phase after 24 hours of treatment with 100nM THZ1, suggesting a G2/M arrest, as 

previously observed in neuroblastoma (13). No effects on cell cycle were observed in classical 

PDA cell lines (Fig. 1G and fig. S1F). Moreover, inhibition of SIRT6 using short hairpin RNA 

(shRNA) sensitized SIRT6high/classical PDA to THZ1 treatment (Fig. 1H) without changing 

expression of CDK proteins (fig. S1G). Last, both two-dimensional (2D) PDA lines (Fig. 1I) and 

3D organoids (Fig. 1, J to L) derived from our Sirt6 KO GEMM demonstrated marked sensitivity 

to THZ1, similar to that observed in our human basal PDA cell lines. Thus, reduced amounts of 

SIRT6 correlate with the basal PDA subtype and can predict THZ1 sensitivity in PDA.   

 

Inhibition of CDK7 but not MYC is both necessary and sufficient for THZ1-induced 

apoptosis in basal PDA  

We next sought to define the specificity of CDK7 inhibition by THZ1 and determine whether 

CDK7 inhibition was necessary or sufficient for the induction of apoptosis in basal PDA cells. We 

evaluated the efficacy of THZ1-R, a structural analogue of THZ1 that cannot covalently bind to 

CDK7 (19). As expected, neither basal nor classical PDA cell lines were sensitive to THZ1-R (fig. 

S2, A and B). We then tested whether ectopic expression of a mutant form of CDK7, CDK7 C312S, 

which cannot covalently bind THZ1 (19), could prevent THZ1 from inducing apoptosis in basal 

PDA cells and found that expression of CDK7 C312S but not WT CDK7 prevented both cleaved 

caspase-3 activation and MYC suppression in two independent basal PDA lines (fig. S2, C and D). 
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Lastly, to specifically assess whether CDK7 inhibition is sufficient for the induction of apoptosis 

in basal PDA cells, we used CRISPR/Cas9-expressing lentivirus to knock out CDK7 in two basal 

and two classical PDA lines. Treatment with two independent single-guide RNA (sgRNAs) against 

CDK7, but not a non-targeting control sgRNA, inhibited cell growth and induced apoptosis in 

basal but not classical PDA cell lines (fig. S2, E to H). Thus, inhibition of CDK7 is both necessary 

and sufficient for the efficacy of THZ1 in SIRT6low/basal PDA. Enforced ectopic expression of 

MYC in three independent basal PDA lines using a doxycycline-inducible promoter restored MYC 

protein but could not rescue the induction THZ1-mediated apoptosis (fig. S2, I and J). We 

previously showed SIRT6 inactivation promoted PDA progression and metastasis through 

upregulation of Lin28b, however Lin28b and let-7 target remained constant upon treatment with 

THZ1 (fig. S2K). Thus, THZ1-induced apoptosis in basal PDA is not due to transcriptional 

inhibition of MYC or Lin28b.   

 

SE-regulated genes are not preferentially downregulated by THZ1 in basal PDA 

The efficacy of THZ1 at inducing apoptosis in cancer may be through the selective inhibition of 

SE-regulated genes (including MYC). MYC was potently and rapidly downregulated in PDA cells 

following treatment with THZ1, but this did not appear to be unique to basal PDA cell lines, as we 

also saw a reduction in MYC expression in classical cell lines (Fig. 1E). We therefore performed 

a combined RNA sequencing (RNA-seq) and H3K27ac chromatin immunoprecipitation 

sequencing (ChIP-seq) analysis of basal and classical PDA cells after THZ1 treatment to determine 

whether SE-regulated genes were indeed selectively targeted. More than 2000 genes were 

downregulated in both BxPC3 and Panc3.27 (basal) cells by THZ1 and, of these, 1437 were 

commonly downregulated. However, only 87 genes were downregulated in SUIT2 (classical) cells 
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after 6 hours of THZ1 treatment (Fig. 2A), and most SE-regulated genes were not downregulated 

by THZ1 in all three cell lines tested (Fig. 2B). The MYC SE itself was not more decorated by 

H3K27ac in basal PDA compared to classical PDA (Fig. 2, C and D) Instead, both gene ontology 

(GO) and gene set enrichment analysis (GSEA) demonstrated genes related to transcription were 

potently and specifically repressed in basal PDA cells after THZ1 exposure (Fig. 2E). To determine 

if the effects of THZ1 and flavopiridol (an ATP-competitive CDK9 inhibitor) on transcription 

differed in basal compared to classical PDA, we subjected classical and basal cells to increasing 

doses of each compound (19, 28, 29). Nuclei were isolated and nascent transcripts were extended 

by the addition of radiolabeled cytidine triphosphate in a nuclear walk-on reaction (30, 31) 

followed by denaturing gel analysis of the labeled transcripts. The signals from transcripts 

generated by paused Pol II (30 to 70 nucleotides) were quantified. THZ1 treatment, which 

interferes with pausing, led to nearly identical fold reductions of paused transcripts in both cell 

types, whereas blocking productive elongation with flavopiridol showed the same result (Fig. 2F). 

Thus, both basal and classical cells responded similarly to THZ1 and flavopiridol. Altogether our 

results confirmed a specific dependence on transcription in basal PDA; however, whether this 

specificity was due to the inhibition of a specific gene program remained unclear.  

 

Basal PDA are sensitive to inhibitors of transcriptional CDKs 

To further elucidate the mechanism of action of THZ1 in basal PDA, we extended our evaluation 

of the efficacy of CDK transcriptional inhibitors to include specific inhibitors for CDK4/6, CDK9, 

CDK7 and CDK12/13 (20) in our panel of PDA cell lines. Basal PDA cell lines were 5- to 10-fold 

more sensitive to both CDK9 (flavopiridol) (Fig. 3, A and B) and CDK7 (YKL-5-124) (Fig. 3, C 

and D) inhibition than classical PDA whereas basal and classical PDA were equally sensitive to 
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the CDK4/6, cell cycle inhibitor palbociclib (Fig. 3E). Basal PDA exhibited only minimal 

sensitivity to inhibition of CDK12/13 (THZ531) (fig. S3A). Treatment with CDK7, CDK9, and 

CDK12/13 inhibitors led to reductions in RNAPII phosphorylation marks in both basal and 

classical lines as well as specific induction of apoptosis as measured by cleaved caspase-3 only in 

basal PDA lines. MYC protein was reduced similarly between basal and classical PDA lines (Fig. 

3, B and D, S3B). To determine if basal PDA was more sensitive to transcriptional inhibitors in 

general, we assessed the efficacy of bromodomain inhibitors, a class of non-CDK-targeting 

transcriptional inhibitors. Our panel of PDA cell lines showed equivalent sensitivity to 

bromodomain inhibition with JQ1, I-BET151, and I-BET762 (fig. S3C). These data indicated the 

differential sensitivity between PDA subtypes is selective for inhibitors of transcriptional CDKs. 

To further investigate this, we utilized CRISPR/Cas9-expressing lentivirus to knockout CDK9, 

CDK12 or CDK13 in two basal and two classical PDA lines. Treatment with two independent 

sgRNAs against CDK9, but not a non-targeting control sgRNA, inhibited cell growth significantly 

more in basal PDA cell lines (p-value = 0.0025 and 0.00013) compared to classical (p-value = 

0.118 and 0.036) (fig. S3, D to F). KO of CDK12 only minimally reduced growth in basal lines 

compared to classical, whereas CDK13 KO induced no change in growth in both basal and classical 

PDA cell lines (fig. S3, G to L). Together, these data support that basal PDA is selectively more 

vulnerable to loss of CDK7 and CDK9 function rather than loss of CDK12 and CDK13 function. 

Considering the structural and functional differences between CDK7 and CDK9, our data 

demonstrates a multifaceted dependency on CDK-regulated transcription in basal PDA that is not 

due to a specific CDK7-regulated pathway or gene program. Instead, our results uncovered a 

therapeutic vulnerability specifically in the basal but not the classical PDA subtype and prompted 

us to further explore the mechanistic basis for this ‘transcriptional CDK addiction.’  
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SIRT6 regulates the ISR in PDA 

We next examined whether mRNA translation rates were different between basal and classical 

PDA. Global de novo protein synthesis was markedly different as measured by puromycin 

incorporation (Fig. 4A) (32). We observed that basal PDA cells had increased translation compared 

to classical PDA cells. Furthermore, treatment with THZ1 markedly inhibited translation in basal 

PDA but had no impact in classical PDA (Fig. 4B). Lastly, basal cells were more sensitive to the 

translation inhibitor puromycin and homoharringtonine (HHT), confirming their greater reliance 

on mRNA translation (fig. S4A).  

 A variety of inputs regulate global translation in both healthy and cancer cells, many of 

which converge upon the integrated stress response (ISR). Activation of the ISR occurs when 

eukaryotic translation initiation factor 2 (eIF2α) is phosphorylated at serine-51. EIF2α 

phosphorylation causes transient but marked attenuation of global protein synthesis, with the 

exception of select transcription factors, such as ATF4. Serving as an integration point for the ISR, 

ATF4 helps to orchestrate the cell’s response to the perturbing stress by activating transcription of 

genes necessary for either stress reduction or apoptosis. In turn, the ISR can be rapidly deactivated 

through the dephosphorylation of eIF2a by a complex of growth arrest and DNA damage-

inducible protein (GADD34) and protein phosphatase 1 (PP1). Thus, the ISR is a reversible 

mechanism through which cells can markedly reduce global translation to survive a wide variety 

of stresses.  

We interrogated the ISR in a panel of basal and classical PDA cell lines. Virtually all 

classical PDA lines had high baseline activation of the ISR, as measured by high ATF4 expression 

and phosphorylation of eIF2a, which correlated with low overall translation rates. Conversely, all 
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basal PDA lines had low baseline activation of the ISR coupled with relatively high translation 

rates (Fig. 4, A and C). We further sought to validate these finding using publicly available data 

from human PDA tumors. Given that ATF4 is principally translationally regulated, and publicly 

available ATF4 expression data shows no differential expression between subtypes in PDA, we 

opted to examine expression of ATF4 target genes within the publicly available data sets as a proxy 

for ISR activation. We found that genes activated by ATF4 were significantly upregulated (p-values 

< 2.7x10-8) in classical PDA compared to basal PDA according to four published PDA 

transcriptional subtyping classifications. The inverse was also found to be true; genes repressed by 

ATF4 were significantly upregulated (p-values < 1.5x10-5) in basal PDA compared to classical 

PDA by the same classifications (Fig. 4, D and E).  We next sought to understand how classical 

lines maintained activation of the ISR, whereas it remained silent in basal lines. As noted, SIRT6 

has been implicated, albeit indirectly, in distinct cellular responses to other stressors such as 

hypoxia and oxidative stress (33).  SIRT6 has also been shown to bind ATF4, which prompted us 

to investigate its role in regulating ATF4 and/or function in PDA cells (34). We discovered that in 

classical PDA cells, loss of SIRT6 led to a decrease in overall ATF4 protein abundance (Fig. 4F 

and S4B), and a decrease in amount of ATF4 bound to chromatin (fig. S4C). In addition, loss of 

SIRT6 in classical PDA cells reduced expression of ATF4 target gene transcripts and proteins, 

including GADD34 (protein phosphatase 1 regulatory subunit 15A), CHOP (DNA damage 

inducible transcript 3), ASNS (asparagine synthetase), Sestrin 2 (SESN2) and the amino acid 

transporters SLC7A11 (solute carrier family 7 member 11), SLC6A9 (solute carrier family 6 

member 9), and CD98hc (CD98 heavy chain) (Fig. 4, F and G). SIRT6 KO cells from our PDA 

GEMMs also demonstrated the same effect (fig. S4, D and E). These targets suggested that SIRT6 

regulates ATF4 target genes specifically involved in amino acid deprivation and not oxidative 
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stress or autophagy (fig. S4F). Conversely, ectopic expression of WT SIRT6, but not the catalytic 

mutant SIRT6 HY, in basal PDA cells robustly increased ATF4 target gene expression, suggesting 

that SIRT6 deacetylase activity was necessary for its regulation of ATF4-mediated transcription 

(fig. S4G). The essential role for SIRT6 in increasing ATF4, and as an adaptive response, became 

apparent in basal cells that are prevented from increasing SIRT6 in response to stress. In both KP4 

and 8988T cells, tunicamycin treatment of the siCTRL causes an increase in expression of SIRT6, 

ATF4, and ATF4 target genes. Tunicamycin is a known inducer of ATF4 (35) which in our basal 

model also increased SIRT6 thereby enabling ATF4 induction. Knockdown of SIRT6 renders basal 

PDA cells incapable of fully inducing ATF4 and ATF4 target genes in response to tunicamycin 

[which elevates endoplasmic reticulum (ER) stress by inhibiting N-linked glycosylation] (36). In 

addition, the already low amounts of ATF4 in basal cells are further reduced by knockdown of 

residual SIRT6 (Fig. 4H). Together, these data validate the necessity of SIRT6 for complete 

induction of ATF4.  

 

SIRT6 regulates ATF4 stability 

To investigate the principal mechanism by which SIRT6 regulates ATF4, we performed a time 

course of ATF4 expression dynamics by measuring mRNA and protein abundance upon SIRT6 

knockdown. We found that ATF4 protein was reduced after 48 hours of SIRT6 knockdown, but 

changes in ATF4 mRNA did not occur until 72 hours (Fig. 5, A and B). Because ATF4 is 

predominantly translationally regulated and our data showed that ATF4 protein changes occur 

before mRNA changes with SIRT6 knockdown, we decided to investigate if SIRT6 regulates ATF4 

protein translation. To do this, we performed polysome profiling on classical cells with and without 

SIRT6 knockdown. Polysome profiling uses cycloheximide to block protein synthesis and freeze 
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the ribosomes on the mRNA transcripts, enabling assessment of a transcript bound at different 

stages of ribosome assembly and translation. A sucrose gradient and ultracentrifugation are used 

to separate the monosomes from polysomes and abundance is measured by absorption. We 

discovered no change in global translation as indicated by similar polysome traces between control 

and SIRT6 knockdown even with reduction in SIRT6 mRNA abundance verified by quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) (fig. S5, A and B). ATF4 mRNA 

abundance showed no difference in amount of transcript bound to ribosomes in each fraction (fig. 

S5C), as well as no change in amount of cumulative ATF4 mRNA in monosomes or polysomes 

(fig. S5D) with SIRT6 knockdown as measured by qRT-PCR. Lastly, SIRT6 knockdown and ATF4 

protein reduction were verified in our classical cells through paired Western blots (fig. S5E). 

Therefore, we concluded from these data that ATF4 protein translation is not substantially affected 

by SIRT6.  

mTOR (mammalian target of rapamycin) is known to activate ATF4 through a mechanism 

distinct from its canonical induction by the ISR, which prompted us to examine this in the context 

of SIRT6 (35). We performed SIRT6 knockdown in two classical PDA cell lines and accessed 

mTOR pathway components. Loss of SIRT6 resulted in clear ATF4 reduction but no change in 

expression or phosphorylation of mTOR and its pathway components (fig. S5F). Therefore, we 

concluded the mTOR pathway is not integral to SIRT6 regulation of ATF4. 

To determine if SIRT6 regulated ATF4 protein degradation, we treated classical cells with 

a proteosome inhibitor (MG132) and observed accumulation of ATF4 protein to be comparable 

regardless of SIRT6 status (Fig. 5C), indicating that the proteosome is involved in SIRT6 

regulation of ATF4. In addition, treating classical cells with cycloheximide to block protein 

synthesis caused ATF4 protein abundance to decline at a significantly faster rate (p-values <0.05) 
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with SIRT6 knockdown (Fig. 5D). Conversely, restoration of SIRT6 in basal cells and treating with 

cycloheximide caused ATF4 protein abundance to decline at a slower rate as compared to the 

empty vector control (Fig. 5E), confirming that SIRT6 stabilizes ATF4 protein. 

To determine if ATF4 instability is a general feature of basal PDA given its low SIRT6 

status, we treated four basal and classical PDA cell lines with cycloheximide to observe ATF4 

protein stability at baseline. We found that ATF4 protein degraded at a significantly faster rate (p-

value < 0.05) in the basal cell lines than in the classical cell lines (Fig. 5F), validating that SIRT6 

protein expression dictates ATF4 protein stability. Moreover, we sought to determine if ATF4 was 

targeted for degradation by b-TRCP (beta-transducin repeat containing E3 ubiquitin protein 

ligase), the receptor component of the E3 ubiquitin ligase previously shown to bind and target 

ATF4 for proteosome degradation (37). We knocked down b-TRCP in the absence of SIRT6 and 

achieved a partial rescue of ATF4 protein abundance (Fig. 5G).  Therefore, we concluded that 

SIRT6 control of ATF4 protein stability is protective against b-TRCP mediated proteasome 

degradation and explains the differential ATF4 protein amounts in basal and classical PDA.   

To further investigate how SIRT6 stabilizes ATF4, we performed co-immunoprecipitation 

to assess direct binding of SIRT6 and ATF4. ATF4 was pulled down in either a basal cell line 

expressing SIRT6 or an empty vector control. SIRT6 was shown to specifically bind to ATF4 with 

no non-specific binding in the empty vector or isotope control (Fig. 5H). Next, 

immunofluorescence was performed to determine if ATF4 localization changed upon stabilization 

by SIRT6. Individual overexpression of only SIRT6 or only ATF4 in a basal line showed diffuse 

localization of each protein throughout the nucleus (Fig. 5I). However, when SIRT6 and ATF4 

were both overexpressed in the same cell we saw a marked change in ATF4 localization to a distinct 

speckling pattern within the nucleus (Fig. 5J). To identify if this speckling pattern was protective 
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against degradation of ATF4, we overexpressed ATF4 plus an empty vector control or ATF4 plus 

SIRT6 in the same basal line and treated with cycloheximide. As expected, ATF4 staining showed 

rapid degradation with cycloheximide treatment in the absence of SIRT6. Conversely, in the 

presence of SIRT6 we saw stabilization of ATF4 as well as maintenance of the speckling pattern 

throughout cycloheximide treatment (Fig. 5K).  

Previous work has identified that stabilization of ATF4 occurs when ATF4 is localized to 

nuclear speckles (38). To determine if SIRT6 induced ATF4 localization to nuclear speckles in 

PDA, we performed the same overexpression experiment as in Figure 5K and stained for nuclear 

speckles with the SC35 antibody. In the absence of SIRT6, there was no colocalization of ATF4 

and the SC35 nuclear speckles marker; however, the addition of SIRT6 induced colocalization of 

ATF4 and SC35 as well as maintained this colocalization with cycloheximide treatment (fig. S5G).  

Moreover, SIRT6 co-localized to these speckles with ATF4 while maintaining localization in other 

regions of the nucleus (fig. S5H). Lastly, endogenous staining of ATF4 in SIRT6high/classical lines 

showed a similar speckling pattern to the ATF4 and SIRT6 overexpression in a SIRT6low line (Fig. 

5L). For comparison, the SIRT6low/basal line showed no endogenous ATF4 staining (Fig. 5L). 

Together, these data indicated that SIRT6 stabilizes ATF4 through binding and directing ATF4 to 

nuclear speckles, which protects ATF4 from degradation by the proteosome. This protection of 

ATF4 by SIRT6 thereby enables transcriptional activation of ATF4-target genes and control of the 

ISR.  

 

Inability to induce ISR confers sensitivity to transcriptional inhibition 

To determine whether ISR activation could protect basal cells from transcriptional CDK inhibition, 

we altered GADD34 expression in both basal and classical PDA cell lines. Knockdown of 
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GADD34 was used to induce activation of the ISR by keeping eIF2a phosphorylated. GADD34 

knockdown both increased p-eIF2a between DMSO (Dimethyl sulfoxide) siCNTL and DMSO 

siGADD34 and significantly reduced sensitivity to THZ1 (p-values < 0.04) as shown by loss of 

cleaved caspase-3 activation and reduced annexin/propidium iodide staining in two independent 

basal PDA cell lines (Fig. 6A, fig.S6A). Conversely, preventing activation of the ISR in classical 

PDA cells by overexpression of GADD34 resulted in both reduced p-eIF2a and significantly 

higher amounts of apoptosis in response to THZ1 (p-values < 0.03) (Fig. 6B and fig. S6B). 

Similarly, knockdown of ATF4 sensitized classical PDA cells to THZ1 (Fig. 6C). Thus, our results 

suggested that the inability to launch the ISR in basal PDA cells renders them sensitive to 

transcriptional inhibition, whereas a constitutively active ISR in classical PDA lines confers 

resistance.   

To test this hypothesis, we treated a panel of three classical and three basal PDA cell lines 

with increasing doses of either THZ1 or flavopiridol and monitored for the expression of ISR 

markers, ATF4 and p-eIF2a, as well as the induction of apoptosis (Fig. 6, D and E). All six cell 

lines were able to induce phosphorylation of eIF2a whereas only the basal lines suppressed global 

mRNA translation upon drug treatment (Figs. 6F and 4B). However, induction of the ISR remained 

incomplete in the SIRT6low/basal PDA lines because none were able to express ATF4 (Fig. 6, D to 

F). In contrast, tunicamycin was able to induce the expression of both ATF4 and its target gene 

CHOP in all basal PDA lines tested (Fig. 6G and Fig. 4, I and J), a response not seen when these 

cells were treated with either THZ1 or flavopiridol (Fig. 6G). Moreover, silencing of SIRT6 in 

SIRT6high/classical PDA reduced baseline expression of ATF4 to basal PDA amounts. These cells 

behaved similarly to basal PDA cells in the presence of THZ1, where p-eIF2a was increased but 

8988T 
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ATF4 and many ATF4-target genes were not able to be induced thus sensitizing classical lines to 

THZ1 treatment (Fig. 6H). 

Lastly, we asked whether the key biological differences in stress response between the more 

aggressive, mesenchymal-like basal subtype and the less aggressive, epithelial-like classical 

subtype may extrapolate to other cancers with similar subtype classifications. The basal subtype 

of PDA was classified as such because of overlap in transcriptional signatures with basal tumors 

of the bladder and breast (9). In addition, basal breast cancers, including triple negative breast 

cancers, were recently shown to be sensitive to THZ1 when compared to the ER+ Luminal subtype 

(24). We found that, similar to basal PDA, basal breast cancer cell lines (BT549 and MDA-MB-

231) failed to activate a complete ISR program and were more sensitive to THZ1 than their luminal 

counterparts (Fig. 6I). Thus, although the upstream apparatus of the ISR remained intact in basal 

PDA and basal breast cancer cell lines, they were unable to activate downstream regulators in the 

presence of transcriptional inhibitors such as THZ1 or flavopiridol, rendering them vulnerable to 

this class of compounds.    

To show that the ISR confers differential sensitivity to transcriptional inhibition in vivo, 

we implanted Sirt6 KO and Sirt6 WT GEMM-derived PDA organoids subcutaneously in 

immunocompetent syngeneic C57BL/6 mice and treated daily with flavopiridol for 3 weeks.  

Flavopiridol inhibited the growth of the Sirt6 KO but not the Sirt6 WT organoid-derived tumors 

(Fig. 7A). The histology of the implanted PDA organoid tumors was independently verified by a 

pathologist to be indistinguishable from the original GEMM tumors for both Sirt6 KO and Sirt6 

WT models (Fig. 7B). 

We next used two different patient-derived xenograft (PDX) models, subtyped as classical 

and basal, respectively, based on publicly available RNA-seq data from the NCI patient-derived 
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model repository (PDMR), and confirmed the designations based on abundance of SIRT6 

expression (Fig. 7C). The models were treated with flavopiridol for 3 weeks and growth of basal 

PDXs was inhibited (Fig. 7D). In comparison, classical PDXs were not sensitive (Fig. 7E). 

Flavopiridol also did not cause substantial toxicity as assessed by maintenance of animal weight 

throughout treatment (Fig. 7F). Together, these results suggested that transcriptional inhibition of 

the basal subtype of PDA, defined by SIRT6 expression, is a specific and potent treatment strategy 

for this deadly disease. 

 

DISCUSSION 

Here we have found that SIRT6, an NAD+ dependent histone deacetylase, can regulate 

ATF4 stability in response to cellular stresses and is highly expressed in the classical PDA subtype, 

whereas it is lost in the basal PDA subtype. As a result, basal PDA has a suppressed ISR at baseline 

whereas classical PDA has an elevated ISR at baseline. We further found that SIRT6 is required 

for ISR activation through its regulation of ATF4 stability which enables the classical PDA subtype 

to survive stressors such as inhibition of transcriptional CDKs. Normally, basal PDA cells would 

induce SIRT6 in response to an applied stressor, with a subsequent increase in ATF4 and an 

adaptive response to that stress. However, when the applied stress is transcriptional CDK 

inhibition, SIRT6 cannot be induced and is therefore not present to stabilize ATF4 which prevents 

the ISR from becoming active. This reduced or inactive ISR prevents the cell from adequately 

responding to the stress of transcriptional CDK inhibition which drives the basal PDA cells 

towards cells death. Genetic manipulation of key regulators of the ISR, including ATF4 and 

GADD34, was sufficient to alter sensitivity to these inhibitors of transcriptional CDKs in both 

subtypes.  
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PDA regulation of ATF4 through stability and degradation has not been studied as in-depth 

as regulation of ATF4 through translational control. However, some insightful work has discovered 

that ATF4 has a targeted E3 ligase receptor (b-TRCP which directly interacts with and guides ATF4 

to the proteasome for degradation. This interaction is mediated by ATF4 phosphorylation at serine 

219, which is within a similar motif to other b-TRCP substrates (37). We found that b-TRCP is 

important for ATF4 degradation by the proteasome in PDA, and loss of b-TRCP in the absence of 

SIRT6 enables a partial rescue of ATF4 protein abundance. However, because this rescue is partial 

and not complete, b-TRCP may not be the only E3 ligase receptor component that binds ATF4. 

Considering that loss of SIRT6 enables ATF4 to escape the protection of nuclear speckles, this 

would increase ATF4 abundance outside of the speckles and increase potential to bind with other 

E3 ligase receptor components. In addition, it has been identified that epigenetic modifiers such as 

histone acetyltransferases are able to stabilize ATF4 through mechanisms independent of their 

catalytic activity. The histone acetyltransferase p300 can stabilize and localize ATF4 to nuclear 

speckles thereby increasing its transcriptional activity (38). Our data identifies that this model of 

epigenetic modifiers, such as p300 and SIRT6, stabilizing and localizing ATF4 to nuclear speckles 

holds true in PDA. This model illustrates how protein stability encompasses another layer of post-

translational regulation of the ATF4 signaling pathway. Further work will be needed to determine 

whether the catalytic activity of SIRT6 is necessary for its ability to stabilize ATF4.  

  Reprogramming of protein synthesis can collaborate with epigenetic and metabolic 

programs to determine cell state. Global translation is frequently dysregulated in cancer, and it 

remains an open question whether translation drives or merely reflects cellular identity. The ISR 

and control of global translation through phosphorylated eIF2a may have an evolutionarily 

conserved role in cell plasticity in response to stress (39). Studies of stem cells in murine models 
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and human cancers have linked p-eIF2a and the ISR to cancer cell plasticity and maintenance of 

stem cell populations (40, 41). Protein synthesis rates may dictate cell lineage in epithelial 

populations as well. For example, progenitor basal cells exhibit higher amounts of protein 

synthesis compared to luminal cells within the murine prostate. This observation is maintained in 

the context of prostate cancer (42). Similarly, in transdifferentiated (EMT) breast cancer cells, 

overproduction of extracellular matrix components leads to ER stress and activation of the PERK 

(eukaryotic translation initiation factor 2 alpha kinase 3)/eIF2α axis, which is paralleled by 

invasion and metastasis (43). Breast cancer cells can also increase plasticity in response to mTOR 

inhibitors and chemotherapeutics that induce translational activation of stemness factors NANOG 

(Nanog homeobox), SNAIL (snail family transcriptional repressor 1), and NODAL (nodal growth 

differentiation factor). These effects are overcome with drugs that antagonize the translational 

reprogramming caused by p-eIF2α, suggesting that the ISR drives breast cancer plasticity (44).  In 

the epidermis, an eIF2B5-mediated translational program leads to loss of progenitor self-renewal, 

which limits tumor initiation and growth (45). Collectively, these observations suggest a 

multifaceted role for the ISR in cancer cell phenotypic switching.  

Our study is limited by several factors. First, we recognize that patient tumors can be 

heterogenous in their subtypes but the more we understand about the individual subtypes, the better 

we can develop targeted therapies that can convert cell state, constrain plasticity, and kill the 

resulting tumor population. In addition, we recognize that knockdown of SIRT6 in classical PDA 

does not reduce ATF4 abundance as low as seen in basal PDA. Considering the complexity of 

ATF4 regulation, other mechanisms in addition to SIRT6 may control ATF4 abundance in PDA. 

Specifically, there could be additional modes of regulation keeping ATF4 low in basal PDA other 

than lack of SIRT6. Although we observe marked sensitivity of basal PDA to inhibitors of 
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transcriptional CDKs in mouse models, this may not always predict response rates in human 

patients. However, we made our preclinical studies as relevant as possible by implanting murine 

PDA organoids into immunocompetent syngeneic C57BL/6 mice to preserve the effects of the 

immune system on treatment. In addition, we treated PDX models in immunocompromised mice 

to account for differential response between human and murine tumors.    

Lastly, examining the ability for subtype switching through epigenetic adaptation and 

inhibition of key drivers of the basal/ classical state would be an important future extension of this 

study to see how this could alter therapeutic response and potential acquired resistance to therapy 

over time. An understanding of this regulation may allow us to potentially convert classical tumors 

to basal tumors to reduce intratumoral heterogeneity and constrain plasticity before applying 

subtype-specific therapies like transcriptional CDK inhibition.  

Treatment of patients with cancer with a highly selective and potent oral CDK7 inhibitor 

has already shown promising results in a Phase I clinical trial across multiple tumor types (46). 

Clinical activity was most notable in pancreatic cancer where stable disease was noted in 38% of 

patients. Most adverse events were low-grade and reversible. These results have led to expansion 

of this trial in PDA (46). Our study provides an understanding of the biology that determines 

sensitivity to CDK7 inhibitors, which will aid the clinical development of these inhibitors in PDA. 

Investigations of resistance mechanisms and combination therapies with transcriptional CDK 

inhibitors are important next steps in providing successful therapeutic options to patients with 

PDA.   
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MATERIALS AND METHODS 
 
Study design. The goals of this study were to uncover a functional relationship between PDA 

subtypes and SIRT6 expression as well as define the mechanism of subtype-specific sensitivity to 

inhibition of transcriptional CDKs in PDA. This objective was accomplished by (i) characterizing 

SIRT6 regulation of the ISR as a defining feature of PDA subtypes, (ii) dissecting the mechanism 

by which SIRT6 controls ATF4 and thereby influences cellular responses to stress in PDA, (iii) 

identifying the role of the ISR in sensitivity and resistance to inhibitors of transcriptional CDKs, 

and (iv) conducting a series of in vitro and in vivo studies to delineate the therapeutic potential of 

transcriptional CDK inhibitors in basal PDA. For all experiments, our sample size was determined 

based on experience and published literature. We used the maximum number of mice available for 

a given experiment based on the following criteria: the number of mice available within the correct 

age range per strain and tumor availability after implantation of human PDX tissue or organoids. 

For all studies, mice were randomly assigned to each treatment group. A blinded pathologist 

performed all histological analyses for murine studies. The number of replicates is specified in 

each figure legend. 

 

Organoid xenograft. All mouse procedures were conducted in accordance with the Fred 

Hutchinson Cancer Research Center (FHCRC) IACUC guidelines and the ARRIVE guidelines. 

C57BL/6J (BL/6J) mice (000664, JAX) were purchased from The Jackson Laboratory.  Injections 

of organoid cultures for the generation of subcutaneously grafted organoid tumors were conducted 

as described previously (47). Typically, 1-2 x 106 cells in 100 μL suspension of 50% Matrigel 

(Corning) in phosphate buffered saline (PBS) and injected into each flank of the mouse. When 

average tumor diameters of 3-5 mm3 were reached, mice were treated with a once daily 
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intraperitoneal injection of vehicle or 5 mg/kg flavopiridol (S1230, Selleck) diluted with dextrose 

5% in water solution (600063; Bound Tree Medical) for 21-days. Caliper measurements of tumors 

and bodyweights were recorded 3-times per week. 

 

Patient derived xenograft. PDX models were acquired from the NCI patient-derived model 

repository (PDMR). 8333975-119-r (Lot# CD1183), 463931-005-r (Lot# LS2265), 466636-057-r 

(Lot# MD0903) and 885724-159-r (Lot# AM1179). Vials of cryopreserved PDX tissue fragments 

were revived, and subsequently repassaged as fresh whole tissue, into both NSG (NOD scid 

gamma) and nude mice. Freshly repassaged tissue was then used for implantation of study cohorts 

of nude mice (002019, JAX).  All work in mice was approved by the Institutional Animal Care and 

Use Committee (FHCRC IACUC protocol 50935-200016). Every PDX model tested negative for 

human pathogens (IDEXX h-IMPACT panel). An aseptic standardized procedure was used 

uniformly:  PDX whole tissue (37degrees C) was rinsed in RPMI, suspended in Matrigel (Corning) 

and implanted subcutaneously into the right flank of 6 to 8 week-old female mice (see strain notes 

above) under isoflurane anesthesia. Preemptive analgesia was provided using Buprenorphine SR 

0.05 mg/kg. Tumor growth and body condition were monitored, and tumors were measured with 

electronic calipers. When average tumor diameters of 3-5 mm3 were reached, mice were treated 

with a once daily intraperitoneal injection of vehicle or 5 mg/kg flavopiridol (S1230, Selleck) 

diluted with dextrose 5% in water solution (600063; Bound Tree Medical) for 21-days. Caliper 

measurements of tumors and bodyweights were recorded 3-times per week. 

 

Statistical Analyses. Statistical significance was determined by specific tests and presented as 

means ± SEM as indicated in the figure legends. Experimental raw values were depicted when 
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possible or normalized to internal controls. When comparing data from two groups paired or 

unpaired Student’s two-tailed t test was used to determine significance, which was set at a P value 

of <0.05. Statistical analyses were performed using GraphPad Prism and R or Python packages. 

RNA-seq data was analyzed using Python package HTSeq, and Bioconductor packages edgeR and 

goseq. ChIP-seq data was analyzed using Python packages MACS2 and ROSE. Both RNA-seq 

and ChIP-seq data used R package VennDiagram and false discovery rates (FDRs) were calculated 

using the Benjamini-Hochberg method and cut off at 5%. Pearson’s correlation coefficient and 

corresponding P value were used to measure the extent of correlation between SIRT6 expression 

and THZ1 sensitivity. Additional information can be found in the supplemental materials and 

methods. 
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Figure 1. THZ1 specifically induces apoptosis in basal but not classical PDA. A, SIRT6 
expression from RNA-seq data of human PDA samples classified as belonging to either basal or 
classical subtypes. B, qRT-PCR for SIRT6 in panel of human PDA cell lines. C and D, Proliferation 
curves for basal PDA (red), compared with classical (black) PDA cell lines treated with increasing 
doses of THZ1 (C) and gemcitabine (D). Significant difference in IC50 values for basal versus 
classical indicated by p-value ≤ 0.05 (two-tailed unpaired Student’s t-test). E, Western blot for 
RNA polymerase II (RNAPII) phosphorylation of serine 5 (PS5), serine 7 (PS7), serine 2 (PS2), 
MYC, cleaved caspase 3 (CC3) and ACTIN in basal (red), compared with classical (black) PDA 
cell lines treated with increasing doses of THZ1 (20nM – 5uM) for 16 hours. F, Quantification of 
Annexin + Propidium iodide positive cells in classical (grey) versus basal (red) PDA lines after 
THZ1 treatment. G, Quantification of G2/M cell populations in classical (grey) versus basal (red) 
PDA lines after THZ1 treatment. H, Western blots for PS5, PS2, RNAPII, CC3, SIRT6 and ACTIN 
in classical cell line expressing either short hairpins targeting SIRT6 (shSIRT6) or control hairpins 
(shCNTL), treated with increasing doses of THZ1 (250nM and 500nM). I, Western blots for PS2, 
PS5, PS7, RNAPII, CC3 and ACTIN in 2D cell lines derived from GEMM pancreatic tumors with 
(+/+) and without (F/F) SIRT6 expression treated with increasing concentrations of THZ1 for 16 
hours. J and K, Bright field imaging of organoids derived from GEMM pancreatic tumors with 
(+/+) and without (F/F) SIRT6 expression treated with either DMSO or 1uM THZ1 for 24 hours. 
All bright field images have a scale bar of 500um. L, Western blots of SIRT6, cMYC, PARP, CC3 
and ACTIN in organoids derived from GEMM pancreatic tumors with and without SIRT6 
expression treated with incremental doses of THZ1 (500nM – 2.5uM) for 16 hours. Error bars 
represent +/- SEM between technical duplicates. Data are representative of at least 2 independent 
experiments. *p-value ≤ 0.05; **p-value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
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Figure 2. THZ1 inhibits a broad transcriptional program in basal but not classical PDA. A, 
Venn diagram showing overlap of downregulated genes between basal lines BxPC3 and Panc3.27 
and the classical PDA line SUIT2 after THZ1 treatment. B, Venn diagram showing overlap 
between downregulated genes from RNA-seq experiment and putative super enhancer (SE)-
regulated genes in the indicated PDA cell lines. C, Enhancer regions plotted in order of increasing 
input-normalized H3K27ac ChIP-seq signal, comparing basal (red) and classical (black) lines. 
Super-enhancers are defined as being to the right of the curve inflection point, indicated by a 
dashed vertical line and c-MYC is highlighted by a red point.  D, H3K27Ac peaks at a putative c-
MYC enhancer in PDA, comparing basal (red) and classical (black) lines. E, Gene set enrichment 
analyses (GSEA) of DE genes and significant gene ontology (GO) pathways suppressed in basal 
PDA lines after THZ1 treatment. F, Nuclear walk on assays of SUIT2 and Panc3.27 cells treated 
with the indicated amounts of THZ1 and flavopiridol. Autoradiographs of denaturing gels of 
transcripts generated (left) and quantification of the paused transcripts contained within the purple 
box (right) are shown. Error bars represent standard deviation from two biological replicates. 
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Figure 3. Basal PDA lines are differentially sensitive to inhibitors of transcriptional CDKs. 
A, Proliferation curves for basal PDA (red), compared with classical (black) PDA cell lines treated 
with increasing doses of flavopiridol B, Western blots for RNAPII, PS5, PS7, PS2, MYC, CC3 
and ACTIN in basal (red), compared with classical (black) PDA cell lines treated with increasing 
doses of flavopiridol (20nM – 5uM) C, Proliferation curves for basal PDA (red), compared with 
classical (black) PDA cell lines treated with increasing doses of YKL-5-124 D, Western blots for 
RNAPII, PS5, PS7, PS2, MYC, CC3 and ACTIN in basal (red), compared with classical (black) 
PDA cell lines treated with increasing doses of YKL-5-124 (20nM – 5uM). E, Proliferation curves 
for basal-PDA (red), compared with classical (black) PDA cell lines treated with increasing doses 
of palbociclib. Proliferation curves were performed in duplicate, and data are represented as mean 
± SEM among three independent experiments. Significant differences in IC50 values for basal 
versus classical indicated by p-value ≤ 0.05 (two-tailed unpaired Student’s t-test with Welch’s 
correction for those with unequal variances). 
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Figure 4. SIRT6 regulates the ISR in PDA. A, Western blots for puromycin incorporation and 
TUBULIN in classical (black) and basal (red) PDA lines. B, Western blots for puromycin 
incorporation and TUBULIN in two classical (black) and two basal (red) PDA lines treated with 
incremental doses of THZ1. C, Western blots for ISR markers ATF4, phosphorylated eIF2α (p-
eIF2α), total eIF2α and ACTIN in basal (red) and classical (black) PDA lines. D and E, 
Bioinformatic analysis of publicly available data comparing expression of ATF4 target genes 
according to four published PDA transcriptional subtyping classifications. Wilcoxon rank-sum test 
was performed comparing basal versus classical (or subtype equivalent) to give an FDR-adjusted 
p-value. F, Western blots for SIRT6, ISR markers ATF4, GADD34 and p-eIF2α, ATF4 target genes 
SESN2, ASNS, SLC7A11 and ACTIN in classical lines treated with non-specific and SIRT6-
specific siRNAs. G, qRT-PCRs for SIRT6, ISR markers and ATF4 target genes in classical lines 
treated with non-specific and SIRT6-specific siRNAs. H, qRT-PCRs for SIRT6, ATF4 and ATF4 
target genes in two basal lines treated with 10uM tunicamycin (Tm) for 5 hours in the presence of 
non-specific and SIRT6-specific siRNAs. Error bars represent +/- SEM between technical 
duplicates. Data are representative of at least 2 independent experiments. *p-value ≤ 0.05; **p-
value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
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Figure 5. SIRT6 regulates stability of ATF4 protein. A and B, Western blots (A) for SIRT6, 
ATF4, and ACTIN and qRT-PCR (B) for SIRT6 and ATF4 mRNA abundance in SUIT2 cells 
transfected with non-specific or SIRT6-specific siRNAs for 48 or 72 hours. C, Western blots for 
SIRT6, ATF4, and ACTIN in classical PDA cell lines transfected with non-specific or SIRT6-
specific siRNAs and treated with 5µM or 10µM MG-132 (MG) for 6 hours. D, Western blots for 
SIRT6, ATF4, and ACTIN and quantification of relative ATF4 abundance in classical PDA cell 
lines transfected with non-specific or SIRT6-specific siRNAs and treated with 150µg/mL 
cycloheximide for 10, 20, 30, 45, or 60 minutes. E, Western blots for SIRT6, ATF4, and ACTIN 
and quantification of relative ATF4 abundance in basal PDA cell lines transfected with empty 
vector, SIRT6 WT overexpression, or SIRT6 HY overexpression plasmids and treated with 
150µg/mL cycloheximide for 15, 30, or 60 minutes. F, Western blots for ATF4, MYC, and ACTIN 
and quantification of relative ATF4 abundance in classical and basal PDA cell lines and treated 
with 150µg/mL cycloheximide for 10, 20, 30, 45, or 60 minutes. Significance indicates basal 
versus classical comparison. G, Western blots for SIRT6, b-TRCP, ATF4, and ACTIN in classical 
lines treated with non-specific (siCTRL), SIRT6-specific (siSIRT6), b-TRCP-specific (sibTRCP) 
siRNAs. H, Immunoprecipitation of ATF4 followed by Western blotting for ATF4, SIRT6, and 
Vinculin in Panc3.27 cells transfected with empty vector or SIRT6 overexpression plasmids. I, 
Immunofluorescence for single transfection of SIRT6 overexpression (OE) with an HA-tag (green) 
or ATF4 overexpression (OE) with a Flag-tag (red) in Panc3.27 cells. J, Immunofluorescence for 
co-transfection of SIRT6 and ATF4 overexpression in Panc3.27 cells stained for Flag-ATF4 (red). 
K, Immunofluorescence for co-transfection of ATF4 plus empty vector overexpression, and ATF4 
plus SIRT6 overexpression in Panc3.27 cells with a cycloheximide treatment of 0, 15, and 30 
minutes stained for Flag-ATF4 (red). L, Immunofluorescence for endogenous ATF4 (red) in two 
classical and one basal cell lines. All immunofluorescence images have a scale bar of 25µm. Data 
are representative of at least 2 independent experiments. *p-value ≤ 0.05; **p-value ≤ 0.01 (two-
tailed unpaired Student’s t-test). 
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Figure 6. The ISR confers sensitivity or resistance to transcriptional inhibitors. A, Western 
blots for GADD34, p-eIF2α, total eIF2α, CC3 and ACTIN in two basal PDA lines transfected with 
control or GADD34-specific siRNAs and treated with increasing doses of THZ1. B, Western blots 
for GADD34, ATF4, p-eIF2α, total eIF2α, PARP and ACTIN in a classical PDA line transduced 
with either an empty vector or GADD34 and treated with increasing doses of THZ1. C, Western 
blots for ATF4, CC3 and ACTIN in a classical PDA line transfected with either control or ATF4-
specific siRNAs and treated with increasing doses of THZ1. D, Western blots for ATF4, p-eIF2α, 
total eIF2α, PARP, CC3 and ACTIN in basal (red), compared with classical (black) PDA cell lines 
treated with increasing doses of THZ1 (20nM – 5uM). E, Western blots for ATF4, p-eIF2α, total 
eIF2α, PARP, CC3 and ACTIN in basal (red), compared with classical (black) PDA cell lines 
treated with increasing doses of flavopiridol (20nM – 5uM). F, Puromycin incorporation and 
Western blotting for TUBULIN, p-eIF2α, Total eIF2α, ATF4, and β-ACTIN in basal PDA cell lines 
treated with increasing doses of THZ1. G, qRT-PCRs of ATF4 and CHOP in basal lines treated 
with Tm only, Tm with THZ1 and Tm with flavopiridol. Total treatment time for Tm was 5 hours, 
total treatment time for THZ1 and flavopiridol was 16 hours. H, Western blots for SIRT6, ATF4, 
p-eIF2α, total eIF2α, GADD34, ASNS, SESN2, PARP, CC3, and ACTIN in SUIT2 PDA cells 
transfected with non-specific or SIRT6-specific siRNAs and treated with 250nM or 500nM THZ-
1 for 20 hours. I, Western blots for ATF4, p-eIF2α, total eIF2α, PARP, CC3 and ACTIN in basal 
BT549 and MDA-MB-231 (red), compared with luminal ZR75.1 (black) breast cancer cell lines 
treated with increasing doses of THZ1 (20nM – 5uM). Error bars represent +/- SEM between 
technical duplicates. Data are representative of at least 2 independent experiments. *p-value ≤ 
0.05; **p-value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
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Figure 7. SIRT6 expression correlates with basal PDA status and flavopiridol sensitivity in 
vivo. A, Tumor volume of organoid xenografts derived from SIRT6 KO and SIRT6 WT mice after 
treatment with 5mg/kg once daily flavopiridol (red) compared to DMSO control (black) for 21 
days (DMSO n=3, flavopiridol n=3). B, H&E staining showing comparison between original 
tumor and organoid-derived tumor from the same source for SIRT6 KO and SIRT6 WT.  C, PDA 
subtype-specific expression of SIRT6 in patient derived xenografts (PDXs) from the NCI. D and 
E, Tumor volume of NCI PDX 463931 (basal) (D) and NCI PDX 885724 (classical) (E) xenografts 
after treatment with 5mg/kg once daily flavopiridol (red) compared to DMSO control (black) for 
21 days (DMSO n=10, flavopiridol n=10). F, Whole body weights of mice implanted with NCI 
PDX 885724 (classical) and NCI PDX 463931 (basal) xenografts after treatment with 5mg/kg once 
daily flavopiridol (red) compared to DMSO control (black) for 21 days. *p-value ≤ 0.05; **p-
value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
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SUPPLEMENTAL MATERIALS AND METHODS 
Cell lines. PDA cell lines were obtained from the American Type Culture Collection (ATCC) and 

grown in their required growth medium per the ATCC description. SUIT2 was obtained from 

Japanese Collection of Research Biosources cell bank. To establish 2D mouse pancreatic cancer 

cell lines, freshly isolated tumor specimens from Sirt6f/f;KrasG12D;p53f/+;p48-Cre (Sirt6 KO) and 

Sirt6+/+;KrasG12D;p53f/+;p48-Cre  (Sirt6 WT) mice were minced with sterile razor blades, 

digested with trypsin for 30 minutes at 37°C, and then resuspended in RPMI and supplemented 

with 10% fetal bovine serum and 1% penicillin (100 U/ml)/streptomycin (100 Ug/ml) (Invitrogen 

Gibco) and seeded on plates coated with rat tail collagen (BD Biosciences). Cells were passaged 

by trypsinization. All studies were done on cells cultivated for less than ten passages. 2D mouse 

pancreatic cancer cell lines are listed in Table S1. 

 

Organoids. Mouse pancreatic organoids were derived and cultured according to the methods 

detailed in (48). Mouse tissue was minced and digested in digestion media [DMEM + glucose, L-

glutamine, sodium pyruvate (GIBCO) with 10% fetal bovine serum and 1% penicillin 

(100 U/ml)/streptomycin (100 Ug/ml) (Invitrogen GIBCO)] containing dispase (0.125 mg/ml, 

GIBCO) and collagenase II (0.125 mg/ml, GIBCO) for 2 hours at 37°C and 15rpm. For mouse 

specimens, the tissue was further dissociated with TrypLE (GIBCO) for 15 minutes.  

Cells isolated from mouse tissue were embedded in Matrigel and cultured in Mouse Feeding 

Medium (AdDMEM/F12 medium supplemented with HEPES [1×, Invitrogen], Glutamax [1×, 

Invitrogen], penicillin/streptomycin [1×, Invitrogen], B27 [1×, Invitrogen], Primocin [1 mg/ml, 

InvivoGen], N-acetyl-L-cysteine [1 mM, Sigma], RSPO1-conditioned medium [10% v/v], Noggin 

[0.1 μg/ml, Peprotech], Mouse EGF, [50 ng/ml, Peprotech], Gastrin [10 nM, Sigma],  FGF10, 

100 ng/ml, Preprotech], Nicotinamide [10 mM, Sigma-Aldrich], and A83-01 [0.5 μM, Tocris]). 
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To passage, organoids were dissociated into single cells using TrypLE (GIBCO) and then they 

were re-seeded into Matrigel (Corning). Mouse pancreatic organoids are listed in Table S1. 

 

Proliferation IC50 assay. Cells were plated in 96-well plates (1,000 cells/well) in culture 

medium. The following day, increasing doses of either THZ1, gemcitabine, flavopiridol, YKL-5-

124, palbociclib, THZ1-R, THZ531, JQ1, I-BET151, I-BET762, or DMSO control (BP231-100; 

ThermoFisher Scientific) were added, and the cells were allowed to grow until DMSO-treated 

wells reached confluency (5–7 days). To quantify viable cells, MTT (3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) (M-6494; ThermoFisher Scientific) was added to the culture 

media at a final concentration of 1 mg/mL and incubated for 3 hours at 37°C. Formazan crystals 

were solubilized with 100 μL/well of DMSO and absorbance was read at 490 nm and normalized 

to DMSO control. MTT proliferation assays were performed in duplicate, and data are represented 

as mean ± SEM among three independent experiments unless otherwise indicated in the figure 

legend. 

 

Real-time quantitative PCR (qRT-PCR). Total RNA was extracted with the RNeasy Mini Kit 

(Qiagen) as described by the manufacturer. For cDNA synthesis, 1µg of total RNA was reverse-

transcribed using the QuantiTect Reverse Transcription Kit (Qiagen). Real-time quantitative PCR 

was run in duplicate using SYBR green master mix (Roche), following the manufacturer's 

instructions, with the exception that the final volume was 12.5 µl of SYBR green reaction mix. 

Real-time monitoring of PCR amplification was performed using the CFX 394 detection system 

(Biorad). Data were expressed as relative mRNA abundance normalized to the β-ACTIN 

expression level in each sample and are represented as mean ± s.e.m. between two independent 
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experiments unless otherwise indicated in the figure legend. The primer sequences are listed in 

Table S2. 

 

Protein isolation and Western blot. Chromatin fractions were prepared by resuspending the cell 

pellet in lysis buffer containing 10mM HEPES pH 7.4, 10 mM KCl, 0.05% NP-40 supplemented 

with a protease inhibitor cocktail (Complete EDTA-free, Roche Applied Science), 5μM TSA, 

5mM sodium butyrate, 1mM DTT, 1mM PMSF, 50mM NaF, 0.2mM sodium orthovanadate and 

phosphatase inhibitors (Phosphatase Inhibitor Cocktail Sets I and II, Calbiochem) and incubated 

on ice for 20 minutes. The lysate was then centrifuged at 14,000 rpm for 10 minutes at 4°C. The 

supernatant was removed (cytosolic fraction) and the pellet (nuclei) was acid-extracted using 0.2N 

HCl and incubated on ice for 20 minutes. The lysate was then centrifuged at 14,000 rpm for 10 

minutes at 4°C. The supernatant (contains acid soluble proteins) was neutralized using 1M Tris-

HCl pH 8.  

Whole cell lysate (WCL) was prepared either by direct boiling of cells in sample buffer or 

by lysis with lysis buffer. For lysis by direct boiling, cells were trypsinized and centrifuged at 

5,000 rpm for 2 minutes at 4ºC. Pellets were resuspended in cold PBS and counted using a TC20 

Automated Cell Counter (Biorad). Cells were again centrifuged at 5,000 rpm for 2 minutes at 4ºC. 

PBS was aspirated, and sample buffer (Invitrogen) with 5% β-mercaptoethanol was added directly 

to the cell pellet at a ratio of 200µL per 1x106 cells. Pellets were boiled for 15 minutes at 95ºC. 

For lysis with lysis buffer, the cell pellet was resuspended in RIPA buffer supplemented with a 

protease inhibitor cocktail (Complete EDTA-free, Roche Applied Science), 5µM TSA, 5mM 

sodium butyrate, 1mM DTT, and phosphatase inhibitors (Phosphatase Inhibitor Cocktail Sets I, II, 

and III Calbiochem) and incubated on ice for 20 minutes. The lysate was then centrifuged at 14,000 
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rpm for 10 minutes at 4°C and the supernatant was harvested. Protein concentration was measured 

by using a BCA protein assay kit (Pierce). 20µg of the cell lysate (from lysis with buffer) or 10uL 

of cell lysate (from lysis by direct boiling) was electrophoresed on a 4-20% gradient 

polyacrylamide gel with SDS (Biorad) and electroblotted onto polyvinylidene difluoride 

membranes (PVDF) (Millipore). Membranes were blocked in TBS with 5% non-fat milk and 0.1% 

Tween and probed with antibodies. Bound proteins were detected with horseradish-peroxidase-

conjugated secondary antibodies (Vector Biolaboratories) and Clarity Max Western ECL Blotting 

Substrate (Biorad). Antibodies used were anti-RNA polymerase II CTD phospho S2(Abcam, 

ab5095), anti-RNA polymerase II CTD phospho S5 (ab5131),  anti-RNA polymerase II CTD 

phospho S7 (ab126537), anti-Total RNA polymerase II (sc-55492), anti-Myc (ab32072), anti-

CDK7 (sc-7344), anti-CDK9 (sc-13130), anti-CDK12 (CST #11973), anti-CDK13 (CDC2L5, 

bethyl lab A301-458A), anti-Cleaved Caspase-3 (CST #9664), anti-PARP (CST #9542), anti-

phosphorylated eIF2α (CST #3597), anti-Total eIF2α (CST #9722), anti-ATF4 (CST #11815), 

anti-xCT (SLC7A11) (Novus NB300-318), anti-SESN2 (Proteintech 10795-1-AP), anti-GADD34 

(Proteintech 10449-1-AP), anti-SIRT6 (CST #12486), anti-betaTRCP (CST #4394), anti-LIN28b 

(CST #4196), anti-IMP1 (CST #8482), anti-IMP2 (CST #14672), anti-IMP3 (Proteintech 14642-

1-AP), anti-HMGA2 (CST #8179), anti-phosphorylated p70 S6K (CST # 9234), anti-Total p70 

S6K (CST #2708), anti-phosphorylated S6 (CST #4858), anti-Total S6 (CST #2217), anti-

phosphorylated 4E-BP1 (CST #2855) anti-Total 4E-BP1 (CST #9644), anti-phosphorylated 

mTOR (CST #2974), anti-Total mTOR (CST #2972), anti-phosphorylated ATK (CST #13038), 

anti-phosphorylated ULK1 (CST #14202), anti-vinculin (sc-73614) and anti-betaACTIN (Sigma 

A5316) as a loading control. 
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For Western blots performed on organoids, organoids were cultured in feeding media 

containing either 1uM THZ1 or DMSO control for 24 hours. Organoids were pelleted using Cell 

Recovery Solution (Corning) to dissolve Matrigel, lysed in RIPA buffer, and processed as detailed 

above. 

 

Constructs and viral infection. Full-length wild-type SIRT6 cDNA (variant 1; NM_016539.2) 

was amplified from the HPDE cells using the following primers (CAGGATCC 

TTGTTCCCGTGGGGCAGTCGAGG; bold sequence indicates BamHI site) and 

(CAGAATTCCTACAAAAAGCCCCACCCTCCC; bold sequence indicates EcoRI site). After 

PCR amplification and subcloning into pGEMT (Promega), SIRT6 constructs were digested with 

BamHI and EcoRI, and purified with the QIAquick Gel extraction kit (Qiagen). Digested SIRT6 

was subcloned into pRetroX-TIGHT-Pur plasmid (Clontech) and site-directed mutagenesis of 

wild-type SIRT6 used the QuikChange Lightning site-directed mutagenesis kit (Stratagene) to 

generate the H133Y, catalytic dead mutant. pLVX-Tet-On was obtained from Clontech. Full-

length wild-type CDK7 expression vector (EV) in the pLX304 backbone was obtained from 

Harvard Medical School (clone ID # 1832). LacZ control vector in pLX304 backbone was obtained 

from Addgene (Plasmid #42560). Lightning site-directed mutagenesis kit (Stratagene) to generate 

the C312S mutant from the CDK7 EV. Viral particles containing the above mentioned plasmids 

were synthesized using lentiviral (pCMVdR8.91) packaging plasmids with pCMV-VSV-G 

(Addgene). Cells were infected by incubating with virus and 10 µg/ml polybrene. Twenty-four 

hours later, cells were selected in 0.5-2.5 µg/ml puromycin for at least two days and the pooled 

populations were used for various experiments.  
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CRISPR knockout growth curves. Single guide RNAs (sgRNAs) for CDK7, CDK9, CDK12, & 

CDK13 were designed using the CRISPick tool from the Broad Institute and are listed in Table 

S3. sgRNAs were cloned into the LentiCRISPRv2 backbone plasmid as previously described (49, 

50). Viral particles containing the above-mentioned plasmids were synthesized as described 

previously in the Constructs and viral infection section. Infected cells were then plated as paired 

experiments for growth curve assays and Western blot verification of knockout. Lysates for 

Western blot analyses were prepared by lysis with lysis buffer as described previously in the 

Protein isolation and Western blot section. 

 Cells were plated in 96-well plates (2,000 cells/well) in culture medium for growth curve 

assays following viral infection, this is termed Day 0. The following day, termed Day 1, 

quantification of viable cells using MTT (M-6494; ThermoFisher Scientific) at a final 

concentration of 1 mg/mL in culture media then incubated for 3 hours at 37°C was performed. The 

same method of MTT addition to form crystals was repeated for Days 1-7. On Day 7, formazan 

crystals were solubilized with 100 μL/well of DMSO and absorbance was read at 490 nm and 

normalized to DMSO control. MTT growth curve assays were performed in duplicate, and data 

are represented as mean ± SEM among three independent experiments unless otherwise indicated 

in the figure legend. 

 

Plasmid transfection. The following constructs were kindly gifted from A. Marazuela Duque 

(Bellvitge Biomedical Research Institute): empty vector and SIRT6 overexpression in the 

pcDNA_4/TO backbone. pRK5-ATF4 Flag was kindly gifted from the Eisenman laboratory at 

Fred Hutch (Addgene Plasmid #26114). The above-mentioned plasmids were transfected into cells 

in 10cm culture dishes (or 12-well plates for immunofluorescence, respectively) by direct additions 
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of 1 mL (100ul) of OptiMEM low-serum media (Gibco) containing 20µL (2µL) of Lipofectamine 

2000 (Invitrogen) and 2µg (0.2µg) of total plasmid DNA. Media was replaced with fresh culture 

media after incubation for 4 hours at 37°C and cells were cultured for an additional 20 hours (24 

hours total). 

 

siRNA transfection. Cells were reverse transfected with siRNAs in 10 cm culture dishes by direct 

addition of 4 mL of cell-containing culture media to 1 mL of OptiMEM low-serum media (Gibco) 

containing 20µL of Lipofectamine RNAiMAX (Invitrogen) and either non-targeting (Control) or 

targeting siRNAs (0.25µM). Media was replaced with fresh culture media after incubation at 16 

hours at 37°C and cells were cultured for an additional 56 hours (72 hours total) unless otherwise 

stated in the figure legend, after which cell pellets were extracted for downstream assays including 

Western blotting and qRT-PCR. siRNAs were obtained from Dharmacon: SIRT6 (L-013306-00), 

ATF4 (L-005125-00), GADD34 (L-004442-02), beta-TRCP (L-003463-00), Control (D-001810-

10). 

 

Apoptosis assay. Cells were washed twice with cold PBS and then resuspended in 1X Binding 

Buffer at a concentration of 1 x 106 cells/ml. 1 x 105 cells of the solution were transferred to a 5 

ml culture tube, and 5 µl of FITC Annexin V and 5 µl Propidium iodide (FITC Annexin V 

Apoptosis Detection Kit, BD Pharmingen) were added to the cells and incubated for 15 minutes at 

RT (25°C) in the dark. After this time, 400 µl of 1X Binding Buffer to each tube and Annexin V 

positive cells and Propidium iodide positive cells were analyzed by flow cytometry. Data are 

shown as mean ± SEM between triplicates and are representative of three independent 

experiments. 
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Cell cycle analysis. Briefly, cells were resuspended in 500 µl of PBS and fixed in ethanol by 

adding drop-wise 1ml of 70 % ethanol. Fixed cells were incubated at 4°C overnight, washed with 

PBS and resuspended in 500 µl of PBS-0.1% Triton-X-100 supplemented with 100 µg/ml of 

RNAse A and 10 µg/ml of propidium iodide. Samples were incubated at RT (25°C) for 30 minutes 

and then DNA content analyzed by flow cytometry. Cell cycle analysis was performed using the 

FlowJo software. Data are shown as mean ± SEM between triplicates and are representative of 

three independent experiments. 

 

Chromatin immunoprecipitation. Cells were cross-linked with 1% paraformaldehyde for 15 

minutes at room temperature. The reaction was quenched for 5 minutes at room temperature by 

adding 0.125 M glycine. After three washes with 1X PBS, cells were lysed with lysis buffer (1% 

SDS, 10 mM EDTA pH 8, 50 mM Tris-HCl pH 8) supplemented with protease and deacetylase 

(TSA) inhibitors. Lysates were sonicated on ice using a QSONICA Q800R3 sonicator (10 seconds 

ON, 20s OFF, 20% AMP; samples in 4ºC water bath throughout sonication cycles). Size of 

fragments obtained (between 200 and 1,200 bp) was confirmed by electrophoresis. Soluble 

chromatin was collected after centrifugation at 14,000 rpm at 4°C for 10 minutes and 1 million 

cells was diluted to 1/5 in dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM 

Tris-HCl pH 8.1) supplemented with protease and deacetylase inhibitors. Soluble chromatin (1%) 

was kept as input control. Soluble chromatin was precleared with 100 µg/ml of salmon sperm 

(Amersham Biosciences), 2.5 µg/ml of unspecific IgGs, and protein-ASepharose at 50% overnight 

at 4°C in rotation. After centrifugation, supernatants were collected and specific antibodies were 

added. Mixtures were incubated at 4°C for 8 hrs in rotation and then incubated overnight at 4°C in 
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rotation with protein-A-Sepharose at 50% (Roche). Beads were collected and washed sequentially 

at 4°C for 10 minutes with TSE I (150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, and 

20 mM Tris-HCl (pH 8.1)), TSE II (500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 

and 20 mM Tris-HCl (pH 8.1)), and buffer III (0.25 LiCl, 1% Nonidet P-40, 1% deoxycholate, 1 

mM EDTA, and 10 mM Tris-HCl (pH 8.1)). Beads were washed once with 1X PBS by pipetting 

and immunoprecipitates were eluted two times (20 minutes incubation) with elution buffer (0.1 M 

NaHCO3 and 1% SDS). Reversion of cross-linking was performed overnight by adding 0.2M 

NaCl and heating samples and input controls at 65°C. Samples were then treated with 0.2 mg/mL 

RNAse A (Qiagen) and incubated for 1hr at 37°C followed by addition of 0.01M EDTA, 0.04M 

Tris-HCl pH 6.5 and 4 U/mL of Proteinase K (Promega) and samples were incubated at 45°C for 

1 hr. DNA was then purified using the QIAquick spin kit (Qiagen). 

 
RNA-seq data analysis: RNA-seq libraries were prepared from extracted total RNA using the 

TruSeq RNA Sample Preparation v2 kit (Illumina). Libraries were barcoded and pooled, with 18 

samples in a single pool, and sequenced using 50bp paired-end reads across three Illumina HiSeq 

2500 lanes in “Rapid Run” mode. Illumina's on-board RTA v1.18.66.3 software performed real-

time image processing and cluster tracking, followed by off-line application of Illumina's bcl2fastq 

Conversion Software v1.8.4 to demultiplex the pool and generate FASTQ files for each sample. 

An average of 29.9M 50bp paired-end reads per sample passed Illumina’s default quality filters 

and were retained for further analysis. Reads were aligned to the human genome reference 

GRCh38/hg38 using TopHat v2.1.0 (51). Counts were generated from TopHat alignments for each 

gene using the Python package HTSeq v0.6.1 (52).  Genes with low counts across all samples were 

removed prior to TMM normalization and identification of differentially expressed genes using 

the Bioconductor package edgeR v3.18.1 (53).  Multiple testing correction was applied to control 
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false discovery rate (FDR) using the Benjamini-Hochberg method. Differentially expressed genes 

were defined as having |log2(ratio)| ≥ 1 (± 2-fold) at an FDR of 5%. Venn diagrams were generated 

from significantly downregulated genes in each comparison using the R package VennDiagram 

(54). Gene ontology enrichment analysis was performed on genes that were significantly 

downregulated in BxPC3 and Panc3.27, but not SUIT2, using the Bioconductor package goseq 

v1.28.0 (55), reporting GO:BP categories that are significantly over represented at an FDR of 5%. 

Genes from BxPC3 and Panc3.27 significance testing were ranked by logFC and used to perform 

GSEA Preranked Gene Set Enrichment Analysis (56) with all gene sets from MSigDB v6.1 (57). 

Sequencing data have been deposited in GEO at National Center for Biotechnology Information 

under the accession number GSE181606. 

 

ChIP-seq data analysis: ChIP-seq libraries were prepared with the KAPA HyperPrep kit (Roche). 

Libraries were barcoded and pooled, with 12 samples in a single pool, and sequenced using 50bp 

paired-end reads on two Illumina HiSeq 2500 lanes in “Rapid Run” mode. Illumina's on-board 

RTA v1.18.66.3 software performed real-time image processing and cluster tracking, followed by 

off-line application of Illumina's bcl2fastq Conversion Software v1.8.4 to demultiplex the pool 

and generate FASTQ files for each sample. An average of 32.6M read pairs per sample passed 

Illumuna’s default quality filters were retained for further analysis. Reads were aligned to the 

human genome reference GRCh37/hg19 using Bowtie v1.1.1 (58). MACS2 (59) was used to call 

peaks, followed by using ROSE (Rank Ordering of Super Enhancers) (60, 61) to stitch together 

regions of enriched ChIP-seq signal and  identify super-enhancers, which were associated with 

genes using GREAT (Genomic Regions Enrichment of Annotations Tool) v3.0 (62). Enhancer 

signal values produced by ROSE were ranked and plotted, and the inflection point of the curve 
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was used as a threshold for calling super enhancers. Venn diagrams displaying the overlap between 

genes that were significantly downregulated in the RNA-seq dataset and super enhancer associated 

genes from the ChIP-seq dataset were generated using the R package Venn Diagram (54). 

ChIP-seq data profiling H3K27ac in several additional pancreatic adenocarcinoma cell 

lines (14) were downloaded from the Sequence Read Archive, including H3K27ac.PANC1 

(SRR1736436), H3K27ac.HPAF2 (SRR2919438), and H3K27ac.MiaPaca2 (SRR2919439). 

These samples were aligned as described above. For visualization in IGV, bamCoverage from 

DeepTools (63) was used to generate coverage tracks from the resulting alignments, with CPM 

normalization and effective genome size set for GRCh37. Sequencing data have been deposited in 

GEO at National Center for Biotechnology Information under the accession number GSE181606. 

 

Nuclei isolation and nuclear walk-on. Adherent SUIT2 and Panc3.27 cells were grown to 80% 

confluence in T-150 flasks at 37°C and 5% CO2 in RPMI 1640 (Gibco 21875034) supplemented 

with 10% FBS (Gibco 26140079). Nuclei isolations and walk-on reactions were performed as 

previously described (30, 31). Briefly, flavopiridol (NIH AIDS Reagent Program 9925) or THZ1 

(a gift from T. Zhang and N.S. Gray) were dissolved in DMSO and the drugs or DMSO only were 

added to the cells for 1 h prior to harvesting (the final concentration for DMSO was 0.1% and final 

concentrations of flavopiridol and THZ1 are indicated in the text). Two biological replicates were 

used for each treatment. Subsequent to the treatments, media was discarded and cells were washed 

in ice-cold PBS. Fresh lysis buffer (20 mM HEPES pH 7.6, 1% IGEPAL CA-630, 1 mM EDTA, 

1 mM spermine, 1 mM spermidine, 1 mM DTT, 0.004 U/μl SUPERase-In [Ambion AM2696], 

320 mM sucrose, 0.1% isopropanol-saturated PMSF and cOmplete EDTA-free protease inhibitor 

cocktail [Roche 11873580001]) was added and cells were quickly scrapped off the flasks before 
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being layered on top of a sucrose cushion (20 mM HEPES pH 7.6, 1 M sucrose, 1 mM spermine, 

1 mM spermidine, 0.1 mM EDTA, 1 mM DTT, 0.004 U/μl SUPERase-In, 0.1% isopropanol-

saturated PMSF and cOmplete EDTA-free protease inhibitor cocktail). Cells were spun at 22500 

× g for 5 minutes at 4°C. Pelleted nuclei were resuspended in 60 μl storage buffer (20 mM HEPES 

pH 7.6, 5 mM MgCl2, 5 mM DTT and 25% glycerol) and stored at –80°C.  

Isolated nuclei (15 ul) were incubated with nuclear walk-on buffer (20 mM HEPES pH 7.6, 

0.5% Sarkosyl, 5 mM MgCl2, 5 mM DTT, 150 mM KCl, 0.25 U/μl SUPERase-In and 0.167 μM 

α-32P-CTP [PerkinElmer BLU008H001MC]) in the presence or absence of 1.33 ug/ml α-amanitin 

(Sigma A2263). Incorporation was carried out at 37°C for 10 minutes and stopped with 20 mM 

EDTA, 0.1M Tris, 1% Sarkosyl and 200 μg/ml Torula Yeast RNA. RNA was isolated with Trizol 

LS (Ambion 10296028), run in a TBE/urea polyacrylamide gel and stained with ethidium bromide. 

ImageJ was used to quantify intensities from the same three selected bands on each lane. 

Correction factors were calculated to account for small differences in loading. Radiolabeled 

transcripts were visualized with a Fujifilm Typhoon FLA-7000 phosphorimager and counts were 

generated using the Fujifilm MultiGauge software. These counts were scaled by applying the 

corrections factors. The plus α-amanitin lanes were subtracted from each corresponding minus α-

amanitin lane to obtain the Pol II signal. Error bars represent standard deviation of the fold changes 

from two biological replicates.      

 

Puromycin incorporation assay. Cells were treated with 1µM puromycin (ThermoFisher 

Scientific) and incubated at 37ºC for 30 minutes prior to collection and preparation of lysates for 

western blot analyses as previously described. Antibodies used for this assay were puromycin 
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(Millipore Sigma, clone 12D10) and β-tubulin as a loading control (Cell Signaling Technologies, 

2146S). 

 

Gene set expression scoring of PDA RNA-seq data. A published PDA RNA-seq dataset was 

used to assess transcriptomic features of PDA subtypes and gene expression was quantified as 

previously described (11, 64). Average expressions of gene sets in each tumor were scored using 

the AddModuleScore function in Seurat (65). Three gene sets from the C2 curated collection in 

MSigDB v7.2 were scored: IGARASHI ATF4 TARGETS UP (genes up-regulated in A549 cells 

after knockdown of ATF4 by RNAi), IGARASHI ATF4 TARGETS DN (genes down-regulated 

in A549 cells after knockdown of ATF4 by RNAi), and REACTOME ATF4 ACTIVATES 

GENES IN RESPONSE TO ENDOPLASMIC RETICULUM STRESS (57, 66, 67). Scores were 

compared between subtypes by Kruskal-Wallis test or Wilcoxon rank-sum test and resulting p-

values were FDR-adjusted. 

 

Polysome fractionations. SUIT2 and AsPc-1 cells were cultured and transfected with either non-

targeting or SIRT6-targeting siRNA as described above. Cells were harvested by trypsinization, 

collected in media and centrifuged. The resulting cell pellets were resuspended in 1mL of a 

0.10mg/mL stock of cycloheximide in PBS.  The cell suspension was incubated on ice for 10 

minutes, centrifuged, and the resulting pellet was snap frozen on a dry ice and ethanol slurry before 

storage at -80C. Frozen cell pellets were lysed in 300 µL of lysis buffer (Tris-HCl, NaCl, MgCl2, 

10% NP-40, Triton-X 100, SUPERase-In RNase Inhibitor (Promega), cycloheximide, DTT, DEPC 

water) for 45 minutes on ice, and vortexed every 10 minutes.  Lysates were centrifuged at 9300 

x g for 5 minutes at 4°C to pellet cell debris, and the supernatants were transferred into fresh 
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tubes.  A portion of each lysate (30 µL) was reserved as the total RNA input sample and the 

remaining volume was layered onto 10% to 50% (w/v) linear sucrose gradients for ribosome 

fractionation (gradients prepared in Seton 7030 ultracentrifuge tubes).  The gradients were 

centrifuged at 37,000 rpm for 2.5 hours at 4°C in a Beckman SW41Ti rotor.  Fractions (820 µL 

each) were collected by upward displacement into collection tubes (Gilson Fraction Collector) 

through a Bio-Rad EM1 UV monitor (Bio-Rad) for continuous measurement of the absorbance 

at 254 nm using a Biocomp Gradient Station (Biocomp).  Fractions were mixed 1:1 with TRIzol 

reagent (Ambion) and stored frozen at -80°C until RNA extraction. Extracted RNA from samples 

Total RNA, and all Fractions were subjected to Tapestation analysis to confirm the presence of the 

18S or 28S rRNA. Extracted RNA from samples Total RNA, and all Fractions were used to 

synthesize cDNA as described above. qRT-PCR was performed as described above, with samples 

run in triplicate.  

 

Cycloheximide protein stability assay. Cells were treated with 150µg/mL cycloheximide 

(Sigma-Aldrich) for increasing timepoints and harvested by trypsinization. Lysates for Western 

blot analyses were prepared by direct boiling in sample buffer as described previously in the 

Protein isolation and Western blot section. 

 

Immunofluorescence. Cells were plates on 18mm coverslips #1.5 thickness in 12-well plates. 

Coverslips were washed once with cold 1x PBS and fixed with 2% paraformaldehyde for 10 

minutes. Coverslips were then washed 4 times with 1x PBS and permeabilization solution (20 mM 

HEPES, 10 mM NaCl, 3 mM MgCl2, 0.3M sucrose. 0.5% Triton X-100) was added for 10 minutes 

on ice. Coverslips were then washed 4 times with 1x PBS and blocking solution (5% BSA in PBS) 
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was added for 30 minutes at room temperature. Coverslips were washed once with 1x PBS and 

incubated with primary antibodies overnight at 4ºC. The next day, coverslips were washed 4 times 

with 1x PBS and incubated with Alexa Flour-conjugated secondary antibodies (Invitrogen, 1:500 

dilution) for 60 minutes at room temperature in the dark. Coverslips were washed 4 times with 1x 

PBS and mounted on slides with Vectashield Anti-fade Mounting Media with DAPI (Vector 

Biolaboratories). Antibodies used were: anti-HA (ab9110), anti-FLAG mouse (Sigma-Aldrich 

F1804), anti-FLAG rabbit (Sigma-Aldrich F7425), anti-SC35 (ab11826), and anti-ATF4 (CST 

#11815).  

 

Co-immunoprecipitation. Cells were washed twice with 1x PBS and lysed with lysis buffer (25 

mM Tris HCl pH 7.5, 150 mM NaCl, 1% NP40, 10% glycerol, 2 mM EDTA) supplemented with 

protease and phosphatase inhibitors. Lysates were sonicated using a QSONICA Q800R3 sonicator 

for 5 minutes (30 seconds ON, 30s OFF, 20% AMP; samples in 4ºC water bath throughout 

sonication cycles). Lysates rotated for 20 minutes at 4ºC and then were clarified at 15,000 rpm for 

10 minutes at 4ºC. Protein was quantified using the Bradford method and adjusted to 2.5 

mg/ml.  Input controls were also saved and prepared with 4X Laemmli sample buffer accordingly. 

1 μg of primary antibodies (Cell Signaling: ATF-4 (D4B8)) or appropriate isotype control were 

added to 1 mL of respective samples and incubated overnight on a rotator at 4°C. Lysates were 

added to 50 uL/sample of pre-washed Protein-A-Agarose beads (Roche) the next day and rotated 

for 2 hours at 4ºC. At the end of the antibody-bead conjugation, beads were collected and washed 

five times with lysis buffer supplemented with protease and phosphatase inhibitors and 200mM 

NaCl. After the final wash, immunoprecipitates were collected by boiling beads in 50µL of sample 
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buffer at 95°C for 10 minutes. Immunoprecipitates (50µL) were then loaded on a 4-20% gradient 

polyacrylamide gel with SDS (Biorad) for western blot analysis as described previously. 
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SUPPLEMENTAL FIGURES 
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Figure S1. SIRT6 defines subtype and THZ1 sensitivity in basal and classical PDA. A, 
qRT-PCR of SIRT6 in basal PDA lines Panc3.27 and BxPC3 transduced with either empty 
vector, WT SIRT6 (pS6WT) or a catalytically inactive point mutant form of SIRT6 (pS6HY). 
B, qRT-PCR for TP63 in basal PDA lines from A. C, Western blots for SIRT6, TP63 and β-
ACTIN in basal PDA lines from A. D, Correlation of SIRT6 expression and THZ1 IC50 in 
basal and classical PDA cell lines. E, Annexin and PI staining of basal (red), compared with 
classical (black) PDA cell lines after treatment with increasing doses of THZ1 (100nM and 
250nM) for 24hrs. F, Cell-cycle profiles obtained through PI staining of classical (black) vs 
basal (red) PDA lines after THZ1 treatment (100nM) for 24hrs. Data are representative of at 
least 2 independent experiments. G, Western blots for SIRT6, CDK7, CDK9, CDK12, CDK13, 
and β-ACTIN in classical lines treated with non-specific (siCTRL) or SIRT6-specific (siSIRT6) 
siRNAs. Error bars represent +/- SEM between technical duplicates. *p-value ≤ 0.05; **p-
value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
 



96 
 

 

 

Figure S2. Inhibition of CDK7 is necessary and sufficient for THZ1-induced cytotoxicity 
in basal PDA. A, Proliferation curves for basal PDA (red), compared with classical (black) 
PDA cell lines treated with increasing doses of THZ1-R. B, Western blots for RNA polymerase 
II (RNAPII) phosphorylation of serine 5 (PS5), MYC, cleaved caspase 3 (CC3) and β-ACTIN 
in basal PDA (red), compared with classical (black) PDA cell lines treated with increasing 
doses of THZ1 or THZ1-R (20nM-5mM). C, Basal PDA cell lines were transduced with either 
wild-type (WT) CDK7 or the C312S CDK7 mutant, which is resistant to THZ1 binding. Panels 
show Western blots for RNAPII PS5, MYC, V5-tag (CDK7), CC3 and β-ACTIN in the above 
lines treated with 500nM and 2.5µM of THZ1 for 16hrs. D, qRT-PCR for MYC in transduced 
basal PDA cell lines treated with 500nM and 2.5µM of THZ1 for 16hrs. Error bars represent 
+/- 1 SD between technical triplicates. Data are representative of at least 2 independent 
experiments.  E and F, Proliferation curves for basal PDA (E), compared with classical (F) 
PDA cell lines treated with sgRNAs against EFGP (black) or CDK7 (red). G, Western blots for 
CDK7 knockout in basal PDA (red), compared with classical PDA cell lines. H, Percent 
apoptosis in basal PDA (red) and classical PDA (black) as measured by Annexin V & PI 
positive cells treated with sgRNAs against EFGP or CDK7. I and J, Basal PDA cell lines were 
transduced with either vector control or a tetracycline-inducible MYC construct. Cells were 
treated with 1ug/mL doxycycline for the 3 days (I) or 1-3 days (J) to induce MYC expression 
before treating with 500nM and 2.5µM of THZ1 for 16hrs. Panels show Western blots for 
MYC, CC3 and β-ACTIN. K, Western blots for RNAPII, PS5, PS2, LIN28b, IMP1, IMP3, 
HMGA2 and β-ACTIN in basal (red), compared with classical (black) PDA cell lines treated 
with increasing doses of THZ1 (20nM – 5uM). Assays were performed in duplicate, and data 
are represented as mean +/- SEM among three independent experiments. *p-value ≤ 0.05; **p-
value ≤ 0.01; ***p-value ≤ 0.001 (two-tailed unpaired Student’s t-test). 
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Figure S3. Basal PDA is predominantly sensitive to inhibitors of CDK7 and CDK9. A, 
Proliferation curves for basal PDA (red), compared with classical (black) PDA cell lines treated 
with increasing doses of THZ531 B, Western blots for RNAPII, PS5, PS7, PS2, MYC, CC3 
and β-ACTIN in basal (red), compared with classical (black) PDA cell lines treated with 
increasing doses of THZ531 (20nM – 5uM). Significant differences in IC50 values for basal 
versus classical indicated by p-value ≤ 0.05 (two-tailed unpaired Student’s t-test with Welch’s 
correction for those with unequal variances) C, Proliferation curves for basal PDA (red), 
compared with classical (black) PDA cell lines treated with increasing doses of bromodomain 
inhibitors (JQ1, I-BET151, I-BET762). Significant differences in IC50 values for basal versus 
classical indicated by p-value ≤ 0.05 (two-tailed unpaired Student’s t-test with Welch’s 
correction for those with unequal variances). D and E, Proliferation curves for basal PDA (D), 
compared with classical (E) PDA cell lines treated with sgRNAs against EFGP (black) or 
CDK9 (red). F, Western blots for CDK9 knockout in basal PDA (red), compared with classical 
PDA cell lines. G and H, Proliferation curves for basal PDA (G), compared with classical (H) 
PDA cell lines treated with sgRNAs against EFGP (black) or CDK12 (red). I, Western blots 
for CDK12 knockout in basal PDA (red), compared with classical PDA cell lines. J and K, 
Proliferation curves for basal PDA (J), compared with classical (K) PDA cell lines treated with 
sgRNAs against EFGP (black) or CDK7 (red). L, Western blots for CDK13 knockout in basal 
PDA (red), compared with classical PDA cell lines. Assays were performed in duplicate, and 
data are represented as mean +/- SEM among three independent experiments. *p-value ≤ 0.05; 
**p-value ≤ 0.01; ***p-value ≤ 0.001 (two-tailed unpaired Student’s t-test). 
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Figure S4. SIRT6 influences ATF4 target gene expression. A, Proliferation curves for basal 
(red), compared with classical (black) PDA cell lines treated with increasing doses of 
puromycin (top) and homoharringtonine (bottom). B and C, Western blots for WCL (B) and 
chromatin-bound (C) SIRT6, ATF4, β-ACTIN, and H3 with quantification of relative ATF4 
levels in classical PDA cells lines treated with non-specific or SIRT6-specific siRNAs. D, qRT-
PCR of SIRT6, SLC7A11, SLC6A9, and SESN2 in 2D cell lines derived from GEMM pancreatic 
tumors with (+/+ SIRT6 WT) and without (F/F SIRT6 KO) SIRT6 expression. E, Western blots 
for SIRT6, ASNS and β-ACTIN in 2D cell lines derived from GEMM pancreatic tumors with 
(+/+ SIRT6 WT) and without (F/F SIRT6 KO) SIRT6 expression. F, qRT-PCRs for SIRT6 and 
ATF4 target genes involved in autophagy, oxidative stress, and protein folding in classical lines 
treated with non-specific and SIRT6-specific siRNAs. G, qRT-PCRs for SIRT6 and ATF4 target 
genes in basal lines overexpressing empty vector (vector), wildtype SIRT6 (S6WT) and a 
catalytically inactive mutant SIRT6 (S6HY). Error bars represent +/- SEM between technical 
duplicates. Data are representative of at least 2 independent experiments. *p-value ≤ 0.05; **p-
value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
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Figure S6. Activation of ISR in basal PDA reverses sensitivity to transcriptional 
inhibition. A, Quantification of Annexin + PI positive cells in two basal PDA lines transfected 
with control or GADD34-specific siRNAs and treated with increasing doses of THZ1. B, 
Quantification of Annexin + PI positive cells in a classical PDA line transduced with either an 
empty vector or GADD34 overexpression and treated with incremental doses of THZ1. Error 
bars represent +/- SEM between technical duplicates. Data are representative of at least 2 
independent experiments. *p-value ≤ 0.05; **p-value ≤ 0.01 (two-tailed unpaired Student’s t-
test). 

Figure S5. Control of ATF4 by SIRT6 is not mediated by translational regulation or 
mTOR signaling. A, Full polysome profiling traces for two classical PDA cell lines treated 
with non-specific (siCTRL) or SIRT6-specific (siSIRT6) siRNAs from experiments repeated 
in triplicates. B, qRT-PCR for SIRT6 and ATF4 from total RNA extracted from siCTRL (white) 
and siSIRT6 (red) samples prior to addition of the sample to sucrose gradient for polysome 
profiling. C, qRT-PCR for ATF4 from all fractions following polysome profiling in the two 
classical PDA cell lines treated with siCTRL (black) and siSIRT6 (red). D, Comparison of 
amount of ATF4 mRNA present in monosome versus polysome fractions in siCTRL (white) 
and siSIRT6 (red) for both classical lines. E, Western blots for SIRT6, ATF4, and β-ACTIN for 
the two classical PDA cell lines treated with non-specific (siCTRL) or SIRT6-specific 
(siSIRT6) siRNAs. F, Western blots for SIRT6, ATF4, mTOR (phospho- and total), mTOR 
pathway components and β-ACTIN in classical lines treated with non-specific (siCTRL) or 
SIRT6-specific (siSIRT6) siRNAs. G, Immunofluorescence for co-transfection of ATF4 plus 
empty vector overexpression, and ATF4 plus SIRT6 overexpression in Panc3.27 cells with a 
cycloheximide treatment of 0 and 30 minutes stained for Flag-ATF4 (green) and nuclear 
speckles marker SC35 (red). H, Immunofluorescence for co-transfection of SIRT6 and ATF4 
overexpression in Panc3.27 cells stained for Flag-ATF4 (red) and HA-SIRT6 (green). Error 
bars represent +/- SEM between technical duplicates. Data are representative of at least 2 
independent experiments. *p-value ≤ 0.05; **p-value ≤ 0.01 (two-tailed unpaired Student’s t-
test). 
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SUPPLEMENTAL TABLES 

 
Table S1. Primary mouse cultures 
 
Tumor ID Cell Line Organoid Species Strain  Sex Genetic modification status 
NK54 yes 

 
Mouse C57B6 M SIRT6+/+; p53F/+; p48-cre; 

KrasG12D 
NK64 yes 

 
Mouse C57B6 F SIRT6+/+; p53F/+; p48-cre; 

KrasG12D 
NK79 yes 

 
Mouse C57B6 F SIRT6F/F; p53F/+; p48-cre; 

KrasG12D 
NK83 yes 

 
Mouse C57B6 M SIRT6F/F; p53F/+; p48-cre; 

KrasG12D 
NK87 yes yes Mouse C57B6 M SIRT6F/F; p53F/+; p48-cre; 

KrasG12D 
NK88 yes yes Mouse C57B6 F SIRT6+/+; p53F/+; p48-cre; 

KrasG12D 
NK89 yes yes Mouse C57B6 M SIRT6F/F; p53F/+; p48-cre; 

KrasG12D 
NK93 

 
yes Mouse C57B6 F SIRT6+/+; p53F/+; p48-cre; 

KrasG12D 
NK94 

 
yes Mouse C57B6 F SIRT6F/F; p53F/+; p48-cre; 

KrasG12D 
NK97 yes yes Mouse C57B6 F SIRT6+/+; p53F/+; p48-cre; 

KrasG12D 
NK100 yes yes Mouse C57B7 F SIRT6+/+; p53F/+; p48-cre; 

KrasG12D 
 
 
Table S2. Primers used in this study 

Gene Forward (5' - 3ʹ) Reverse (5' - 3ʹ) 
   
ASNS GGAAGACAGCCCCGATTTACT AGCACGAACTGTTGTAATGTCA 

GADD34 GAGGAGGCTGAAGACAGTGG AATTGACTTCCCTGCCCTCT 

ATF4 ATGACCGAAATGAGCTTCCTG GCTGGAGAACCCATGAGGT 

CD98hc CTGGTGCCGTGGTCATAATC GCTCAGGTAATCGAGACGCC 

SLC6A9 CAGATCGAGTTTGTACTGACGAG GCGATAGCAGAGGTATGGGAAG 

Map1lc3b CATCACAGTTGGCACAAACG GACTTTGGGTGTGGTTCTCTTA 

SQSTM1 GCACCCCAATGTGATCTGC CGCTACACAAGTCGTAGTCTGG 

CHOP GGAAACAGAGTGGTCATTCCC CTGCTTGAGCCGTTCATTCTC 

CSE ACACTTTTATGTCACCATATTTCCAG TGTTGCAGAATACATAGAAATATCAGC 

NRF2 GAGAGCCCAGTCTTCATTGC TTGGCTTCTGGACTTGGAAC 

SLC7A11 GGGCATCTCTCTGACCATCT TCCCAATTCAGCATAAGACAAA 
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Table S3. sgRNA target sequences used in this study 
 

Gene Target Sequence 
CDK7 #1  AGCTCCAAATAGTAACTCGG 
CDK7 #2  ATCTCTGGCCTTGTAAACGG 
CDK9 #1 CCAGAGTGTCACCACACGGT 
CDK9 #2 GCTTCTAAAACACGAGAATG 

CDK12 #1 AAGTTCAAAGCGTTCGAATG 
CDK12 #2 CCAGTCCCTATGGTCGAAGG 
CDK13 #1 GGTTCCTTGTAGGCCGAAGG 
CDK13 #2 CACAGTTACATAGTAAAAGG 

 
 
 
 
 
 
 
 
 
 

  

SESN2 TCCGCCACTCAGAGAAGG GGAGGGCGTACAGCAGAG 

DNAJA4 GGGATGTTTATGACCAAGGCG GCCAATTTCTTCGTGACTCCA 

HSPA1B CTACCATTGAGGAGGTGGATTAG CAAAGAAGTGAAGCAGCAAAGA 

SIRT6 AGGATGTCGGTGAATTACGC CCAGTTCCCACACCTTCC 

mSIRT6 GCTAATGGGAACGAGACCAA CCCACACTCAGGATCCATCT 

c-MYC GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT 

∆Np63 GGGGTGGGGGGGTTGGCAAAATCCTGG CGTCCAGGTGGCCGACTTGGCGGTGCTC 

β-ACTIN CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT 
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APPENDIX 1:  

This section is an extension of data related to the STM paper but is all unpublished. 

Jessica Gianopulos performed all ISR experiments. Murine drug trials were performed by Jessica 

Gianopulos, Adrianne Wallace-Povirk, and Naomi Yamamoto. SY5609 drug characterization 

experiments in PDA subtypes were performed by Jessica Gianopulos. Samuraciclib drug 

characterization experiments in PDA subtypes were performed by Jessica Gianopulos and Aidan 

Schutter.  

 



106 
 

RESULTS 

Extension of ISR regulation and THZ1 treatment 

The following work is beyond the scope of the publication in chapter 1 but is a side 

project I worked on to investigate how THZ1 induces p-eIF2α in both basal and classical PDA 

cell lines. First, we looked to the ISR upstream kinases which are a group of 4 kinase proteins 

that can facilitate the addition of a phosphorylation onto eIF2α. All 4 ISR upstream kinases 

dimerize and autophosphorylate to become fully active1. Therefore, we sought to assess 

phosphorylation of these ISR upstream kinases as a way of measuring their activation status. 

Unfortunately, only three of the four ISR upstream kinases had commercially available 

antibodies for their phosphorylated forms. So, we were able to assess activation status of PERK, 

GCN2, and PKR but not HRI. PERK (PKR-like ER kinase) is activated by ER stress; GCN2 

(general control nonderepressible 2) is activated by amino acid deprivation; PKR (double-

stranded RNA-dependent protein kinase) is mainly activated by double-stranded RNA (dsRNA) 

during viral infection; HRI (heme-regulated eIF2α kinase) is expressed mostly in the 

developmental context of erythrocyte differentiation during erythropoiesis and therefore is fairly 

specific to erythroid cells1. Because of the specific function of HRI in erythroid cells, it is 

unlikely the HRI would be impacting our ISR phenotype in pancreas tumor cells. Therefore, we 

proceeded with investigating activation of PERK, GCN2 and PKR. We observed slight changes 

in phosphorylation status of all three ISR kinases, but none showed the dramatic increase in 

activation status necessary to induce the high levels of p- eIF2α we normally see with THZ1 

treatment (Figure A1A). To further validate that the slight increases in PKR and GCN2 activation 

were not affecting phosphorylation of eIF2α, we performed siRNA knockdown of PKR or 

GCN2. No changes were observed in p- eIF2α status between either PKR or GCN2 knockdown 
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when compared to the control, all subject to THZ1 treatment (data not shown). This evidence 

suggests that the ISR upstream kinases are not responsible for the increase in p- eIF2α seen with 

THZ1 treatment in PDA cell lines.  

 Further investigation uncovered that we see a transcriptionally dependent induction of the 

ISR through GADD34 upon treatment of PDA cell lines with THZ1. GADD34 is the 

phosphatase that dephosphorylates eIF2α deactivating the ISR1. Upon CDK inhibition, we see 

dramatic reduction of GADD34 protein in all PDA lines which coincides with p- eIF2α induction 

(Figure A1A). Dephosphorylation of eIF2α is therefore greatly reduced when GADD34 is lost 

which enables the accumulation of p- eIF2α. We also see rapid reduction of GADD34 mRNA 

with a low dose THZ1 time course (Figure A1B) indicating that GADD34 is lost in a 

transcriptionally dependent manner upon CDK inhibition. Therefore, we uncovered the specific 

regulation of eIF2α phosphorylation under transcription inhibition in PDA cell lines.  

 

Characterization of CDK7 inhibitors in PDA subtypes 

The following work was completed after publication of the STM manuscript. YKL-5-124 

is the pure CDK7 inhibitor development by Nathanael Gray’s lab and covalently bindings to the 

C312 residue located outside of the catalytic domain of CDK7 (the same covalent binding site as 

THZ1)2,3. In vitro characterization of PDA subtype sensitivity to YKL-5-124 was performed and 

published in our previous work4. In vivo validation of PDA subtype sensitivity was performed 

using subtyped PDA patient-derived xenografts (PDXs) implanted subcutaneously into nude 

mice (2 basal and 2 classical). Mice were treated with 2.5mg/kg of YKL-5-124 or DMSO both 

diluted with 5% dextrose in water solution and administered once daily by intraperitoneal 

injection to nude mice for 3 weeks. Basal PDA PDX mice showed clear sensitivity to YKL-5-
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124 treatment through dramatic reduction of tumor growth (Figure A2A, red) while the classical 

PDA PDX mice showed no changed in tumor growth with YKL-5-124 treatment (Figure A2A, 

black). This data provides clear validation that PDA basal and classical tumors are differentially 

sensitive to CDK7 inhibition in vivo and highlights the increasing potential of CDK7 inhibitors 

as a new treatment option for PDA patient tumors.  

There are now two promising clinically approved CDK7 inhibitors, SY5609 develop by 

Syros therapeutics and Samuraciclib developed by Carrick therapeutics. We acquired both drugs 

and characterized the sensitivity of PDA subtypes to each of these drugs in vitro. Basal PDA cell 

lines are dramatically more sensitive to SY5609 than classical PDA cell lines as shown by a clear 

increase in cleaved PARP and lower IC50 dose values with increasing doses of SY5609 (Figure 

A2B&C). Basal PDA cell lines showed increased sensitivity to Samuraciclib compared to 

classical PDA cell lines (Figure A2D) even though the SY5609 is generally more potent then 

Samuraciclib as indicated by its lower IC50 doses (Figure A2C&D). Samuraciclib also induces 

an increase in cleaved PARP and cleaved caspase-3 in basal PDA cell lines as compared to 

classical PDA cells lines (Figure A2E). Treatment with SY5609 and Samuraciclib lead to 

reduction in RNAPII phosphorylation marks in both basal and classical lines validating the 

effectiveness of the drugs at inhibiting transcription in all PDA subtypes (Figure A2B&E). 

Together, this data proves that both SY5609 and Samuraciclib can induce apoptosis in basal PDA 

cell lines through CDK7 inhibition of transcription.  
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MATERIALS AND METHODS  

Protein isolation and Western blot. Protein lysates were prepared by resuspending the cell 

pellets in RIPA lysis buffer supplemented with a protease inhibitor cocktail (Complete EDTA-

free, Roche Applied Science), 5μM TSA, 5mM sodium butyrate, 1mM DTT, and phosphatase 

inhibitors (Phosphatase Inhibitor Cocktail Sets I, II, and III Calbiochem) and incubated on ice for 

20 minutes. The lysate was then centrifuged at 14,000 rpm for 10 minutes at 4°C and the 

supernatant was harvested. Protein concentration was measured by using a BCA protein assay kit 

(Pierce). 20μg of the cell lysate (from lysis with buffer) electrophoresed on a 4-20% gradient 

polyacrylamide gel with SDS (Genscript) and electroblotted onto polyvinylidene difluoride 

membranes (PVDF) (Millipore). Membranes were blocked in TBS with 5% non-fat milk and 

0.1% Tween and probed with antibodies. Bound proteins were detected with horseradish-

peroxidase-conjugated secondary antibodies (Vector Biolaboratories) and Clarity Max Western 

ECL Blotting Substrate (Biorad). Antibodies used were anti-phosphorylated PERK (Invitrogen 

PA5-102853), anti-Total PERK (CST #3192S), anti-phosphorylated GCN2 (abcam # ab75836), 

anti-Total GCN2 (CST #3302S), anti-phosphorylated PKR (abcam #ab32036), anti-Total PKR 

(CST #D7F7), anti-GADD34 (Proteintech 10449-1-AP), anti-phosphorylated eIF2α (CST 

#3597), anti-Total eIF2α (CST #9722), anti-ATF4 (CST #11815), anti-Cleaved Caspase-3 (CST 

#9664), anti-PARP (CST #9542), anti-RNA polymerase II CTD phospho S7 (abcam #ab126537), 

anti-RNA polymerase II CTD phospho S2(abcam #ab5095), and anti-betaACTIN (Sigma A5316) 

as a loading control.  
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Real-time quantitative PCR (q-PCR). Total RNA extraction, cDNA synthesis and real-time 

quantitative PCR were performed as previously described4. Data were expressed as relative 

mRNA abundance normalized to the β-ACTIN expression level in each sample or as fold change 

over control and error bars are represented as mean ± s.e.m. between two independent 

experiments unless otherwise indicated in the figure legend. GADD34 primer sequences are 

forward (5’-3’): GAGGAGGCTGAAGACAGTGG and reverse (5’-3’): 

AATTGACTTCCCTGCCCTCT.  

 

Patient-derived Xenograft. PDX models were acquired from the NIC PDMR and JAX 

(PAAD154b - NCI 885724; PAAD141b - NCI 463931; PAAD169b - JAX TM 00176; PAAD200 

- JAX TM01212). PDX implantations were administered as previously described4 and followed 

by post-surgical monitoring. Tumors were measure with electronic calipers and upon reaching an 

average tumor diameter of 3 to 5 mm^3, mice were treated with a once daily intraperitoneal 

injections of YKL-5-124 (2.5 mg/kg) or DMSO both diluted with 5% dextrose in water solution 

(600063, Bound Tree Medical) for 22 days. Caliper measurements of tumors and body weights 

were recorded three times a week.  

 

Proliferation IC50 assay. IC50 proliferation assays were performed as previously described4 

with the following modifications. Cells were plated in 96-well plates (2,000 cells/well) in culture 

medium and the following drugs were used: SY5609, Samuraciclib, or DMSO control (BP231-

100; ThermoFisher Scientific).  

 

 



111 
 

APPENDIX FIGURES 

 

Figure A1: THZ1 induced GADD34 regulation of p-eIF2α. A, Western blot for p-PERK, Total 
PERK, p-GCN2, Total GCN2, p-PRK, Total PRK, GADD34, p-eIF2α, total eIF2α, ATF4, 
cleaved-caspase 3 (CC3), and ACTIN in basal (red), compared with classical (black) PDA cell 
lines treated with increasing doses of THZ1 (20nM – 5uM). B, qRT-PCR for GADD34 in basal 
(red), compared with classical (black) PDA cell lines treated with 100nM THZ1 for 0-8hrs in 2hr 
increments. *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001; ****p-value ≤ 0.0001 (two-
tailed paired Student’s t-test). 
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Figure A2: Characterization of pure CDK7 inhibitors. A, Tumor volume of basal and 
classical PDA xenografts after treatment with once daily intraperitoneal injections of YKL-5-124 
(2.5 mg/kg) (red)  or DMSO (black) both diluted with 5% dextrose in water solution (600063, 
Bound Tree Medical) for 21 days (DMSO n = 8, SY-5609 n = 8). B, Western blots for RNAPII 
PS7, RNAPII PS2, PARP, and β-ACTIN in basal (red) compared with classical (black) PDA cell 
lines treated with increasing doses of SY5609 (20 nM to 5 μM) for 48 hours. C-D, Proliferation 
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curves for basal PDA (red) compared with classical (black) PDA cell lines treated with 
increasing doses of SY5609 (C) and Samuraciclib (D). E, Western blots for RNAPII PS7, 
RNAPII PS2, PARP, cleaved-caspase 3 (CC3) and β-ACTIN in basal (red) compared with 
classical (black) PDA cell lines treated with increasing doses of Samuraciclib (20 nM to 5 μM) 
for 24 hours. Proliferation curves were performed in duplicate, and data are represented as mean 
± SEM among three independent experiments. 
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This chapter presents unpublished work, manuscript in preparation. 
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ABSTRACT 

Pancreatic Ductal Adenocarcinoma (PDA) can be characterized by two distinct transcriptional 

subtypes: classical and basal. The basal and classical PDA subtypes also correlate with specific 

DNA methylation and chromatin states. These DNA methylation states resulted in differential 

expression of repetitive elements between the two PDA subtypes. Repetitive elements are 

regulated by the KRAB-ZNF repressive complex which functions to maintain heterochromatin at 

repetitive elements and other genomic loci by removing marks of open chromatin and installing 

marks of repressive chromatin (i.e. H3K9me3) with histone methyltransferase, SETDB1 and 

DNA methyltransferase, DNMT1. The KRAB-ZNF protein binds DNA and directs the complex 

to specific regions of the genome in need of heterochromatin maintenance and gene suppression. 

ZNF274 is the most well-defined KRAB-ZNF which has been proven to bind/colocalize with 

SETDB1 and H3K9me3 at genomic loci. Given that DNA methylation and expression of 

repetitive elements correlates with PDA subtype, we hypothesize that the ZNF274/SETDB1 

complex, which regulates repetitive element expression, may be an important epigenetic 

regulator of PDA cell state. We identified that high ZNF274 expression corresponds to the 

classical PDA subtype and that loss of ZNF274 can induce the epithelial to mesenchymal 

transition (EMT) and drive a subtype switch in PDA cells. We defined the mechanism of EMT 

induction by showing that ZNF274 directly binds to the ZEB1 gene, recruiting SETDB1 which 

deposits H3K9me3 thereby suppressing ZEB1 whereas loss of ZNF274 prevents SETDB1 

recruitment decreasing H3K9me3 and enabling expression of ZEB1 and driving EMT. To 

determine if this mechanism could sensitize classical PDA to CDK7 inhibition, we performed 

ZNF274 knockdown in cell lines, organoids, and cell line-derived xenografts in mice followed 

by treatment with a CDK7 inhibitor. The absence of ZNF274 led to a dramatic increase in the 
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sensitivity of classical PDA to CDK7 inhibition. Therefore, we identified the importance of the 

ZNF274/SETDB1 repressive complex in regulating PDA cell state and sensitivity to CDK7 

inhibition which can be employed to improve patient responses to CDK7 inhibition therapy. 
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INTRODUCTION 

Pancreatic ductal adenocarcinoma (PDA) presents with an extremely poor prognosis as 

well as a rising incidence rate driving it to become the 2nd-leading cause of cancer-related deaths 

in the US by 2030 with a current 5-year survival rate of about 12%1. The progression of PDA 

tumors through acquisition of genetic mutations is well understood with early acquisition of 

oncogenic KRAS mutations followed by subsequent loss of tumor suppressor genes, p53, 

CDKN2A, SMAD4, etc2,3. However, this investigation led to the same conclusion: PDA tumors 

are genetically very similar, both between patients as well as between primary and metastatic 

tumors within the same patient, yet patients respond differently to standard of care chemotherapy 

treatment4. PDA tumors are intrinsically heterogeneous which may explain this differential 

patient response to treatment and promoted the discovery of transcriptional PDA subtypes. After 

almost a decade of research into PDA subtypes, the consensus in the field is that PDA is 

characterized by two major transcriptional subtypes: classical and basal5–11. The basal subtype 

(~25%) has the worst overall survival, acts as an independent poor prognostic factor, and 

presents a unique and outsized clinical challenge. 

The PDA transcriptional subtypes are determined by specific chromatin states given that 

the epigenome determines the transcriptome. Lomberk et al. performed a multiparametric 

integrative analysis of histone modifications on chromatin, RNA expression, and DNA 

methylation to define epigenomic landscapes for PDA subtypes12. They discovered that PDA 

tumors present two distinct epigenomic landscapes that align well with the predefined classical 

and basal transcriptional PDA subtypes. They defined a complex regulatory network of super-

enhancers and transcription factors that control cellular pathways and functions in the classical 

tumors, but which are lost in the basal tumors12,13. Another group identified that PDA subtypes 
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can be characterized by the DNA methylome. They found that the more aggressive PDA subtype 

(basal) presents with hypomethylation of repetitive elements which they termed the methylation 

low subset while the methylation high subset retains characteristics of the pancreatic cell lineage 

(classical)14. The lack of methylation in the methylation low subset enables expression of the 

repetitive elements including endogenous retroviruses (ERVs) which activates a cell-intrinsic 

interferon response14. This methylation low subset is in concordance with basal PDA lacking the 

amount of epigenetic regulation present in the classical subtype. 

Epigenetic regulation of repetitive elements is vital to maintaining suppression of these 

elements and genomic integrity. Specific epigenetic regulators evolved in conjunction with ERVs 

to combat the mobile ability of ERVs and other repetitive elements, keep these elements 

suppressed, and protect the genome. These regulators are the Krüppel-associated box (KRAB) 

zinc finger (ZNF) proteins which are a subclass of the ZNF family, the largest class of sequence-

specific DNA binding proteins in the human genome15,16. KRAB-ZNF genes engaged in an 

evolutionary arms race with these repetitive elements which drove KRAB-ZNF gene duplication 

and divergence17–21. However, this arms race did not occur randomly throughout the genome but 

maintained stringent localization to chromosome 19 in humans leading to large clusters of ZNF 

genes on chromosome 1922. These large clusters of KRAB-ZNF genes are pristinely localized to 

facilitate suppression of the repetitive elements23. For adequate suppression to occur, the KRAB-

ZNF proteins must bind DNA and recruit chromatin modifiers to form a chromatin modifying 

complex. The KRAB-ZNF proteins form a complex with KAP1 (a scaffold or co-factor), 

SETDB1 (histone methyltransferase), HDACs (histone deacetylases), DNMTs (DNA 

methyltransferases), and HP1 (heterochromatin protein 1)24. This KRAB-ZNF complex 

facilitates silencing of repetitive elements and genes through heterochromatin maintenance by 
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removing marks of active chromatin and installing marks of repressive chromatin including 

H3K9me324,25. 

SETDB1 has been identified as a specific component of the KRAB-ZNF complex that 

can promote silencing of genes and repetitive elements though its histone methyltransferase 

activity26. SETDB1 repression of repetitive elements has also been uncovered to regulate 

suppression tumor-intrinsic immunogenicity27. This group discovered that loss of SETDB1 

derepresses repetitive elements and immunostimulatory genes leading to a repetitive RNA 

specific cytotoxic T cell response. They then identified that SETDB1 loss sensitizes mouse 

melanoma and lung carcinoma cell lines to immune checkpoint inhibitors, uncovering a new role 

for SETDB1 in cancer therapy27. Additionally, the role of SETDB1 in the development of PDA 

tumors has been investigated in mice. They found that p53-mediated apoptosis can only occur in 

the absence of SETDB1 resulting in no PDA formation. In contrast, when SETDB1 is present, it 

binds the p53 promoter and inhibits p53 function which drives PDA formation28. These studies 

highlight the importance of investigating how the components of the KRAB-ZNF complex can 

influence genes and pathways in addition to regulation of repetitive elements.  

Even though the KRAB-ZNF component of the complex does not have chromatin 

modifying abilities, its role as the DNA binding component controls where in the genome the 

complex functions. Therefore, a better understanding of these KRAB-ZNFs in necessary to 

further interrogate how the complex functions to regulate gene expression. The most well-

defined KRAB-ZNF of the complex is ZNF274 which has been found to bind and/or colocalize 

with KAP1, SETDB1 and H3K9me3 on the genome29,30. KAP1 binding to the KRAB domain of 

KRAB-ZNF proteins has been generally described but ZNF274 was the first KRAB-ZNF to be 

shown to directly bind to SETDB1 and KAP1 in the KRAB-ZNF complex31,32. Lastly, the 
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ZNF274/KAP1/SETDB1 complex has been identified as necessary for the maintenance of 

genomic stability30. Additionally, more research into ZNF genes has discovered new functions 

for ZNFs in the regulation of tumorigenesis in multiple cancers33–38.  

Given that DNA methylation and expression of repetitive elements were found to be 

important characterizations of PDA subtypes, we sought to investigate whether regulators of 

repetitive element silencing such as the ZNF274/SETDB1 complex are important epigenetic 

regulators of PDA cell state. A better understanding of these regulators and their epigenetic 

impact on PDA progression could enhance development of subtype-specific therapies in PDA. 

 

RESULTS 

Identification of ZNF274 and SETDB1 in PDA subtypes 

 To identify whether expression of ZNF274 or SETDB1 correlates with PDA subtypes, we 

interrogated publicly available PDA data sets. SETDB1 showed little difference in expression 

between PDA subtypes while ZNF274 showed a small difference with slightly higher expression 

in classical PDA than basal PDA (Figure 1A). To identify if the slight differential expression of 

ZNF274 in patient data is worth further investigation, we performed qPCR on an expanded panel 

of PDA cell lines classified as either classical or basal by previous groups to assess their ZNF274 

expression. We observed a clear differential in mRNA expression for ZNF274 in PDA subtyped 

cell lines, with higher expression in the classical lines and lower expression in the basal lines 

(Figure 1B). Additionally, SETDB1 did not show differential mRNA expression in PDA cell 

lines which match the patient data (Figure 1B). Therefore, we opted to further investigate this 

differential ZNF274 expression with patient survival data. We accessed the TCGA dataset 

containing mRNA expression data from cBioPortal and grouped patients by high (up-regulated) 



123 
 

or low (down-regulated) ZNF274 expression. Low ZNF274 expression corresponds to worse 

overall survival in patients while high ZNF274 expression indicates better survival (Figure 1C). 

Lastly, we validated ZNF274 protein expression in our basal and classical PDA cell lines and 

organoids by western blots and immunofluorescence. ZNF274 protein expression matched our 

mRNA expression data showing high ZNF274 in classical cell lines and organoids and low 

ZNF274 in basal cell lines and organoids (Figure 1D&E). Therefore, we can conclude that 

ZNF274-high models correlate with the classical PDA subtype.  

 

Loss of ZNF274 drives the epithelial to mesenchymal transition (EMT) 

 Given that ZNF274 is known to complex with KAP1 and SETDB1 to deposit the 

H3K9me3 mark on chromatin, we first assessed whether global H3K9 trimethylation changes 

with ZNF274 knockdown (KD). We found that in classical PDA cell lines, loss of ZNF274 did 

not impact the global level of H3K9me3 (Figure S1A). However, we did notice a dramatic 

morphological change in the classical PDA cell lines with ZNF274 knockdown. Classical PDA 

cell lines tend to be more epithelial in phenotype and grow in colonies rather than as individual 

cells. Basal PDA tends to be more mesenchymal in nature and therefore presents with more 

spindle shaped cells that grow spread out and with more individual cells rather than forming 

colonies39. Interestingly, we saw classical PDA cell lines lose their epithelial phenotype and 

became more spindle shaped, growing more diffuse throughout the plate upon ZNF274 loss 

(Figure 2A). Next, we sought to determine what might be changing within these cells enabling 

them to present with a more mesenchymal morphology. We assessed both protein and RNA 

expression of different markers of the epithelial to mesenchymal transition (EMT) to identify 

changes upon ZNF274 knockdown in a panel of classical PDA cell lines. ZEB1, a transcriptional 
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driver of EMT and master regulator of the mesenchymal state, showed a dramatic increase in 

both chromatin-bound protein and global protein expression when ZNF274 is lost (Figure 2B& 

S1B). In contrast, chromatin-bound EpCAM, an epithelial cell marker, was substantially 

decreased upon ZNF274 loss (Figure 2B) and both EpCAM and another marker of epithelial cell 

state, E-cadherin, showed decreased protein expression in the absence of ZNF274 compared to 

control (Figure 2B& S1B). We then assessed mRNA expression in our ZNF274 KD and control 

cells and observed the same pattern in an expanded panel of EMT markers where those 

characterizing the mesenchymal state (ZEB1, SNAIL1, SNAIL2) were upregulated and those 

characterizing the epithelial state (EpCAM and E-cadherin) were downregulated in the absence 

of ZNF274 (Figure 2C). ZEB1 shows the most dramatic change of all the EMT markers upon 

ZNF274 KD. Therefore, we hypotheses that ZNF274 may be directly regulating ZEB1 and then 

ZEB1 regulates the rest of the EMT pathway, given that ZEB1 is a known regulator of many 

EMT pathway genes.  

 Given that ZEB1 has previously been identified as a regulator of the mesenchymal cell 

state in high-grade (basal) PDA40, we opted to determine if the induction of ZEB1 by ZNF274 

KD could convert classical into more basal PDA. The deltaN form of TP63 (TP63ΔN), 

Keratin17 (KRT17) and Keratin5 (KRT5) are all well-known markers of the squamous subtype 

which is the most aggressive form of basal PDA41–43. Therefore, we assessed protein expression 

of all three basal markers for any changes induced upon ZNF274 KD. We observed an increase 

in KRT5 in one classical PDA cell line with ZNF274 KD compared to control while TP63ΔN 

and KRT17 protein expression increased in both classical PDA cell lines with ZNF274 KD 

compared to control (Figure S1C). This data verifies that the EMT phenotype induced upon 

ZNF274 loss is initiating a subtype switch from classical to more squamous basal PDA.  
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 To identify if DNMT1 cooperates with ZNF274 to induce the observed EMT phenotype, 

we assessed DNMT1 expression in ZNF274 KD cells and observed a slight decrease in DNMT1 

expression and chromatin binding in ZNF274 KD cells compared to control (Figure S1D). This 

suggests that DNMT1 could be bound to the ZNF274/SETDB1 complex and that loss of ZNF274 

prevents the complex from binding DNA and results in decreased complex-dependent chromatin 

binding of DNMT1. The loss of the ZNF274/SETDB1 complex could also increase the 

accessibility of DNMT1 to proteasomal degradation thereby resulting in decreased protein 

expression. Next, we performed DNMT1 KD in a classical PDA cell line to determine if loss of 

DNMT1 could also induce EMT. We observed no change in ZNF274 protein expression or 

global H3K9 trimethylation with DNMT1 KD (Figure S1E&F). Additionally, we observed a 

slight increase in ZEB1, a slight decrease in E-cadherin, and a clear decrease in EpCAM protein 

expression in DNMT1 KD cells compared to control (Figure S1E). This data indicates that 

DNMT1 loss can induce changes in EMT genes but may not be enough to drive full EMT given 

the small increase in ZEB1. It is likely DNMT1 could play a more prominent role in the 

suppression of EpCAM, given that decreased EpCAM expression was the most dramatic change 

upon DNMT1 loss. Therefore, DNMT1 functions to help promote the ZNF274 driven EMT 

phenotype but is not the main regulator of the EMT induction. 

 To determine how ZNF274 is regulating ZEB1 expression and thereby controlling EMT, 

we assessed changes in H3K9me3 as well as binding of ZNF274, SETDB1, and DNMT1 at the 

ZEB1 locus by using ChIP-qPCR on ZNF274 KD and control cells. We utilized doxycycline 

(dox) inducible shRNA cell lines with either a control, non-targeting shRNA, (shCTRL) or a 

ZNF274 targeting shRNA (shZNF274) to prolong the knockdown and obtain enough material for 

ChIP. Phenotype validation of the stable, dox-inducible shZNF274 PDA cell lines showed the 
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same induction of EMT with increased expression of mesenchymal genes such as ZEB1 and 

decreased expression of epithelial genes (Figure S1G&H). Since ZNF274 has been shown to 

bind the 3’ exons of other ZNF genes29, we designed ChIP primers to both the promoter and 3’ 

exons of ZEB1. ChIP pulldown with ZNF274 showed clear reduction in ZNF274 binding at the 

ZEB1 locus as well as positive control, known ZNF274 bound, genes and no binding of the 

negative control, not bound by ZNF274, genes in ZNF274 KD cells compared to control cells 

(Figure 2D). H3K9me3 ChIP showed a clear decrease in H3K9me3 at positive control genes and 

a slight decrease in H3K9me3 at the ZEB1 locus, with no change in H3K9me3 at negative 

control genes upon loss of ZNF274 (Figure 2E). ChIP pulldown with SETDB1 showed a clear 

reduction in SETDB1 binding at the ZEB1 locus and positive control genes, and no change at the 

negative control genes in ZNF274 KD cells compared to control (Figure 2F). ChIP pulldown 

with DNMT1 also showed a reduction in DNMT1 binding at the ZEB1 locus and positive 

control genes (Figure S1I) but the overall signal was much weaker compared to SETDB1 

indicating that DNMT1 is likely bound to the ZNF274 complex regulating the ZEB1 locus but in 

a much lower capacity than SETDB1. Together, this data shows that ZNF274 can bind the ZEB1 

gene and facilitate direct transcriptional regulation of ZEB1. Since ZNF274 is known to recruit 

SETDB1 which then deposits the H3K9me3 mark to repress transcription, we expected that loss 

of ZNF274 would lead to reduced SETDB1 binding/recruitment which in turn would decrease 

the prevalence of the H3K9me3 mark. Our data showed significant reductions in H3K9 

trimethylation and SETDB1 binding at ZEB1 loci and positive control genes. Therefore, we will 

further investigate the role of SETDB1 in regulating ZEB1 control of our EMT phenotype in 

classical PDA.  
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SETDB1 regulation of EMT in classical PDA  

Even though ZNF274 had no previously documented connection to EMT, there is 

extensive literature connecting SETDB1 to EMT. One study found SETDB1 to have increased 

expression in pediatric high-grade gliomas compared to normal brain. In this study loss of 

SETDB1 reduces cell proliferation and migration as well as decreases expression of 

mesenchymal markers such as vimentin, N-cadherin, and SNAIL1 identifying a potential 

oncogenic role for SETDB1 in pediatric high-grade gliomas44. Another study found that 

SETDB1 suppresses SNAIL1 expression by binding its promoter with SMAD3/4 and blocking 

SNAIL1 expression in breast cancer and that loss of SETDB1 in this context increases invasion 

of breast cancer cells45. There is no clear consensus in the literature if SETDB1 drives or inhibits 

EMT. Regulation of SNAIL1 seems to be a reoccurring player but other papers have found TGF-

b and mircoRNAs to be involved as well in different model systems. Therefore, we sought to 

further investigate the role of SETDB1 in our ZNF274 regulated EMT phenotype in PDA. If 

ZNF274 recruitment of SETDB1 and deposition of H3K9me3 is the mechanism by which 

ZNF274 is controlling ZEB1 transcription, then SETDB1 KD should induce a similar change in 

ZEB1 expression and downstream EMT targets. Therefore, we knocked down SETDB1 in our 

classical PDA cell lines and, surprisingly, observed no changes in ZEB1 expression. However, 

SETDB1 KD did cause a clear increase in expression of the epithelial genes, EpCAM and E-

cadherin (Figure S2A). This was unexpected given that ZNF274 KD increases ZEB1 expression 

and decreases EpCAM expression. SETDB1 has previously been shown to regulate expression 

of endogenous retroviruses (ERVs) and genes that contain intronic ERVs such as EpCAM. In 

that study, loss of SETDB1 reduced H3K9me3 at the EpCAM promoter identifying EpCAM as a 

direct target of SETDB146. This unexpected data prompted us to hypothesize that SETDB1 may 
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function to regulate epithelial genes independent of ZNF274 binding. We proposed that ZNF274 

may sequester SETDB1 at ZNF274 bound genes, while loss of ZNF274 would release SETDB1 

to go increase suppression of epithelial genes independent of ZNF274 binding. Under normal 

conditions, SETDB1 could be bound to chromatin both dependent and independent of ZNF274. 

SETDB1 KD may predominantly impact expression of genes bound by SETDB1 independent of 

ZNF274 and therefore have little or no impact on ZNF274 dependent SETDB1 bound genes. To 

test this hypothesis, we performed ChIP on ZNF274 KD and control cells for H3K9me3, 

SETDB1, and H3K4me3. H3K4me3 marks transcriptional start sites and is positively correlated 

with active transcription47. We observed slight increases in H3K9me3 and SETDB1 binding at 

epithelial genes, E-cadherin (CDH1) and EpCAM, with ZNF274 KD as compared to control 

(Figure S2B&C). Additionally, we observed a significant decrease in H3K4me3 at E-cadherin 

(CDH1) and EpCAM which indicates a decrease in active transcription at those loci (Figure 

S2D). This data validates our previous finding that ZNF274 KD decreases expression of 

epithelial genes in the EMT pathway and confirms the role of SETDB1 in this regulation.  

Altogether, this data has uncovered that SETDB1 is involved in ZNF274 control of ZEB1 

expression and downstream EMT targets. Additionally, we have proven that SETDB1 regulation 

of epithelial genes is independent of ZNF274 in classical PDA. Therefore, we have presented the 

novel finding that SETDB1 functions both independent and dependent of ZNF274 in PDA. 

 

ZNF274 is necessary to prevent invasion and metastatic capacity of classical PDA cells. 

To examine if the morphological change undergone by ZNF274 KD cells, through the 

induction of EMT, can increase their mobility and migration, we performed a scratch assay and 

measured the quantity of cells migrating into the scratch by percent wound confluence. ZNF274 
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KD cells showed a dramatic increase in wound confluence over time compared to the control 

cells (Figure 3A). This data indicates that loss of ZNF274 induces an increase in migratory 

capacity of classical PDA cells. To understand this further, we moved to a 3D organoid model 

system in which we created stable, dox-inducible shZNF274 classical PDA organoids. We 

validated dox-inducible ZNF274 KD in these organoids by immunofluorescence and observed a 

clear reduction in ZNF274 signal in the shZNF274 organoids compared to the shCTRL 

organoids (Figure S2E). Interestingly, loss of ZNF274 in our classical PDA organoids induces a 

thickening of the cellular layer that forms the organoid structure. Quantification of this 

thickening showed a statistically significant difference between control and ZNF274 KD 

organoids (Figure 3B). This thickening phenotype may be the result of a process called 

delamination which refers to the formation of multiple layers. The delamination process can also 

involve a partial or complete EMT as seen in neural crest cells which enables them to migrate 

and colonize different organs and tissues48,49. This morphological change upon ZNF274 loss and 

induction of EMT would be consistent with our cell line data. Additionally, it has been identified 

that PDA organoids can form these glandular cysts, and a glandular histology has been shown to 

correlate with the classical PDA subtype50,51. It appears that ZNF274 KD is causing a loss in 

glandular identity of the classical PDA organoids through this process of delamination and 

driving them towards a more basal morphology. Quantification of basal versus classical organoid 

cell thickness shows that basal PDA organoids have a significantly thicker cellular layer than 

classical organoids (Figure 3C) validating this subtype switch is induced by ZNF274 loss. Next, 

we used these organoids to assess migration and invasion using a 3D collagen matrix assay to 

mimic the invasion requirements of a cell squeezing through the extracellular matrix surrounding 

a tumor. For this assay, invasion is quantified as an increase in spine formation and protrusion 
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out of the organoid. Very strikingly, we observed a clear presence of spine formation in the 

ZNF274 knockdown organoids as compared to an absence of spine formation in the control 

organoids (Figure 3D). Spine counts show a statistically significant increase in spine formation 

and protrusions with ZNF274 loss which confirms that ZNF274 is necessary to prevent invasion 

in classical PDA tumor cells.  

 

ZNF274 promotes resistance to CDK7 inhibition in classical PDA. 

In our previous work, we discovered basal PDA is exquisitely sensitive to transcriptional 

inhibitors, most notably cyclin-dependent kinase 7 inhibition (CDK7i). This sensitivity was 

typified by THZ1 (a covalent inhibitor of CDK7/12/13) and YKL-5-124 (a covalent inhibitor of 

CDK7 alone), but not to the non-transcriptional inhibitor’s gemcitabine or the CDK4/6 inhibitor 

Palbociclib52. CDK7 is a component of the TFIIH subunit of RNA Polymerase II (RNA POL II) 

and facilitates phosphorylation of Ser5, Ser7, and indirectly regulates phosphorylation of Ser2 on 

the C-terminal domain (CTD) of RNA Pol II53. Phosphorylation of the CTD of RNA POL II 

enables transcription initiation and productive elongation54. Inhibition of CDK7 blocks 

phosphorylation of the CTD of RNA Pol II and prevents transcription55,56. In many different 

cancer types, inhibition of CDK7 by THZ1 or YKL-5-124 disrupts transcription and leads to 

decreased cell growth57–60. Therefore, clinical versions of these compounds were developed to 

test the effectiveness of CDK7 inhibition in cancer patients. SY5609 is a clinically approved, 

non-covalent inhibitor of CDK7 which has cleared phase I clinical trials and shows exciting 

promising in PDA patients61–63.  

To elucidate the impact of ZNF274 on regulation of sensitivity to CDK7 inhibitors, we 

performed knockdown of ZNF274 by siRNA and shRNA followed by treatment with increasing 
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doses of THZ1 (Figure 4A) or YKL-5-124 (Figure 4B and S3A). ZNF274 knockdown increased 

ZEB1 expression between the siCTRL DMSO (dimethyl sulfoxide) and the siZNF274 DMSO 

validating induction of EMT. Additionally, ZNF274 knockdown increased sensitivity to both 

CDK7 inhibitors, THZ1 and YKL-5-124, through an increase in cleaved caspase-3 activation in 

multiple independent classical PDA cell lines (Figure 4A-B & S3A). To validate this phenotype 

in a 3D model system, we treated our dox-inducible control and ZNF274 knockdown classical 

PDA organoids with increasing doses of YKL-5-124. Upon completion of treatment, the 

organoids were fixed and embedded in a cone of agarose, paraffin processed and embedded, and 

then stained for H&E. The shCTRL organoids show intact organoid structure as indicated by 

their round and cystic morphology. This intact structure is then maintained throughout treatment 

with increasing doses of YKL-5-124. In contrast, shZNF274 organoids show intact organoid 

structure by their thick, multicellular-layer morphology prior to treatment, and then upon 

treatment, increasing doses of YKL-5-124 causes disintegration and loss of an intact organoid 

structure in the shZNF274 organoids (Figure 4C). This loss of integrity of the shZNF274 

organoid structure indicates increased sensitivity to CDK7 inhibition upon loss of ZNF274 in 

classical PDA organoids.  

 To investigate if ZNF274 is sufficient to promote resistance to CDK7 inhibition, we 

overexpressed ZNF274 in basal (CDK7i sensitive) PDA cell lines and treated with increasing 

doses of CDK7 inhibitors. ZNF274 overexpression (OE) in basal PDA cell lines leads to a 

significant decrease in ZEB1 mRNA expression compared to the control as well as a substantial 

decrease in an additional marker of the mesenchymal state, SNAIL2. Markers of the epithelial 

cell state are not significantly altered, indicating that in this rescue experiment, increasing 

ZNF274 expression is predominantly impacting ZEB1 (Figure 4D & S3B). ZNF274 OE cells 
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treated with increasing doses of CDK7 inhibition show a substantial reduction in sensitivity to 

THZ1 and YKL-5-124 as indicated by reduced activation of cleaved caspase-3 compared to the 

empty vector control (Figure 4E&F). Thus, our results suggest that ZNF274 constrains ZEB1 

thereby promoting resistance to CDK7 inhibition while disinhibition of ZEB1, in the absence of 

ZNF274, enables sensitivity to CDK7 inhibition. To further confirm the hypothesis that the 

change in CDK7i sensitivity is through altered expression of ZEB1, we overexpressed ZEB1 in a 

classical PDA cell line that has low baseline expression of ZEB1 and high baseline expression of 

ZNF274. We found that ZEB1 OE does increase sensitivity of a classical PDA cell line to THZ1 

as shown by an increase in cleaved PARP (Figure S3C). Together this data indicates that 

sensitivity to CDK7 inhibition is regulated by ZNF274 control of ZEB1 expression and that 

modulations to either ZNF274 or ZEB1 is sufficient to alter sensitivity to CDK7i in either 

subtype of PDA.  

 Finally, to show that the absence of ZNF274 confers sensitivity to CDK7 inhibition in 

vivo, we implanted the dox-inducible shCTRL and shZNF274 classical PDA cell lines 

subcutaneously into immune-compromised nude mice and treated them daily with SY-5609 (a 

clinically approved oral CDK7 inhibitor) for 3 weeks. SY-5609 significantly reduced growth of 

the ZNF274 knockdown tumors but not the control tumors (Figure 4G). Mice did not experience 

any toxicity from the drug as indicated by stable mouse weights (Figure 4H). Our results identify 

the ZNF274 regulation of ZEB1 as a potential therapeutic option for sensitizing classical PDA to 

CDK7 inhibitors. 

 

DNMT inhibition sensitizes classical PDA to CDK7 inhibition. 
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 Unfortunately, ZNF274 is not targeted by any clinically approved drugs but other 

components of the KRAB-ZNF complex do have clinically approved inhibitors. Specifically, we 

hope to identify which drugs have the greatest potential to induce sensitivity of classical PDA to 

CDK7 inhibition. Clinically approved drugs exist to target the HDAC and DNMT components of 

the complex. Given that knockdown of DNMT1 recapitulates the increase in ZEB1 expression 

seen with ZNF274 KD (Figure S1E), we opted to test inhibitors of DNMTs first. The two 

clinically approved DNMT inhibitors are decitabine (DAC) and azacytidine (AZA)64,65. We 

treated classical PDA with either a DAC or AZA and observed that AZA induced a robust 

increase in ZEB1 protein expression while we observed no change in ZEB1 expression with 

DAC treatment (Figure 5A and S4A). We then expanded this observation to three classical PDA 

cell lines and showed that RNA expression of ZEB1 increased with AZA treatment across all 

three cell lines and continued to increase with higher doses of AZA (Figure 5B) while RNA 

expression of epithelial genes did not change with AZA treatment (Figure S4B). This suggests 

that AZA induces a partial EMT driven solely by ZEB1. Additionally, we observed the same 

cellular morphological change, from clumped growth pattern to a more spindle shaped and 

individual growth pattern, with AZA treatment as described previously with ZNF274 KD (Figure 

5C), indicating that ZEB1 driven partial EMT is enough to induce a cellular state change. 

Interestingly, high doses of AZA eventually halted cell growth more prominently in the classical 

PDA cell lines compared to basal (Figure S4C). This indicates that the classical cells may not be 

able to recover from the induction of ZEB1 driven EMT leading to growth inhibition suggesting 

a potential EMT-induced lethality.  

Given the clear increase in ZEB1 expression and morphology change with AZA 

treatment, we hypothesized that AZA induced ZEB1 driven EMT might promote enough of a cell 
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state change to sensitize classical PDA to CDK7 inhibition. Therefore, we next performed a 

combination treatment of AZA with the clinical CDK7 inhibitor, SY5609, in classical PDA cell 

lines. Cells treated with the combination of AZA and SY5609 showed a substantial increase in 

apoptosis as seen by increased cleaved PARP and cleaved caspase 3 (Figure 5D). This data 

indicates that AZA treatment can sensitize classical PDA cells to CDK7 inhibition, broadening 

the therapeutic application of CDK7 inhibitors in PDA. 

To further investigate this potential treatment in vivo, we first treated four patient-derived 

xenograft (PDX) models of PDA (2 basal and 2 classical) with SY5609 dissolved in 5% Captisol 

and administered once daily by oral gavage to nude mice for 3 weeks. Basal PDA PDX mice 

showed marked sensitivity to SY5609 treatment through dramatic reduction of tumor growth 

(Figure 5E, red) while the classical PDA PDX mice showed no change in tumor growth with 

SY5609 treatment (Figure 5E, black). This data shows clear differential sensitivity of basal and 

classical PDA tumors to the clinically approved CDK7 inhibitor, SY5609, and potentially 

efficacy of SY5609 to treat PDA patients with more basal-like tumors. However, since PDA 

patient tumors are intrinsically heterogeneous, the best treatment course would be able to target 

both basal and classical PDA cells within the tumor. To determine if a combination treatment of 

AZA and CDK7 inhibition would be able to treat more classical PDA patient tumors, we utilized 

one of our PDX mouse models of classical PDA to test the efficacy of the combination treatment. 

We split the trial into four arms of treatment, vehicle (5% Captisol), SY5609 only, AZA only, and 

AZA plus SY5609 combination which were administered by oral gavage to nude mice for 3 

weeks. The combination treatment of AZA plus SY5609 showed dramatic reduction of tumor 

growth over all other treatment arms in our classical PDA PDX model (Figure 5F, left). 

Additionally, the combination treatment, as well as the solo arms, showed no toxicity to the mice 
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as seen by continued stable weight of the mice throughout the trial (Figure 5F, right). A subset of 

the combination trial mice were enrolled in an endpoint survival study in which the treatment 

was stopped after 22 days and the mice were monitored for 80 days post initiation of treatment. 

Endpoint was called when a tumor reached ~2cm in diameter and that indicated a notch on the 

survival curve. Interestingly, mice treated with AZA alone showed a slight but significant 

increase in survival even though no decrease in tumor growth while on treatment was observed 

(Figure 5F&G). This indicates that AZA alone may have a small impact on tumor growth over an 

extended period of time suggesting a time-dependent effect of EMT on tumor growth with AZA 

treatment. Mice from the combination treatment arm (AZA + SY) survived significantly longer 

than any of the single arm treatments or the vehicle control arm, indicating that the combination 

treatment has a long-term effect on tumor growth even after removal of the treatment doses 

(Figure 5G). Together, we have shown that combination treatment of AZA plus the clinical 

CDK7 inhibitor, SY5609, would be an effective treatment for classical PDA patient tumors as 

well as any mixed classical and basal tumors thereby dramatically increasing the application of 

CDK7 inhibition in treatment of PDA patient tumors.  

 

DISCUSSION 

 Here we have found that ZNF274, a DNA-binding protein that recruits the 

ZNF274/SETDB1/DNMT1 repressive chromatin modifying complex, constrains the epithelial to 

mesenchymal transition (EMT) through direct regulation of ZEB1 expression in classical PDA 

tumor models. As a result, loss of ZNF274 leads to derepression of ZEB1, and increased 

suppression of epithelial gene expression thereby driving EMT. Tumors with mesenchymal 

features tend to have an increased ability to migrate and invade nearby tissues. We found that the 
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presence of ZNF274 is necessary to prevent migration and invasion in classical PDA models. 

Therefore, we have identified ZNF274 as a novel regulator of the epithelial cell state. 

 ZEB1 is a well-known master regulator of EMT, and it has been shown that when ZEB1 

expression is altered in PDA, a cell state change can occur40. Regulation of ZEB1 itself is not as 

well studied as ZEB1 regulation of other genes, such as EMT regulatory genes. In this study, we 

determined that ZNF274 is a regulator of ZEB1 thereby controlling ZEB1’s influence over EMT. 

Interestingly, ZNF274 expression is inversely correlated with ZEB1 expression in classical PDA 

cell lines (Figure 2B). This points to a complex, homeostatic relationship between ZNF274 and 

ZEB1 in which when one goes up the other goes down and vice versa to maintain a specific 

cellular balance. This connection between ZNF274 and ZEB1 is one of many connections which 

builds the complex regulatory network that defines the chromatin landscape of classical PDA. 

Furthering the clinical application of this work, we uncovered that the absence of 

ZNF274 or inhibition of DNMTs sensitizes classical PDA models to inhibitors of CDK7. These 

manipulations lead to disruption of the complex chromatin landscape that enables classical PDA 

to maintain its epithelial cell state and resistance to CDK7 inhibition. Specifically, treatment of 

classical PDA with azacytidine induced a pseudo-basal state through increased ZEB1 expression 

but maintains expression of epithelial markers and therefore has not completely lost its epithelial 

identity. Therefore, initial treatment of AZA promotes EMT but upon extended AZA treatment, 

classical cells struggle to adapt to their loss of chromatin regulation and more mesenchymal 

identity thereby driving the cells into lethal EMT. This finding is similar to a previous study that 

found their kras-dependent (classical) PDA models to be more sensitive to another DNMT 

inhibitor, decitabine, compared to their kras-independent (basal) PDA models66. This study did 

not identify a mechanism that defined why kras-dependent PDA was more sensitive to 
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decitabine, therefore it could be similar to the lethal EMT we see with AZA or something else 

entirely. Collectively, these observations suggest a multifaceted role of DNMTs in maintenance 

of classical PDA cellular integrity. 

Treating PDA patients with AZA was attempted in a clinical using an oral azacytidine 

(CC-486) followed by adjuvant therapy. This trial showed no improvement in patient disease 

response and no increase in time-to-relapse67. This is not surprising given that our study as well 

as others have shown that AZA treatment alone does not inhibit growth until very high doses are 

reached, such as 5uM or more in PDA cell lines in culture68. The equivalent treatment of these 

higher doses in humans would likely be too toxic, therefore a better approach is to pair AZA with 

another drug that can improve its anti-tumor effect and enable lower treatment doses. In our 

study we show that the psuedo-basal state induced by AZA that drives the lethal EMT is enough 

to sensitive classical PDA tumors to CDK7 inhibition. The combination treatment of AZA + 

CDK7i in classical PDA in vivo tumor models thereby accelerates the apoptotic effect compared 

to treatment with each drug alone. Therefore, this combination treatment presents as a potent but 

less toxic therapeutic option to treat heterogeneous PDA tumors. 
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MATERIALS AND METHODS 

Cell lines. PDA cell lines were obtained from the American Type Culture Collection (ATCC) and 

grown in their required growth medium per the ATCC description. SUIT2 was obtained from 

Japanese Collection of Research Biosources cell bank and grown in RPMI supplemented with 

10% FBS. Cells were passaged by trypsinization. All studies were done on cells cultivated for 

less than ten passages. 

 

Organoids. Basal and classical subtyped human PDA organoids were generously gifted from the 

Notta Lab at the University of Toronto. Human PDA organoids were grown by embedding in 

Matrigel (Corning) and cultured in human feeding medium (AdDMEM/F12 medium 

supplemented with HEPES [1×, Invitrogen], Glutamax [1×, Invitrogen], penicillin/streptomycin 

[1×, Invitrogen], B27 [1×, Invitrogen], Primocin [1 mg/mL, InvivoGen], N-acetyl-L-cysteine 

[200 μg/mL, Sigma], Wnt3a-conditioned medium [20% v/v], RSPO1-conditioned medium [30% 

v/v], Noggin [0.1 μg/mL, Peprotech], Human EGF, [50 ng/mL, Peprotech], Gastrin [0.21 μg/mL, 

Tocris],  Human FGF10 [0.1 μg/mL, Preprotech], Nicotinamide [0.045 mg/mL, Sigma], and 

A83-01 [0.21 μg/mL, Tocris]). To passage, organoids were dissociated into single cells using 

TrypLE (GIBCO) and then re-seeded into Matrigel (Corning) and topped with human feeding 

media. All studies were done on organoids cultivated for less than ten passages. 

 

Real-time quantitative PCR (q-PCR). Total RNA extraction, cDNA synthesis and real-time 

quantitative PCR were performed as previously described in52. Data were expressed as relative 

mRNA abundance normalized to the β-ACTIN expression level in each sample or as fold change 

over control and error bars are represented as mean ± s.e.m. between two independent 
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experiments unless otherwise indicated in the figure legend. The primer sequences are listed in 

Table S1. 

 

Protein isolation and Western blot. Chromatin fractions were prepared by resuspending the cell 

pellet in lysis buffer containing 10mM HEPES pH 7.4, 10 mM KCl, 0.05% NP-40 supplemented 

with a protease inhibitor cocktail (Complete EDTA-free, Roche Applied Science), 5μM TSA, 

5mM sodium butyrate, 1mM DTT, and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 

Sets I, II, and III Calbiochem) and incubated on ice for 20 minutes. The lysate was then 

centrifuged at 14,000 rpm for 10 minutes at 4°C. The supernatant was removed (cytosolic 

fraction) and the pellet (nuclei) was acid-extracted using 0.2N HCl and incubated on ice for 20 

minutes. The lysate was then centrifuged at 14,000 rpm for 10 minutes at 4°C. The supernatant 

(contains acid soluble proteins) was neutralized using 1M Tris-HCl pH 8. 

Whole cell lysate (WCL) was prepared by resuspending the cell pellets in RIPA lysis buffer 

supplemented with a protease inhibitor cocktail (Complete EDTA-free, Roche Applied Science), 

5μM TSA, 5mM sodium butyrate, 1mM DTT, and phosphatase inhibitors (Phosphatase Inhibitor 

Cocktail Sets I, II, and III Calbiochem) and incubated on ice for 20 minutes. The lysate was then 

centrifuged at 14,000 rpm for 10 minutes at 4°C and the supernatant was harvested. Protein 

concentration was measured by using a BCA protein assay kit (Pierce). 20μg of the cell lysate 

(from lysis with buffer) electrophoresed on a 4-20% gradient polyacrylamide gel with SDS 

(Genscript) and electroblotted onto polyvinylidene difluoride membranes (PVDF) (Millipore). 

Membranes were blocked in TBS with 5% non-fat milk and 0.1% Tween and probed with 

antibodies. Bound proteins were detected with horseradish-peroxidase-conjugated secondary 

antibodies (Vector Biolaboratories) and Clarity Max Western ECL Blotting Substrate (Biorad). 
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Antibodies used were anti-ZNF274 (Novus Biologicals, catalog # H00010782-A01), anti-

H3K9me3 (CST #13969), anti-ZEB1 (abcam #ab203829), anti-EpCAM (abcam # ab32392), 

anti-E-cadherin (CST #3195), anti-SETDB1 (Proteintech Group #11231-1-AP), anti-DNMT1 

(abcam #ab13537), anti-p63 (CST #39692), anti-Cytokeratin17 (Invitrogen #MA1-06325), anti-

Cytokeratin5 (abcam #ab52635), anti-Cleaved Caspase-3 (CST #9664), anti-PARP (CST #9542), 

anti-Total Histone H3 (abcam #ab1791), and anti-betaACTIN (Sigma A5316) as a loading 

control.  

For Western blots performed on organoids, organoids were cultured in human feeding media. 

Organoids were pelleted using Cell Recovery Solution (Corning) to dissolve Matrigel, lysed in 

RIPA buffer, and processed as detailed above. 

 

Organoid Embedding. Human PDA organoids were cultured as described above and then fixed 

in their Matrigel domes by removing the culture media and replacing with 4% PFA in PBS, then 

incubated for 1-2 hours at room temperature. Organoids were collected in a 50ml conical tube 

and centrifuge at 1300 rpm for 5 minutes at room temperature then the supernatant was removed. 

Washes were done consecutively by adding ddH2O, followed by centrifugation, then washed 

with 0.2% BSA in PBS and centrifuged. Organoids are suspended with 2% agarose and 

centrifuge at 1000 rpm, for 3 minutes, at room temperature and then cooled on ice. The solid gel 

from the conical tube is transferred to a histology cassette using disposable plastic scoop, stored 

in 70% ethanol, and submitted to the experimental histology core for FFPE processing and H&E 

staining. 
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Immunofluorescence. Following organoid embedding, unstained slides are deparaffinize by 

placing in the following liquids for the specified amount of time each: xylene for 15 minutes, 

xylene for 15 minutes, 100% ETOH for 5 minutes, 100% ETOH for 2 minutes, 100% ETOH for 

2 minutes, 95% ETOH for 2 minutes, 70% ETOH for 2 minutes, 50% ETOH for 2 minutes, H2O 

for 2 minutes, H2O for 2 minutes. Slides are then placed in 1x antigen retrieval buffer (BRAND) 

and heated up using a pressure cooker. Slides are then cooled for 30 minutes to about 50°C and 

then washed with 1x PBS twice for 2 minutes each, then in PBS for 10 minutes, and then in 

permeabilization solution (PBS/gelatin/Triton 0.25%) twice for 10 minutes each. Slides are then 

blocked in 5% BSA in permeabilization solution in a moist chamber for 1 hour at room 

temperature. Primary antibodies are diluted with 1% BSA in permeabilization solution (ZNF274 

1:100), added to the slides and placed in a moist chamber at 4°C overnight. The next day, the 

slides are washed twice with PBS for 10 minutes each and then placed in permeabilization 

solution (PBS/gelatin/Triton 0.25%) once for 10 minutes. Secondary antibodies are diluted with 

1% BSA in permeabilization solution (Alexa Fluor 555, Invitrogen, 1:400 dilution), added to the 

slides and incubated for 1 hour at room temperature. Next, perform 3x washes in TBST 0.1% 

Tween for 5 minutes each. Mount using mounting media containing DAPI (H-1500, Vectashield 

Vector Laboratories), top with coverslip and seal. Antibodies used were: anti-ZNF274 (Novus 

Biologicals, catalog # H00010782-A01). 

 

Crystal violet staining. Grow cells in a 6cm or 10cm plate, then place cells on ice and wash 

twice with cold PBS. Fix for 10 minutes with ice-cold 100% methanol and then aspirate. Move 

the cells off ice to room temperature and cover them with 0.5% crystal violet solution in 25% 

methanol. Incubate for 10 minutes and then remove the crystal violet. Wash the cells in water 
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several times, until the dye stops coming off. Allow the cells to dry at room temperature 

(possibly overnight) and then store at room temperature. 

 

siRNA transfection. Cells were plated and then forward transfected the next day with siRNAs in 

a 6cm or 10cm culture dishes by replacing the media with 2mL or 4mL of OptiMEM low-serum 

media (Gibco) and then adding 500μL or 1mL OptiMEM low-serum media (Gibco) containing 

10μL or 20μL of Lipofectamine RNAiMAX (Invitrogen) and either non-targeting (Control) or 

targeting siRNAs (0.25μM). The plates were supplemented with 2mL or 4mL of complete media 

after 8 hours of incubation at 37°C and then completely replaced with fresh media 24 hours after 

transfection. Cells were cultured for an additional 40 hours (72 hours total) unless otherwise 

stated in the figure legend, after which cell pellets were extracted for downstream assays 

including Western blotting and q-PCR. siRNAs were obtained from Dharmacon: ZNF274 (L-

013359-02), SETDB1 (L-020070-00), DNMT1 (L-004605-00), Control (D-001810-10). 

 

Constructs and viral infection. Plasmids for viral infection: SMART vector shZNF274 and 

shCTRL, pTRE-ZNF274-3xHA, pSCALP-ZEB1. 

SMARTvector Inducible Lentiviral shRNA plasmids containing ZNF274 or control short hairpin 

RNAs were purchased from Dharmacon. These plasmids are used for dox-inducible knockdown 

of ZNF274 or control and were used to create stable lines. pTRE-ZNF274-3xHA was kindly 

gifted from Dr. Martina Begnis in the Trono lab at the Swiss Federal Institute of Technology in 

Lausanne. This plasmid is a dox-inducible ZNF274 overexpression construct. pSCALP-ZEB1 

(ZEB1 overexpression plasmid) was kindly gifted from Dr. Giuseppe Diaferia at Humanitas 

University in Italy. 
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Viral particles were synthesized and infected as described in52. Cells infected with the SMART 

vector shZNF274 and shCTRL were then select for single clones by dilution for single cells in a 

96 well plate and grown out to form stable cell lines.  

 

Chromatin immunoprecipitation. Cells were cross-linked with 1% paraformaldehyde for 15 

minutes at room temperature. The reaction was quenched for 5 minutes at room temperature by 

adding 0.125 M glycine. After three washes with 1X PBS, cells were lysed with lysis buffer (1% 

SDS, 10 mM EDTA pH 8, 50 mM Tris-HCl pH 8) supplemented with a protease inhibitor 

cocktail (Complete EDTA-free, Roche Applied Science), 5μM TSA, 5mM sodium butyrate, 

1mM DTT, and phosphatase inhibitors (Phosphatase Inhibitor Cocktail Sets I, II, and III 

Calbiochem). Lysates were incubated on ice for 20 minutes and then sonicated using a 

QSONICA Q800R3 sonicator (10 seconds ON, 20s OFF, 30% AMP; samples in 4ºC water bath 

throughout sonication cycles). Size of fragments obtained (between 200 and 1,200 bp) was 

confirmed by electrophoresis. Soluble chromatin was collected after centrifugation at 14,000 rpm 

at 4°C for 10 minutes and diluted to 1/5 in dilution buffer (1% Triton X-100, 2 mM EDTA, 150 

mM NaCl, 20 mM Tris-HCl pH 8.1) supplemented with protease, deacetylase, and phosphatase 

inhibitors. Soluble chromatin (1%) was kept as input control. Soluble chromatin was precleared 

with 100 μg/ml of salmon sperm (Amersham Biosciences), 2.5 μg/ml of unspecific IgGs, and 

20μL of protein-PLUS A/G Sepharose beads overnight at 4°C in continued rotation. The next 

day samples were centrifuged, supernatants were collected, and specific antibodies were added. 

Mixtures were incubated at 4°C overnight in rotation. The following day protein-PLUS A/G 

Sepharose beads (sc-2003) were added to the samples and incubated for 2-4 hours at 4°C in 

rotation. Beads were collected and washed sequentially at 4°C for 10 minutes with TSE I (150 
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mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, and 20 mM Tris-HCl (pH 8.1)), TSE II 

(500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, and 20 mM Tris-HCl (pH 8.1)), 

buffer III (0.25 LiCl, 1% Nonidet P-40, 1% deoxycholate, 1 mM EDTA, and 10 mM Tris-HCl 

(pH 8.1)) and then 1x PBS. Immunoprecipitates were eluted with 100μL of with elution buffer 

(0.1 M NaHCO3 and 1% SDS) and rocked for 40 minutes. Reversion of cross-linking was 

performed overnight by adding 0.2M NaCl and heating and shaking samples and input controls 

at 65°C. Samples were then treated with 0.2 mg/mL RNAse A (Qiagen) and incubated for 1hr at 

37°C followed by addition of 0.01M EDTA, 0.04M Tris-HCl pH 6.5 and 4 U/mL of Proteinase K 

(Promega) and samples were incubated at 45°C for 1 hr. DNA was then purified using the 

Monarch DNA Clean up kit (NEB). 1μL of purified DNA was then used in real-time quantitative 

PCR as described above. The primer sequences are listed in Table S2.  

 

Scratch Assay. Plate 30,000 cells per well in a 96-well plate. The next day preform scratch, 

wash twice with PBS, and replace each well with 200 μL of media. Place plate in IncuCyte and 

program to take images every 4 hours for 24 hours. After imaging completes, remove plate, 

export images, and analyze using Sartorius.  

 

Invasion Assay. Human PDA organoids were cultured as described above and then were 

recovered from Matrigel by resuspension in cold cell recovery solution and incubated on ice. 

Organoids were centrifuged at 200 rcf and resuspended in cold DMEM and kept on ice.  

Organoids were embedded in 1.5 mg/mL collagen gels using protocols previously published, 

which were prepared from the 4.5 mg/mL rat-tail collagen made by the Cheung lab69,70. 4.5 
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mg/mL collagen was diluted to 1.8 mg/mL in 0.1% acetic acid. This was then mixed with 10X 

DMEM, 1 N NaOH, and ultrapure water at the following ratio: 

 

 1 mL collagen (1.8 mg/mL): 100 μL 10X DMEM: 32 μL NaOH: 66.66 μL H2O  

 

This mixture was allowed to polymerize at 4°C and was then mixed with organoids at a 

concentration of ~180 organoids/100 μL. Glass-bottom 24 well plates were prepared by plating 

40 μL of collagen (without organoids) in the center of each well to be used. The plate was placed 

at 37°C for 5-10 minutes to allow the collagen disks to polymerize, after which 100 μL of the 

collagen/organoid mixture was plated on top as a dome. This was allowed to polymerize for an 

additional 45-60 minutes at 37°C. After complete polymerization, 1 mL of human organoid 

feeding media was added to each well. 

At the end of the experiment, the media was removed and PBS was added for 5-10 minutes. The 

organoids in collagen were fixed with 4% PFA for 20 minutes at room temperature in the 24 well 

plate. Wells were washed with PBS and then stored at 4°C. Plates were imaged using an Andor 

CSU-W confocal spinning disk on a Leica DMi8 inverted microscope. All organoids per well 

were imaged and counted for spine formation.  

 

Subcutaneous Cell line Xenografts. All mouse procedures were conducted in accordance with 

the Fred Hutchinson Cancer Center (FHCC) Institutional Animal Care and Use Committee 

(IACUC) guidelines and the ARRIVE guidelines. Athymic nude (NU/J) mice (002019, JAX) 

were purchased from the Jackson Laboratory. Injections of cell lines for the generation of 

subcutaneously grafted cell line tumors were prepared by resuspending 1.5x10^6 cells in a 100 
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μL suspension of 50% Matrigel (Corning) in phosphate-buffered saline (PBS). Cell suspensions 

were injected into each flank of the mouse. 5 days after injection the mice were put on water 

with 200 μg/mL of doxycycline. 3 days after the initiation of doxycycline water, initial tumor 

volumes were measured, and mice started on once daily oral gavage treatment of vehicle (5% 

captisol) or SY5609 (0.5 mg/kg, Syros) dissolved in 5% captisol for 22 days. Caliper 

measurements of tumors and body weights were recorded three times per week. Tumor volumes 

were normalized to the initial tumor volume for each mouse and plotted as normalized tumor 

growth. 

 

Patient-derived Xenograft. PDX models were acquired from the NIC PDMR and JAX 

(PAAD154b - NCI 885724; PAAD141b - NCI 463931; PAAD169b - JAX TM 00176; PAAD200 

- JAX TM01212). PDX implantations were administered as previously described in52 followed 

by post-surgical monitoring. Tumors were measure with electronic calipers and upon reaching an 

average tumor diameter of 3 to 5 mm^3, mice were treated with a once daily oral gavage of 

vehicle (5% captisol), SY5609 alone (0.5 mg/kg, Syros), Azacytidine alone (2.5mg/kg, S1782, 

Selleck), or combination of SY5609 (0.5mg/kg) plus AZA (2.5mg/kg) for 22 days. Caliper 

measurements of tumors and body weights were recorded three times a week. A subset of trial 

mice were taken out to endpoint following termination of treatment at 22 days. Endpoint is called 

when the tumor diameter reaches ~2cm and this indicates a notch in the survival curve. The 

survival study concluded at 80 days post initiation of treatment.  
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FIGURES 

 
 
Figure 1. ZNF274 expression characterizes Classical PDA. A, ZNF274 and SETDB1 
expression from TCGA-PAAD publicly available dataset from human tumors classified as basal 
or classical PDA. B, RT-PCR for ZNF274 and SETDB1 in a panel of human PDA cell lines. C, 
Survival curves using TCGA patient data classified by ZNF274 mRNA expression using the 
highest and lowest quartile. A log rank (Mantel-Cox) test was performed to determine 
significance between up-regulated and down regulated ZNF274 expression. D, WB for ZNF274 
and ACTIN in basal (red) and classical (black) PDA organoids with WB quantification of 
relative ZNF274 expression normalized to actin for PDA organoids and cell lines. E, 
Immunofluorescence images of ZNF274 stained embedded classical (black) and basal (red) PDA 
organoids. Error bars represent +/- SEM between technical triplicates. Data are representative of 
at least 2 independent experiments. *p-value ≤ 0.05; **p-value ≤ 0.01 (two-tailed unpaired 
Student’s t-test). 
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Figure 2. ZNF274 loss promotes epithelial to mesenchymal transition in Classical PDA. A, 
Phase contrast images of live classical PDA cells and brightfield color images of crystal violet-
stained classical PDA cells treated with non-specific or ZNF274-specific siRNAs. Images were 
taken on the Nikon Live microscope and have a scale bar of 100um. B, WB for chromatin bound 
ZNF274, ZEB1, EpCAM, and Total H3 in classical PDA cells lines treated with non-specific or 
ZNF274-specific siRNAs. C, RT-PCR for ZNF274, markers of the mesenchymal cell state: 
ZEB1, SNAIL1 and SNAIL2; and markers of the epithelial cell state: EpCAM and CDH1 (E-
cadherin) in classical PDA cells lines treated with non-specific or ZNF274-specific siRNAs. D-F, 
ChIP-qPCR for ZEB1 3 (promoter), ZEB1 5 (3’ exon), ZEB1 6 (3’ exon), ZNF180 and ZNF554 
(ZNF274 bound positive control genes), ZNF555 and ZNF556 (non-ZNF274 bound negative 
control genes) with pulldown for ZNF274 (D), H3K9me3 (E), and SETDB1 (F) in a classical 
PDA cell line with doxycycline induced control or ZNF274-specific shRNAs. Error bars 
represent +/- SEM between technical triplicates. Data are representative of at least 2 independent 
experiments. *p-value ≤ 0.05; **p-value ≤ 0.01, ***p-value ≤ 0.001, ****p-value ≤ 0.0001 
(two-tailed unpaired Student’s t-test). 
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Figure 3. Classical PDA cells acquire increased migration and invasion capacities upon 
removal of ZNF274. A, Scratch assay plot showing percent of wound confluence over 24 hours 
following doxycycline induction of control or ZNF274-specific shRNAs in two classical PDA 
cell lines (left) and paired WB for ZNF274, ZEB1 and ACTIN (right) for each line. B, 
Brightfield color images of H&E slides from embedded classical PDA organoids with 
doxycycline induced of control or ZNF274-specific shRNAs (left) and quantification of relative 
thickness by FIJI local thickness plug in (right). All images were taken on the Nikon Live 
microscope and have a scale bar of 100μm. C, Quantification of relative thickness by FIJI local 
thickness plug in from brightfield color images of H&E slides from embedded classical and basal 
PDA organoids. D, Brightfield images of live classical PDA organoids with doxycycline induced 
control or ZNF274-specific shRNAs grown in collagen to assess invasion. Images were taken on 
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the Leica DMi8 inverted microscope and have a scale bar of 200μm. Quantification of number of 
spines protruding from shCTRL and shZNF274 classical PDA organoids (right). Error bars 
represent +/- SEM between technical triplicates. Data are representative of at least 2 independent 
experiments. *p-value ≤ 0.05; **p-value ≤ 0.01, ***p-value ≤ 0.001, ****p-value ≤ 0.0001 
(two-tailed unpaired Student’s t-test). 
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Figure 4. ZNF274 is necessary to maintain resistance to CDK7 inhibitors. A, WB for 
ZNF274, ZEB1, PARP, CC3 and ACTIN in classical PDA cells lines transfected with non-
specific or ZNF274-specific siRNAs and treated with 500nM or 2.5uM THZ1 for 40 hours. B, 
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WB for ZNF274, ZEB1, PARP, CC3 and ACTIN from doxycycline inducible control or 
ZNF274-specific shRNAs classical PDA cell lines treated with 500nM, 1uM or 2.5uM YKL-5-
124 for 72 hours. C, Brightfield color images of H&E slides from embedded classical PDA 
organoids with doxycycline induced of control or ZNF274-specific shRNAs and then treated 
with 500nM, or 1uM YKL-5-124 for 72 hours (left). Images were taken on the Nikon Live 
microscope and have a scale bar of 100um. Paired WB for ZNF274, ZEB1 and ACTIN from 
classical PDA organoids with doxycycline induced of control or ZNF274-specific shRNAs 
(right). D, RT-PCR for ZNF274, ZEB1 and SNAIL2 in a basal PDA cell line infected with an 
empty vector or ZNF274 overexpression vector. E-F, WB for ZNF274, ZEB1, CC3 and ACTIN 
in a basal PDA cell line infected with an empty vector or ZNF274 overexpression vector and 
treated with 500nM or 1uM THZ1 for 24 hours (E) and 500nM or 1uM YKL-5-124 for 72 hours 
(F). G-H, Normalized tumor growth (G) and mouse weights (H) of subcutaneously implanted 
ASPC1 and CFPAC1 dox-inducible shCTRL or shZNF274 cell lines treated with once-daily 
SY5609 (0.5mg/kg) compared with Vehicle control (5% captisol) for 21 days (each arm n=3).  
Error bars represent +/- SEM between technical triplicates. Data are representative of at least 2 
independent experiments. *p-value ≤ 0.05; **p-value ≤ 0.01 (two-tailed unpaired Student’s t-
test). 
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Figure 5. DNMT inhibition induces ZEB1 and enhances sensitivity to CDK7 inhibition. A, 
Representative WB for ZEB1 and Actin in a classical PDA cell line treated with 1uM 
Azacytidine for 48 hours (left). WB quantification of relative ZEB1 expression normalized to 
ACTIN for classical PDA cells treated with 1uM Azacytidine for 48 hours replicates (right). B, 
RT-PCR for ZEB1 in classical PDA cells lines treated with increasing doses of Azacytidine for 
48 hours. C, Phase contrast images of live classical PDA cells treated with 5uM Azacytidine for 
48 hours. Images were taken on the Nikon Live microscope and have a scale bar of 100um. D, 
WB for ZEB1, PARP, CC3, yH2Ax, and ACTIN in classical PDA cells treated with 5uM 
Azacytidine plus either 500nM or 1uM SY-5609 for 48 hours. E, Tumor volume of basal and 
classical PDA xenografts after treatment with once-daily SY5609 (0.5 mg/kg) (red) compared 
with Vehicle control, 5% captisol, (black) for 21 days (Vehicle n = 8, SY-5609 n = 8). F, Tumor 
volume of a classical PDA xenograft after treatment with once-daily combo (SY-5609 0.5mg/kg 
and azacytidine 2.5mg/kg) (dotted blue), azacytidine alone (2.5mg/kg) (solid red), SY-5609 
alone (0.5mg/kg) (dotted red), or Vehicle control (5% captisol) (solid black) for 21 days (n=7 for 
each treatment group) and mouse weights. G, Endpoint survival study for a subset of AZA+SY 
combination study mice. Treatment was stopped at 22 days and mice were monitored for a total 
of 80 days post initiation of treatment (Vehicle and SY5609 only n = 3; AZA only and AZA + SY 
n = 5). A log rank (Mantel-Cox) test was performed to determine significance between the AZA 
+ SY arm or the AZA alone arm and the Vehicle control arm. Error bars represent +/- SEM 
between technical triplicates. Data are representative of at least 2 independent experiments. *p-
value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001 (two-tailed unpaired Student’s t-test). 
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Figure S1. ZNF274 and DNMT1 regulation of EMT in classical PDA. A, WB for chromatin 
bound ZNF274, H3K9me3, and Total H3 in classical PDA cells lines treated with non-specific or 
ZNF274-specific siRNAs. B, WB for ZNF274, ZEB1, EpCAM, E-cadherin, and ACTIN in 
classical PDA cells lines treated with non-specific or ZNF274-specific siRNAs. C, WB for 
TP63ΔN, keratin17, keratin5, and ACTIN in classical PDA cells lines treated with non-specific 
or ZNF274-specific siRNAs. D, WB for WCL DNMT1 and ACTIN and chromatin bound 
DNMT1, H3K9me3, and Total H3 in classical PDA cells lines treated with non-specific or 
ZNF274-specific siRNAs. E, WB for DNMT1, ZNF274, ZEB1, EpCAM, E-cadherin, and 
ACTIN in classical PDA cells lines treated with non-specific or DNMT1-specific siRNAs. F, 
WB for chromatin bound DNMT1, H3K9me3, and Total H3 in classical PDA cells lines treated 
with non-specific or DNMT1-specific siRNAs. G, Phase contrast images of live classical PDA 
cells with doxycycline induced control or ZNF274-specific shRNAs . Images were taken on the 
Nikon Live microscope and have a scale bar of 100um. H, RT-PCR for ZNF274, markers of the 
mesenchymal cell state: ZEB1, SNAIL1 and SNAIL2; and markers of the epithelial cell state: 
EpCAM and CDH1 (E-cadherin) in classical PDA cells lines with doxycycline induced control 
or ZNF274-specific shRNAs. I, ChIP-qPCR for ZEB1 3 (promoter), ZEB1 5 (3’ exon), ZEB1 6 
(3’ exon), ZNF180 and ZNF554 (ZNF274 bound positive control genes), ZNF555 and ZNF556 
(non-ZNF274 bound negative control genes) with pulldown for DNMT1 in a classical PDA cell 
line with doxycycline induced control or ZNF274-specific shRNAs. Error bars represent +/- 
SEM between technical triplicates. Data are representative of at least 2 independent experiments. 
*p-value ≤ 0.05; **p-value ≤ 0.01, ***p-value ≤ 0.001, ****p-value ≤ 0.0001 (two-tailed 
unpaired Student’s t-test). 
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Figure S2. SETDB1 regulation of EMT in classical PDA. A, WB for chromatin bound 
SETDB1, ZNF274, ZEB1, EpCAM, E-cadherin, H3K9me3, and Total H3 in classical PDA cells 
lines treated with non-specific or SETDB1-specific siRNAs. B-C, ChIP-qPCR for 
CDH1_promoter, CDH1_3’exon, EpCAM_promoter, EpCAM_3’exon with pulldown for 
H3K9me3 (E), and SETDB1 (F) in a classical PDA cell line with doxycycline induced control or 
ZNF274-specific shRNAs. D, ChIP-qPCR for CDH1_promoter, and EpCAM_promoter, with 
pulldown for H3K4me3 in a classical PDA cell line with doxycycline induced control or 
ZNF274-specific shRNAs. E, Immunofluorescence images of ZNF274 stained embedded 
classical PDA organoids with doxycycline induced control or ZNF274-specific shRNAs. Images 
were taken on the Nikon Live microscope and have a scale bar of 100um. Error bars represent 
+/- SEM between technical triplicates. Data are representative of at least 2 independent 
experiments. *p-value ≤ 0.05; **p-value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
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Figure S3. ZNF274 and ZEB1 control of sensitivity to CDK7 inhibition. A, WB for ZNF274, 
ZEB1, CC3 and ACTIN in classical PDA cells lines transfected with non-specific or ZNF274-
specific siRNAs and treated with 500nM, 1uM or 2.5uM YKL-5-124 for 72 hours. B, RT-PCR 
for ZNF274, ZEB1, EpCAM and CDH1 (E-cadherin) in a second basal PDA cell line infected 
with an empty vector or ZNF274 overexpression vector.  C, WB for ZEB1, PARP and ACTIN in 
a classical PDA cell line infected with an empty vector or ZEB1 overexpression vector and 
treated with 100nM, 500nM or 2.5uM THZ1 for 24 hours. Error bars represent +/- SEM between 
technical duplicates. Data are representative of at least 2 independent experiments. *p-value ≤ 
0.05; **p-value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
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Figure S4. DNMT1 inhibition in basal and classical PDA. A, WB for ZEB1 and ACTIN in a 
classical PDA cell line treated with DMSO or 1uM Decitabine for 48 hours. B, RT-PCR for 
EpCAM and CDH1 (E-cadherin) in classical PDa cell lines treated with 5uM Azacytidine for 48 
hours. C, Plate scan of a basal cell line and three classical cell lines treated with DMSO or 5uM 
Azacytidine for 48 hours and then stained with crystal violet. Error bars represent +/- SEM 
between technical duplicates. Data are representative of at least 2 independent experiments. *p-
value ≤ 0.05; **p-value ≤ 0.01 (two-tailed unpaired Student’s t-test). 
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Table S1. qPCR primers used in this study 
 

 

 
 

Gene Forward (5' - 3ʹ) Reverse (5' - 3ʹ) 
ZNF274 ATCCAGGCCCTATATGCTGAA GAGCGTGCCTTAGGCTGTA 
SETDB1 AGGAACTTCGGCATTTCATCG TGTCCCGGTATTGTAGTCCCA 
ZEB1 TTACACCTTTGCATACAGAACCC TTTACGATTACACCCAGACTGC 
EpCAM TGATCCTGACTGCGATGAGAG CTTGTCTGTTCTTCTGACCCC 
CDH1 CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG 

SNAIL1 TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG 
SNAIL2 CGAACTGGACACACATACAGTG CTGAGGATCTCTGGTTGTGGT 
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Table S2. ChIP-qPCR primers used in this study 
 

 

 
  

Gene Forward (5' - 3ʹ) Reverse (5' - 3ʹ) 
ZEB1 3  CCGGATAATGGGGCTTGGAT TTGGCACAGCAGCACAAATC 
ZEB1 5  TCTCCTGAACCAGGCAAAGT CCCACTGGTAAAACTGGGGA 
ZEB1 6  TCTCAACACATGAATCATCGCT CGTGCTCATTCGAGAGGATTTC 
ZNF180  TGCAGTCAATGTGGGAAGTC TGATGCACAATAAGTCGAGCA 
ZNF554 CGGGGAAAAGCCCTATAAAT TCCACATTCACTGCATTCGT 

ZNF555 CAATTGGCCCATATCTTTACG CATGTTCTCGAAAGCAAGCA 
ZNF556 CAATCTTGCGGGAAGACATT CACACTGCCCACATTCGTAG 
CDH1_promoter GTGAACCCTCAGCCAATCAG TCACAGGTGCTTTGCAGTTc 
CDH1_3’exon ACAGCCCCGCCTTATGATT GCGATTGCCCCATTCGTTCA 
EpCAM_promoter ACCAAAGATCCCTAACGCCG GGGAGTTGGGGGAGTGAGTA 
EpCAM_3’exon ACACTTAAATGTGTGTTTCCTTGC TCACCCATCTCCTTTATCTGAAACA 
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ABSTRACT 

The nucleolus is a small yet complex organelle. As an organelle without a membrane, its function 

quite directly determines its structure. The nucleolus is the main site of ribosome biogenesis and 

predominantly consist of protein and RNA. The nucleolus is apt at responding to cellular stress 

but not impervious to dysregulation. Nucleolar stress is most often visitable through changes in 

nucleolar morphology which can indicate changes in RNA Pol I transcription and ribosomal 

biogenesis. In this chapter, we will investigate nucleolar changes induced by a transcriptional 

inhibitor in pancreatic ductal adenocarcinoma (PDA) cell lines. We will assess dysregulation of 

nucleolar proteins and ribosomal RNA following transcriptional inhibition. Additionally, we will 

use a new technology called O-MAP to further interrogate the nucleolar changes observed in 

basal but not classical PDA cell lines upon treatment with transcriptional inhibition. This work 

will elucidate new therapeutic vulnerabilities by better understanding how nucleolar integrity is 

maintained or lost in basal and classical PDA subtypes in the context of transcriptional 

inhibition. 
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INTRODUCTION 

The nucleolus is a membraneless organelle within the nucleus and is the major site of 

ribosome biogenesis1. Since the nucleolus has no membrane, it maintains its structure through 

phase-separation as the nucleolus is predominantly made up of RNA and protein2,3. The 

nucleolus has three subcompartments that each play a specific role in the process of ribosome 

biogenesis. The inner most compartment is the fibrillar center (FC) which is the site of ribosomal 

DNA transcription. Next is the dense fibrillar component (DFC) which surrounds the FC and is 

the site of ribosomal RNA (rRNA) processing. Last, is the granular component (GC) which fills 

all other space of the nucleolus and is the site of ribosome assembly. Ribosomal proteins from 

the nucleoplasm enter the nucleolus and complexes with the processed rRNA from DFC to build 

ribonucleoprotiens (RNPs). Mature ribosomes are made up of the 40S RNP and the 80S RNP, 

which are then exported to the cytoplasm where they can start translating proteins4,5.  

rRNA processing is a very specific process by which the precursor 47S rRNA is 

processed and spliced to create the three mature rRNAs, 28S, 18S and 5.8S. The 47S rRNA 

contains internal transcribed spacers 1 (ITS1) and 2 (ITS2) as well as 5′ and 3′ external 

transcribed spacers (5′-ETS and 3′-ETS). Processing of the 47S rRNA can occur through a few 

different pathways in which the ITS and ETS regions are cleaved and removed in different orders 

that can produce different rRNA intermediate products but eventually all lead to production of 

the same three mature rRNAs 6,7.  

Not only is the nucleolus the site of ribosome biogenesis but it is also an organizational 

hub for heterochromatin. The nucleolus is surrounded by a dense layer of compacted chromatin 

which is visible as a thick open circle when nuclei are stained with DAPI8. This layer of compact 

chromatin is made up of many small regions from a variety of different chromosomes; these 
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regions are called NADs or nucleolar-associated domains. Studies have identified that NADs are 

enriched for repetitive element genes, inactive regions of the X chromosome, and some RNA 

polymerase III-transcribed genes9. These regions cluster near the nucleolus and some even flank 

the ribosomal DNA repeats which belong to the core nucleolar genome. Disputations to NADs 

along with other nucleolar changes have been identified in human diseases and cancer. A variety 

of different stressors have been associated with changes in nucleolar morphology such as 

hypoxia, hydrogen peroxide, and heat just to name a few10. In cancer, nucleolar changes such as 

an increase in size and number have been observed. An increase in nucleolar size can be 

associated with an increase in RNA POL I transcription leading to increased production of 

rRNA11. As a result, many studies are assessing the therapeutic potential of RNA POL I 

inhibitors for cancer treatment. Additionally, dysregulation of ribosomal biogenesis has been 

found to contribute to cellular transformation thereby identify the nucleolus as a promising target 

for new cancer therapies12. Current cancer therapies have also been shown to induce nucleolar 

stress and nuclear morphology changes. One study assessed a variety of chemotherapy drugs and 

saw that many of these drugs also inhibit different stages of rDNA transcription and rRNA 

processing leading to dramatic changes in nucleolar morphology13. 

Current approaches used to better understand changes in nucleolar biology isolate intact 

nucleoli by biochemical fractionation and then analyze components by mass spectrometry or 

deep sequencing14–16. Unfortunately, these methods are not standard across cell types, nor would 

they work for clinical samples that may have fragile, therapeutically disrupted nucleoli. Even 

though nucleolar structure and protein make up may be different, all nucleoli share the common 

architectural scaffold the 47S pre-ribosomal RNA4,6,17. To enable multi-omic analysis of the 

nucleolus, the Shechner lab has developed O-MAP, an oligonucleotide-directed biotinylation 
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method to map structures surrounding an RNA scaffold such as the 47S rRNA of the nucleolus18. 

O-MAP comprehensively identifies the proteins, RNAs, and genomic loci near any target RNA 

within its native cellular context, bypassing the need for any biochemical fractionation. O-MAP 

uses DNA oligonucleotides linked to horseradish peroxidase (HRP), a promiscuous biotinylating 

enzyme, which tags nearby molecules with biotin. The DNA oligonucleotides hybridize to a 

target RNA in fixed cells and thereby facilitate biotinylation of molecules surrounding the target 

RNA. A streptavidin pulldown will isolate all biotin labeled molecules enabling assessment of 

them by proteomics, RNA-sequencing, or DNA-sequencing18. This technique will be 

instrumental in better understanding changes in nucleolar biology and other RNA centered 

processes.  

 

RESULTS 

We have previously shown that the basal PDA subtype is more sensitive to transcriptional 

inhibition by THZ1 than classical PDA19. THZ1 induces apoptosis in basal cells following 

treatment with 100nM-500nM of THZ1 for 16 hours. Interestingly, THZ1 treatment also induces 

a dramatic reduction in protein translation solely in basal PDA cells which have higher baseline 

translation rate than classical PDA cells19. To investigate if this change in translation upon THZ1 

treatment results from alterations to ribosomal biogenesis, we first assessed the nucleolus for any 

morphological changes that could indicate disruption in ribosomal biogenesis. We treated basal 

PDA cells with low dose THZ1 (100nM) for a short amount of time to assess changes that occur 

prior to THZ1 induced apoptosis. Immunofluorescence on THZ1 treated PDA cell lines stained 

for nucleolar marker, nucleolin, showed a clear loss of nucleolar integrity in basal PDA cell lines 

(in red) with increasing treatment time following the initial dose of 100nM THZ1 (Figure 1A). 

Classical PDA cell lines (in black) showed no loss of nucleolar integrity and maintained defined 
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nucleolar borders even upon the longest treatment time with 100nM THZ1 (Figure 1A). We 

observed the same loss of nucleolar integrity in a basal PDA cell line treated with THZ1 and then 

stained for a different nucleolar marker, nucleophosminutes(Figure 1B), validating that this 

change in nucleolar morphology is not specific to just nucleolin proteins but is characteristic of 

nucleolar integrity as a whole. This change in nucleolar morphology provides the first indications 

that the nucleolus might be involved in the translation changes induced upon THZ1 treatment. 

To further investigate this change in nucleolar morphology, we assessed if changes in 

rRNA expression occurred upon THZ1 treatment. We would expect a decrease in rRNA 

expression as that would correspond with the decrease in protein translation. Mature rRNA is too 

abundant in cells to measure any changes in expression therefore a decrease in rRNA 

transcription would be evident by a decrease in expression of the precursor 47S/45S rRNA. 

Additionally, inhibition of rRNA transcription has also been shown to lead to changes in 

nucleolar morphology13, therefore we performed qPCR on the 45S precursor rRNA following 

THZ1 treatment of a basal and classical PDA cell line. We observed no clear decrease in 45S 

rRNA expression with increasing treatment time of THZ1 in either basal or classical PDA 

(Figure 1C). To determine if this change in morphology is due to baseline difference in mature 

rRNAs between PDA subtypes, we performed a normal RNA extraction and then ran total RNA 

on a 3% agarose gel. We observed no difference in baseline mature rRNA (28S, 18S, and 5.8S) 

expression between untreated basal and classical PDA cell lines (Figure 1D). Together, this data 

identifies no changes in rRNA expression that could explain the nucleolar morphological 

changes or translation changes induced by THZ1 treatment. 

To further investigate this change in nucleolar morphology upon THZ1 treatment, we 

compared baseline nucleolar morphology of basal and classical PDA cell lines. Nucleolar 
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staining of basal and classical PDA cell lines showed that basal PDA cells have clear, round, and 

intact nucleoli as stained by the nucleolin marker. In contrast, classical PDA cell lines have a 

wide variety of nucleolar morphologies. Some classical PDA cell lines have more intact nucleoli 

like the basal PDA cell lines, while others have more dispersed nucleoli that seem to lack clear 

and defined edges. Lastly some classical PDA cell lines have very high number of smaller 

nucleoli and thereby fill more of the nucleus with nucleoli (Figure 2A). This difference in 

baseline nucleolar morphology could explain why only basal PDA exhibits a nucleolar 

morphology change upon THZ1 treatment. Classical PDA cell lines may be less sensitive to 

nucleolar stressors since their morphology is not as stringent as basal PDA cell lines. Basal PDA 

cell lines may rely on super intact nucleoli to function properly and thereby enable higher rates 

of cellular translation but as a result are more susceptible to stressors disrupting that structure. 

Classical PDA cell lines don’t seem to need well defined nucleolar structures in order to function 

as they are not reliant on high translation levels and can therefore recover from the stress of 

THZ1 treatment better.  

To understand these differences better, we collaborated with the Shechner lab to start the 

processes of using their new technology to further characterize these nucleolar morphology 

changes in PDA and hopefully identity how these changes connect to our translational changes. 

We set out to optimize O-MAP in 2 basal and 2 classical PDA cell lines. From O-MAP followed 

by imaging, we were able to identify nucleolar specific biotin labeling in our basal and classical 

PDA cell lines (Figure 2B). Next, we took one basal PDA cell line treated with 100nM THZ1 for 

2 and 6 hours and then subjected those cells to the O-MAP protocol. We followed O-MAP with 

imaging and saw clear biotin labeling of the nucleolus in the DMSO treated cells and then saw 

an increase in dispersion of the biotin signal with increased treatment of THZ1. By the 6 hours 
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THZ1 treatment timepoint, the biotin labeling no longer resembled a nucleolus but instead 

seemed to label an area surrounding where the nucleolus has been previously (Figure 2C). This 

data matched what we had seen previously with THZ1 treatment of basal cells leading to a 

change in nucleolar organization and integrity. Pervious literature has indicated that the nucleolus 

is also involved in the DNA Damage response20. This presents as an additional explanation for 

the nucleolar morphology changes as western blot for yH2A.x, a marker of DNA damage, have 

shown a striking increase in yH2A.x signal upon lower doses of THZ1 treatment in basal but not 

classical PDA cell lines (Figure 2D). Further investigation of the DNA damage response will be 

needed to confirm the role of this pathway in our THZ1 induced nucleolar morphology change in 

basal PDA. This project was placed on hold while the downstream proteomics of the O-MAP 

technique were being optimized.   

 

DISCUSSION  

Completion of O-MAP followed by proteomic analysis of the nucleolus would provide 

new insight into the biological changes occurring in the nucleoli of basal PDA cell lines treated 

with low dose THZ1. We have hypothesized that the DNA damage pathway may be involved in 

how the basal PDA nucleoli is responding to THZ1 induced stress driving the loss of nucleolar 

integrity and resulting in altered translation levels. O-MAP will help validate this hypothesis by 

identifying changes in how DNA damage proteins interact with the nucleolus before and after 

treatment with THZ1 as well as identify changes in ribosomal proteins that could impact 

translation. Finally, O-MAP could identify changes in other nucleolar proteins upon THZ1 

treatment that could shed light on how nucleolar integrity is lost when basal PDA cells are 

treated with this drug. A comparison of O-MAP in basal vs classical PDA cell lines treated with 
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THZ1 would also elucidate differences in how the nucleoli of classical PDA cells respond and 

recover from the drug treatment that enables it to maintain its normal nucleolar morphology. 

Changes in nucleolar morphology have long been known to results from disruptions in 

ribosomal biogenesis which can lead to altered protein translation. In most cases these kinds of 

disruptions occur in combination with human diseases, including viral infection or cancer. For 

example, in premature aging disorders, such as progeria, research has found that nucleolar 

expansion can occur which enhances ribosomal biogenesis and elevates protein translation21. A 

similar phenomenon has been seen in cancer where enlarged nucleoli and increased ribosomal 

biogenesis drive more aggressive tumor progression while smaller nucleoli and reduced 

nucleolar activity can led to prolonged survival22. Nucleolar size is a highly studied area of 

nucleolar morphology changes from which we can elucidate the importance of maintaining 

nucleolar integrity to promote nucleolar function. Therefore, in our model system, basal PDA 

cells seem to rely on an intact and functional nucleolus to maintain its high levels of translation 

and this is imperative for the continued progression of the PDA tumor.  

Further investigation could lead to broader insights into how basal PDA cells attempts to 

cope with the stress of transcriptional inhibition before being eventually driven to apoptosis. This 

insight could facilitate more research into preventing resistance to transcriptional inhibitors like 

THZ1 that will be used to treat PDA patients. By understanding how a basal PDA cell responds 

and attempts to cope with a drug, we could preemptively block the ways in which a basal PDA 

cell may acquire resistance to that drug and thereby make it more effective in the clinic. For 

classical PDA cells, we could identify new mechanisms that could be targeted to sensitize 

classical PDA cells to transcriptional inhibitors like THZ1, thereby broadening the application of 

these drugs in the clinic.   
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MATERIALS AND METHODS  

Immunofluorescence. Immunofluorescence was performed as previously described19. 

Antibodies used were: Nucleolin (NCL, abcam # ab136649) and Nuclophosmin (NPM1, abcam 

# ab10530).  

 

Real-time quantitative PCR (q-PCR). Total RNA extraction, cDNA synthesis and real-time 

quantitative PCR were performed as previously described19. Data were expressed as relative 

mRNA abundance normalized to the β-ACTIN expression level in each sample or as fold change 

over control and error bars are represented as mean ± s.e.m. between two independent 

experiments unless otherwise indicated in the figure legend. 45S primer sequences are forward 

(5’-3’): GAACGGTGGTGTGTCGTT and reverse (5’-3’): GCGTCTCGTCTCGTCTCACT.  

 

O-MAP. O-MAP followed by imaging was performed as described in the O-MAP methods 

paper18. 

 

Protein isolation and Western blot. Protein lysates were prepared by resuspending the cell 

pellets in RIPA lysis buffer supplemented with a protease inhibitor cocktail (Complete EDTA-

free, Roche Applied Science), 5μM TSA, 5mM sodium butyrate, 1mM DTT, and phosphatase 

inhibitors (Phosphatase Inhibitor Cocktail Sets I, II, and III Calbiochem) and incubated on ice for 

20 minutes. The lysate was then centrifuged at 14,000 rpm for 10 minutes at 4°C and the 

supernatant was harvested. Protein concentration was measured by using a BCA protein assay kit 

(Pierce). 20μg of the cell lysate (from lysis with buffer) electrophoresed on a 4-20% gradient 

polyacrylamide gel with SDS (Genscript) and electroblotted onto polyvinylidene difluoride 
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membranes (PVDF) (Millipore). Membranes were blocked in TBS with 5% non-fat milk and 

0.1% Tween and probed with antibodies. Bound proteins were detected with horseradish-

peroxidase-conjugated secondary antibodies (Vector Biolaboratories) and Clarity Max Western 

ECL Blotting Substrate (Biorad). Antibodies used were anti-Cleaved Caspase-3 (CST #9664), 

anti-PARP (CST #9542), anti-yH2A.x (Millipore Sigma # 05-636) and anti-betaACTIN (Sigma 

A5316) as a loading control.  
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FIGURES 
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Figure 1: THZ1 treatment reduces nucleolar integrity in basal PDA. A, Immunofluorescence 
for basal (red) and classical (black) PDA cell lines treated with 100nM THZ1 for 2, 6, and 16 
hours and then stained with the marker Nucleolin (NCL) and DAPI. B, Immunofluorescence for 
a basal (red) PDA cell line treated with 100nM THZ1 for 2, 6, and 16 hours and then stained 
with the marker Nuclophosmin (NPM1) and DAPI. C, qPCR for 45SrRNA (precursor rRNA) in 
basal (red), compared with classical (black) PDA cell lines treated with 100nM THZ1 for 2, 6, 
and 16hrs expressed as fold change normalized to DMSO. D, Agarose gel for total RNA from 
basal (red) and classical (black) PDA cell lines comparing expression of the mature rRNAs (28S, 
18S, and 5.8S).  
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Figure 2 O-MAP to characterize alterations to nucleolar morphology. A, 
Immunofluorescence for basal (red) and classical (black) PDA cell lines stained with the marker 
Nucleolin (NCL) and DAPI. B, O-MAP for basal (red) and classical (black) PDA cell lines 
labeled with biotin directed by 47S (rRNA precursor) specific probes. C, O-MAP for a basal 
PDA cell line treated with 100nM THZ1 for 2 and 6 hours labeled with biotin directed by 47S 
(rRNA precursor) specific probes. D, Western blot for PARP, CC3, yH2Ax and b-actin in basal 
(red), compared with classical (black) PDA cell lines treated with increasing doses of THZ1 
(20nM – 5uM).  
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CHAPTER 5: Conclusion and Future direction 

 My dissertation research has aimed to address the questions of (1) how PDA tumors 

respond to inhibitors of transcriptional CDKs from a therapeutic and mechanistic perspective, (2) 

how chromatin regulators define PDA cell state and control sensitivity to these inhibitors, and (3) 

what PDA cell state weaknesses can be exploited for future therapeutic development. These 

questions can be addressed from many angles meaning there is no one answer to each question. 

My research has uncovered that basal PDA is uniquely more sensitive to inhibitors of CDK7 and 

9 than inhibitors of CDK12 and 13, while classical PDA is resistant to all these transcriptional 

CDK inhibitors. Additionally, classical PDA is regulated by a complex chromatin landscape, and 

we found that disrupting specific chromatin modifying proteins that help regulate this landscape 

can lead to cellular changes including altered sensitivity to CDK7 inhibitors. Lastly, we 

identified nucleolar integrity as a potential weakness that could be further exploited for new 

therapeutic development in PDA. In this chapter, I will address how this research has furthered 

our understanding of transcriptional CDK inhibitors in PDA and their ability to be used in a 

clinical setting. I will also touch on multiple different future directions that have developed out 

of the work in this thesis and how these further investigations will inform the field.  

 

5.1 Covalent versus non-covalent transcriptional CDK inhibitors  

Covalent CDK inhibitors, THZ1 and YKL-5-124, are very potent in vitro inhibitors of 

CDK7. They strongly inhibit phosphorylation of the CTD of RNA POL II at low doses inducing 

swift apoptosis in cell lines sensitive to the drugs. Non-covalent CDK inhibitors such as 

flavopiridol and samuraciclib are less potent in vitro requiring higher dose of drug to have a 

similar impact (Chapter 2 Figure 3B and Appendix 1 Figure A2E). As previously described in 
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chapter 1, non-covalent inhibitors are often ATP competitive inhibitors which bind in place of 

ATP with the intention of flooding the system with more drug than ATP so that the drug out-

competes binding of ATP to the ATP binding pocket1. The issue with these types of inhibitors is 

that the drug will eventually unbind from the ATP binding pocket enabling ATP to replace it, 

therefore explaining why higher doses of non-covalent inhibitor drugs can be needed to induce 

the full effect of the drug. 

Potency of these inhibitors’ in vivo highlights why non-covalent inhibitors are approved 

in the clinic more often than covalent inhibitors. THZ1, which has a very short half-life in vivo 

and must be given twice a day, was very toxic to the mice and is hardly ever used for pre-clinical 

in vivo efficacy studies as a result. YKL-5-124 was much less toxic than THZ1 in vivo, it 

required only once a day injections in the mice which was tolerated very well enabling a 

thorough pre-clinical efficacy study in nude mice with PDA PDX tumors (Appendix Figure 

A2A). From our studies as well as others, YKL-5-124 seemed like a very promising candidate 

for a clinical CDK7 inhibitor. Unfortunately, attempts to modify YKL-5-124 into a clinical 

version proved that the covalent nature of YKL-5-124 binding to CDK7 was too potent and 

thereby too toxic for use in humans. This led to all clinically approved CDK7 inhibitors reverting 

to a non-covalent inhibition of CDK7’s ATP binding pocket2. Even though non-covalent CDK 

inhibitors are less potent in vitro, they can still be quite potent in vivo. Both flavopiridol and 

SY5609 significantly inhibited tumor growth of basal PDA PDX tumors in nude mice (Chapter 2 

Figure 7D and Chapter 3 Figure 5). SY5609 did show increased potency over flavopiridol given 

it only required a dose of 0.5 mg/kg while flavopiridol required doses of 5mg/kg. This 

differential only further confirms that in PDA, CDK7 inhibition leads to more effective 

inhibition of tumor growth than CDK9 inhibition. The does not renounce that CDK9 inhibition 
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would still present as a much better therapeutic option for PDA patients than current standard of 

care. This data only claims that if CDK7 inhibition can be tolerated by patients than it may 

provide a slightly better anti-tumor effect than CDK9 inhibition.  

 

5.2 Current and Future Clinical trials with CDK7/9 inhibitors for pancreas cancer 

Our work has identified CDK7 and CDK9 as potent therapeutic targets for treating PDA 

tumors. A clinical trial with a CDK9/2 inhibitor is expanding to include Fred Hutch as a 

recruiting institution. Based on our data, we believe this is an invaluable opportunity for patients 

with PDA and are working on adding them to the pool of patients to be recruited. This inhibitor 

is slightly different than flavopiridol as it targets both CDK9 and CDK2 so the Kugel lab is also 

characterizing this drug in PDA in vitro and in vivo to validate its potential therapeutic benefit to 

PDA patients who could be enrolled in this clinical trial. 

In addition, Dr. Sita Kugel was awarded a large V foundation grant to start our own 

clinical trial with a CDK7 inhibitor for PDA patients who undergo FOLFIRINOX chemotherapy. 

FOLFIRINOX chemotherapy treatment in PDA patients has been shown to shrink PDA tumors 

in order to improve surgical resection outcome but has also shown that this chemotherapy kills 

off mostly classical PDA tumor cells therefore skewing the tumor to a more basal like state. This 

presents a perfect opportunity to administer a CDK7 inhibitor since the patient’s tumor will be 

more basal and we have shown that basal PDA tumors are extremely sensitive to CDK7 

inhibitors. All in vitro and in vivo characterizations of the clinical CDK7 inhibitors in PDA 

tumor samples are complete and shown in this thesis (Appendix Figure A2B-E and Chapter 3 

Figure 5). The clinical trial logistics are being finalized and the trial is expected to start recruiting 

patients by the end of 2024. We are very excited to see what started as initial characterization of 
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CDK7 and CDK9 inhibitors to determine potential therapeutic benefit in PDA patients become a 

real clinical trial in which these therapeutic drugs can actually become accessible to PDA 

patients who would benefit from their treatment.  

 

5.3 Future Directions 

With the broad scope of this work, there are many avenues to explore further and a 

plethora of future directions to take. Therefore, the future directions described here are only a 

subset of the possibilities to be explored. In general, all projects derived from the work in this 

thesis will still focus on better understanding PDA tumor biology, weaknesses in cellular 

mechanisms that can be exploited for new therapies, as well as how these therapies impact 

different intra- and extra-cellular processes. All of this research will inform development of new 

combination and single target therapies to increase the therapeutic options for patients with this 

devastating disease.  

As described in the introduction, most PDA patient tumors acquire some kind of drug 

resistance to treatment therapies. Therefore, a necessary next step is to uncover possible 

mechanisms of resistance that PDA tumors would develop in response to CDK7 inhibitor 

treatment. A number of studies have investigated THZ1 resistance predominantly in breast cancer 

cell lines. These studies elucidated that the ABC multidrug transporters are often upregulated in 

THZ1 resistant cells enabling the resistant cells to expel the drug at a faster rate and evade CDK7 

inhibition3–5. One particular study investigated acquired drug resistance to THZ1 and ICEC0942 

(Samuraciclib). They found that ICEC0942 resistant cells upregulated the ABC transporter 

ABCB1 and that these cells were also resistant to THZ1. In contrast, THZ1 resistant cells 

showed upregulation of ABCB2 but were still sensitive to ICEC09424. Additionally, we have 
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preliminary data that these ABC multidrug transports are also associated with THZ1 resistance in 

PDA tumor cells, however tumor cells can acquire drug resistance through multiple altered 

mechanism beyond solely changes in efflux pump expression and inhibitors of the same target 

can also lead to different mechanisms of acquired resistance. Therefore, we plan to continue 

investigating different mechanism of drug resistance to inhibitors of CDK7 in PDA model 

systems and eventually discover modes of preventing or treating CDK7 inhibitor drug resistance 

in patients.  

Another avenue for continued investigation dives deeper into regulation of ATF4 

degradation. Specifically, how b-TRCP may differ between basal and classical PDA subtypes 

adding another level of ATF4 degradation regulation. In chapter 2, we identified that b-TRCP is 

an E3 ligase that can recruit ATF4 to the proteasome for degradation by showing that double 

knockdown of SIRT6 and b-TRCP lead to rescue of ATF4 expression which typically decreases 

in the absence of SIRT6. If b-TRCP expression is higher or if the protein is more active in the 

basal subtype of PDA this would further explain the rapid degradation of ATF4 in basal PDA cell 

lines. Therefore, b-TRCP presents as an important candidate for further exploration of its role in 

PDA tumor cells response to inducers of cellular stress.  

Additionally, ATF4 degradation is also regulated by its localization to nuclear speckles. 

Previous literature had shown that p300, a HAT, could stabilize and localize ATF4 to nuclear 

speckles thereby increasing its transcriptional activity6. In chapter 2, we identified that SIRT6, a 

HDAC, can bind and recruit ATF4 to nuclear speckles, which enables activation of ATF4 target 

genes and protection of ATF4 from proteasomal degradation in PDA tumor cells. Together, this 

data supports a model in which epigenetic modifier can control ATF4 through regulation of its 

localization to nuclear speckles. We speculate that this model may hold true for other HATs and 
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HDACs in PDA as well as in other cancers. We plan to continue exploring this important 

connection between chromatin regulators and ATF4 stress response in PDA and other cancers.  

Another avenue of continued investigation is further exploring regulation of EMT 

independent of ZNF274 in PDA. Specifically, SETDB1 regulation of epithelial genes more in 

depth as in chapter 3 we showed that SETDB1 binds with ZNF274 to regulate ZEB1 but that 

SETDB1 also controls EpCAM and E-cadherin expression independent of ZNF274 binding in 

classical PDA. Additionally, ZNF274 OE altered ZEB1 expression but did not change epithelial 

gene expression and SETDB1 KD did change epithelial gene expression with no impact on 

ZEB1. Together, this confirmed that SETDB1 functions both independent and dependent of 

ZNF274 in classical PDA. So, we would like to further investigate how SETDB1 regulates gene 

expression independent of ZNF274. Does SETDB1 use a different ZNF DNA binding partner, or 

does it bind to DNA directly? Does SETDB1 function in a complex or recruit any other proteins 

to alter chromatin accessibility such as DNMT1? What role does SETDB1 play in regulating 

epithelial genes in basal PDA? Would SETDB1 KD have a different impact on EMT in basal 

PDA than in classical PDA? Since all the literature on SETDB1 regulation of EMT has led to the 

conclusion that SETDB1 control of EMT is very context specific, all of these questions would 

have to be investigate in our PDA model systems to parse out all the different ways SETDB1 can 

regulate EMT in PDA.  

Lastly, we will continue investigating of how maintenance of chromatin states in basal 

and classical PDA is vital to continued tumor progression and how perturbation to these 

chromatin states drives such intense cellular disruption that it increases the susceptibility of the 

tumor cells to more stress inducing drugs. In this thesis, we have shown that multiple chromatin 

regulators can control PDA subtype specific drug sensitivity, even though the mechanism of 
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action is different, it is still important to understand the tumor biology as it can inform future 

therapeutic development.   

 

5.4 Concluding Remarks: 

 My research demonstrates the importance of chromatin regulating proteins in 

characterizing PDA subtypes as well as regulating chromatin states and stress pathways within 

the basal and classical PDA subtypes. Identification of this regulation elucidated multiple 

mechanisms that regulate basal and classical PDA sensitivity to inhibitors of transcriptional 

CDKs and uncovered the strong therapeutic potential of clinically approved CDK9 and CDK7 

inhibitors for the treatment of aggressive, chemoresistant PDA. Finally, this work has culminated 

in a Phase 1b clinical trial for PDA patients at Fred Hutchinson Cancer Center who will receive 

treatment with a clinically approved CDK7 inhibitor following FOLFIRINOX treatment with the 

goal of reducing tumor size such that surgical resection can be performed. We are hopeful that 

this dissertation work and the clinical trial will lead to more therapeutic options and improve 

PDA patient survival. 
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