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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy with high mortality. Lack of effective treatment makes
novel therapeutic discovery an urgent demand in PDAC research. By screening an epigenetic-related compound library, we
identified THZ1, a covalent inhibitor of CDK7, as a promising candidate. Multiple long-established and patient-derived
PDAC cell lines (PDC) were used to validate the efficacy of THZ1 in vitro. In addition, patient-derived xenograft (PDX)
models and animal models of PDAC were utilized for examining THZ1 efficacy in vivo. Furthermore, RNA-Seq analyse
was performed to reveal the molecular mechanism of THZ1 treatment. Finally, PDAC cell lines with primary or acquired
resistance to THZ1 were investigated to explore the potential mechanism of THZ1 susceptibility. CDK7 inhibition was
identified as a selective and potent therapeutic strategy for PDAC progression in multiple preclinical models. Mechanistic
analyses revealed that CDK7 inhibition led to a pronounced downregulation of gene transcription, with a preferential
repression of mitotic cell cycle and NF-κB signaling-related transcripts. MYC transcriptional was found to be involved in
susceptibility of PDAC cells to CDK7 inhibition. In conclusion, Identification of CDK7-dependent transcriptional addiction
in PDACs provides a potent therapeutic strategy that targets highly aggressive pancreatic cancer.

Introduction

Pancreatic ductal adenocarcinoma (PDAC), representing
more than 95% pancreatic cancer, is an aggressive malig-
nancy with high mortality. Owing to growing incidence,

late diagnosis and therapeutic insufficiency, PDAC has been
predicted to become the second most prevalent cancer killer
by 2020 [1]. Pancreatic cancer harbors high genetic het-
erogeneity [2–4], which limits the development of targeted
therapies. KRAS, TP53, CDKN2A, and SMAD4 are recog-
nized as most frequent drive-mutations in PDACs [5].
However, few drugs have succeeded in targeting them so
far. Therefore drug discovery is an urgent demand in PDAC
research [5, 6].

Targeting transcriptional addiction becomes a promising
therapeutic strategy, especially for aggressive human
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cancers lacking druggable targets, like triple-negative breast
cancer [7]. CDK7 is a cyclin-dependent kinase (CDK) and a
subunit of the multi-protein basal transcription factor
TFIIH, therefore plays dual roles in cell cycle and tran-
scription regulation. As a component of TFIIH, CDK7 plays
essential roles in transcription initiation and elongation by

phosphorylating C-terminal domain (CTD) of RNA poly-
merase II (RNAPII) [8, 9]. THZ1, a selective CDK7 inhi-
bitor, covalently binds to CDK7 and suppresses its kinase
activity based on modification of unique cysteine residue
[10]. The therapeutic effect of THZ1 was identified in
several types of cancers, including T-cell acute
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lymphoblastic leukemia [10], MYCN-driven neuroblastoma
[11], triple-negative breast cancer [7], small cell lung cancer
[12], esophageal squamous cell carcinoma [13], nasophar-
yngeal carcinoma [14], ovary cancer [15], and adult T-cell
leukemia [16].

Epigenetic dysregulation participates in many human
cancers, including PDAC. Using small-molecular screen
approach, we observed that PDAC is highly sensitive to
transcription targeting drugs and in particular to CDK7
inhibitor THZ1. Here we identified the therapeutic potential
of THZ1 in PDAC with in vitro and preclinical in vivo
models. During the progression of PDAC, the role of CDK7
has not been elucidated yet. We first revealed the CDK7-
dependent transcriptional addiction existed in a subgroup of
PDAC cells, as CDK7 inhibition led to a pronounced dys-
regulation of gene transcription. Moreover, transcriptional
addiction dependence on CDK7, the expression of MYC
and ABCB1 partially mediated the intrinsic and acquired
resistance to THZ1. Taken together, our findings provided a
promising therapeutic strategy in CDK7-addictive pan-
creatic cancer.

Result

CDK7 inhibitor THZ1 exhibits high potency and
selectivity for pancreatic cancer

Accumulating evidences suggest that epigenetic dysregu-
lation plays an important role in pancreatic tumorigenesis.
Epigenetic drugs, such as the BET (Bromo- and Extra-
Terminal) domain family of proteins or histone deactylase
inhibitors [18–20], have gained promising preclinical
results in PDAC and are currently in early phases of clinical
evolution. To identify more potent compounds that suppress
PDAC growth, we performed a screening in PDAC cells

utilizing 75 epigenetic-related compounds (selected from a
commercial Epigenetics Screening Library). To account for
tumor heterogeneity, two PDAC cell lines (BxPC-3 and
MiaPaCa-2) with different mutational backgrounds were
subjected to screening with a cell viability assay (Fig. 1a).
Thirteen compounds (for MiaPaCa-2) and seven com-
pounds (for both cell lines) elicited reduction in growth
>50% upon the concentration of 1 μM. Four out of the
seven top-ranked compounds are related to transcription
(THZ1, flavopiridol, NVP-AUY922, and JQ1) (Fig. 1a).
THZ1, a recently identified covalent CDK7 inhibitor, has
shown a high potency against multiple cancers through
targeting transcriptional addictions. The high ranking of
THZ1 in our drug screen suggests the similar transcriptional
addictions existing in PDAC as well.

Next, we continued to validate the suppressive effect of
THZ1 on other PDAC cell lines. Here, we found THZ1
elicited much less cytotoxicity on a normal pancreatic
ductal cell (HPDE), in contrast to PDAC cells. Notably,
some PDAC cell lines (BxPC-3, MiaPaCa-2, and AsPC-1)
were ultrasensitive to THZ1, while other PDAC cell lines
(SW1990 and PANC-1) were relatively insensitive (Fig.
1b). The observed differences were not relevant to Kras
and Trp53 mutant status, the two major oncogenic drivers
of PDAC. Similar results were obtained when THZ1 were
tested against a large panel of pancreatic patient-derived
cancer cells (PDCs) (Fig. 1c). Furthermore, we studied the
anti-proliferative effects of THZ1. THZ1-sensitive
PDACs (BxPC-3, MiaPaCa-2, and PDC0034) cells trea-
ted with THZ1 underwent cell cycle arrest in G2/M at 24
h, a phenomenon that was not observed in THZ1-
insensitive PDACs (SW1990, PANC-1, and PDC0049)
(Fig. 1d). Moreover, THZ1 led to a profound induction of
apoptosis in THZ1-sensitive PDACs, but not in THZ1-
insensitive PDACs (Fig. 1e–g). Together, these data
indicate that THZ1 displays high potency and selectivity
for PDAC.

CDK7 is indispensable for PDAC growth and
sensitivity to THZ1

As a transcriptional kinase, CDK7 exerts its effects through
regulation of RNA polymerase II-mediated transcriptional
initiation and elongation. We observed that the RNAPII
CTD phosphorylation was dramatically decreased in THZ1-
sensitive cell lines by THZ1 treatment in a dose-dependent
manner (Fig. 2a). In addition, we realized that the expres-
sion of CDK7 was extremely low in two cell lines (PANC-1
and PDC0049) compared to others, suggesting their growth
independence of CDK7. Meanwhile, ectopic expression of
CDK7 in PANC-1 could partially re-sensitive it to THZ1
treatment, which indicated that CDK7 independence might
count for their less sensitivity to THZ1. (Fig. 2b). To further

Fig. 1 CDK7 is identified as a potent target for pancreatic cancer. a
Schematic overview of screening of epigenetic modulators in BxPC-3
and MiaPaCa-2 (left panel). All compounds were added to cells at the
concentration of 0.1 and 1 μM, and cell viability was measured at 72 h.
Compounds were then ranked based on their inhibitory effect. Top 13
ranked compounds and corresponding targets as represented in a
heatmap format (right panel). b, c indicated PDAC cell lines b and
PDCs c were exposed to increasing doses of THZ1. Percentage of cell
viability relative to that of DMSO-treated cells is shown. Data repre-
sent mean ± SD of three replicates. d Cell-cycle analysis of PDAC cell
lines and PDCs exposed to THZ1. d Cell-cycle analysis of (50 nM and
100 nM for 24 h by flow cytometry with propidium iodide (PI)
staining. Results are representative of three replicates. e, f Apoptosis
analysis in PDAC cell lines e and PDCs f were treated with THZ1 as in
d by flow cytometry with Annexin V/PI staining (Mean ± SD, one-way
ANOVA). g Relative caspase 3/7 activity of indicated PDAC cel lines
ad PCs after exposure to THZ1 for 24 h (Mean ± SD, one-way
ANOVA, *p < 0.05)
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prove the importance of CDK7 in PDAC on the cellular
level, we genetically targeted CDK7 by CRISPR-Cas9
system (Fig. 2c). Downregulation of CDK7 in PDAC cells
led to a significant decrease in cell growth (clone formation
and proliferation), as illustrated by two THZ1-sensitive cell
lines (MiaPaCa-2 and PDC0034) and one THZ1-insensitive

cell line (SW1990) (Fig. 2d, e). Unlike PANC-1 and
PDC0049, the expression of CDK7 is higher and indis-
pensable for cells growth in SW1990, indicating different
mechanism contributing to its insensitivity to THZ1. Fur-
thermore, we wonder if CDK7, is crucial to the progression
of PDAC. Through GEPIA (Gene Expression Profiling
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Interactive Analysis), we found that CDK7 is highly
expressed in PDAC tissues, compared with adjacent tissues
and normal pancreas tissues [21] (Fig. 2f). Moreover, the
higher level of CDK7 in tumor tissues is negatively asso-
ciated with PDAC patients’ outcome, especially with dis-
ease free survival (Fig. 2g). Taken together, CDK7 is
indispensable for PDAC progression, and its expression
might patially count for sensitivity to THZ1 in PDAC.

THZ1 suppresses the growth of patient-derived
xenografts from PDAC

Next, we proceeded to investigate whether CDK7 inhibition
would exhibit anti-PDAC efficacy in vivo. Patient-derived
xenografts, mimicking human tumor growth in rodent
models, have been regarded as a powerful tool for drug
discovery [22]. We evaluated the anti-tumor effect of CDK7
inhibition in two-independent PDX models of PDAC
tumors, PDX0018 and PDX0088, whose PDAC cells have
obvious CDK7 expression (Fig. 3a, b). Tumor fragments
were inoculated subcutaneously into BALB/c (nu/nu) mice.
When tumor grew to an average size ~100–150 mm3, mice
were treated with THZ1 twice daily at the dose of 10 mg/kg
for 16–20 days. The dose didn’t give rise to overt toxicity,
such as loss of body weight (Fig. 3a, b). Notably, THZ1
treatment resulted in a significant reduction of tumor
volume and weight (Fig. 3a–d). Compared with vehicle-
treated tumors, tumor tissues isolated from mice treated
with THZ1 had reduced proliferation and increased apop-
tosis, as indicated by immunostaining against Ki67 and
cleaved Caspase 3 (CC3), respectively (Fig. 3e, f). Apop-
tosis induced by THZ1 was further confirmed by significant
downregulation of multiple anti-apoptotic genes, including
MCL1, BIRC3, and XIAP (Fig. 3g).

THZ1 ameliorates tumor progression in
spontaneous and pancreatitis-induced PDAC murine
models

We further explored the in vivo efficacy of THZ1 using
animal models. Spontaneous pancreatic carcinogenesis
model, PDXcreKras+/LSL-G12D (hereafter referred to as KC)
and PDXcreKras+/LSL-G12DTrp53+/R172H (hereafter termed as
KPC) mice, are faithful rodent models recapitulating the
characteristic of PDAC initiation and progression [23]. As
we know, KC mice develop only pancreatic intraepithelial
neoplasia (PanIN), while KPC mice could develop PDAC
as early as 2–3 months age. As shown in Fig. 2, CDK7
played a critical role in PDAC, evidenced both by clinical
investigation and cellular assays. We wonder whether
CDK7 participate in the progression of KPC mice. By
comparing CDK7 protein level among pancreatic lysates
from PDXCre, KC and KPC mice at the age of 3 months, we
found CDK7 was dramatically upregulated in KPC mice,
accompanied by the induction of phosphorylation of
RNAPII CTD, indicating that CDK7 involved in the
tumorigenesis of KPC mice (Fig. 4a). On the basis of these
observations, we examined the effect of THZ1 on KPC
mice. 10-week-old KPC mice were treated with Vehicle or
THZ1 (10 mg/kg twice daily) for 3 weeks. Relative pan-
creas weight and representative images of H&E staining of
pancreas tissues illustrated that THZ1 significantly ham-
pered PDAC progression (Fig. 4b, c). Further IHC analysis
showed Ki67 expression was decreased while cleaved
Caspase 3 was elevated in the pancreatic section from KPC
mice treated by THZ1 (Fig. 4d).

Pancreatitis induced by hyper-stimulation of caerulein
accelerates PDAC progression in KC mice by abrogating
the senescence barrier in low-grade PanINs [24]. Here we
found CDK7 and phosphorylation of RNAPII CTD (Ser2)
were elevated in the mouse model of PDAC co-triggered by
Kras activation and caerulein-induced inflammation (Fig.
4e). THZ1 treatment reduced pancreas size, pancreatic cell
proliferation and the development of pancreatic malignant
lesions (Fig. 4f, g). Immunoblot analysis showed decreased
activation of the pro-survival kinase AKT [25, 26] as well
as inflammatory mediator STAT3 [27] and p65 [28] in
pancreas from THZ1-treated mice (Fig. 4h). In summary,
THZ1 decreased PDAC progression both in KPC and
pancreatitis-induced PDAC models.

THZ1 treatment causes global transcriptional
downregulation and preferentially targets mitosis
and NF-kB-related transcripts in PDAC cells

Given the role of CDK7 in RNAPII-mediated transcription,
we next compared the effect of CDK7 inhibition on overall

Fig. 2 CDK7 is indispensable for PDAC growth. a Immunoblot ana-
lysis of RNAPlI CTD phosphorylation, CDK7 and β-actin in PDAC
cells exposed to indicated dose of THZ1 for 6 h. b Cell viability
comparation between CDK7-expressing (pCDH-CDK7) and control
vector-expressing (pCDH) in PANC-1, after 72 h treatment with
increasing doses of THZ1. Results are means ± SD of three replicates
(Two-way ANOVA). c PDAC cells were infected with lentivirus
encoding indicated sgRNAs (sgGFP, sgCDK7–1 and sgCDK7–2).
Immunoblotting for the expression of CDK7 and TUBB. d Cells as in
c were seeded in 12-well plates (5000–10000 cells per well), harvested
in 10 days for crystal violet staining. e Quantification of cell viability.
Cells were treated as in c, then seeded in 96-well plates for cell via-
bility assay. Cell viability relative to that of sgGFP cells is shown.
Data were represented as mean ± SD, Two-way ANOVA plus Multi-
ply t-test, ***P < 0.001, **P < 0.01, *P < 0.05. f CDK7 expression in
PDAC tissues and normal pancreas tissues. The analysis was con-
ducted with TCGA (PAAD) and GETx (Pancreas) database. *p < 0.05.
g The association between CDK7 transcript level and Overall survival
or Disease free survival of PDAC patients. Analyses were conducted
with TCGA (PAAD) database

3936 P. Lu et al.



gene expression in THZ1-sensitive cell lines (BxPC-3 and
MiaPaCa-2) versus insensitive cell lines (PANC-1) fol-
lowing exposure to 100 nM THZ1 for 6 h. Expression
profiling was performed with spike-in RNA standards nor-
malized to cell number to enable accurate detection of dif-
ferences in total RNA levels in all samples [29]. Global
downregulation of most actively transcribed genes was
observed in THZ1-sensitive cell lines (BxPC-3 and Mia-
PaCa-2) in comparison with DMSO-treated cells, which

was not evident in THZ1-insensitive cell line PANC-1
(Fig. 5a, b). Moreover, MiaPaCa-2 and BxPC-3 cells shared
a significant portion of 2960 downregulated transcripts in
common, among which only 43 genes were also down-
regulated in PANC-1 cells (Fig. 5c). Gene ontology (GO)
analysis of top 5% of downregulated transcripts revealed a
significant enrichment of genes involved in transcription,
DNA repair and mitotic cell-cycle checkpoint (Fig. 5d).
Moreover, KEGG pathway and gene set enrichment
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analysis (GSEA) showed that genes involved in multiple
critical signaling pathways, TNF/NF-κB signaling in parti-
cular, was significantly enriched in THZ1-downregulated
transcripts (Fig. 5e, Figure S1). The most downregulated
gene sets including mitotic cell-cycle checkpoint and NF-
κB signaling pathway displayed few changes in THZ1-

insensitive cell line (PANC-1) after exposure to THZ1
(Fig. 5f, g). PLK1 [30], CDC25 [31], and RELA [32, 33],
key genes involved in mitosis and NF-κB signaling play a
critical role in PDAC progression. With TCGA database,
we confirmed that the expression level of PLK1, CDC25,
and RELA were associated with prognosis of PDAC
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patients (Figure S2A-C). Moreover, we found that the
CDK7 expression was positively correlated with PLK1,
CDC25, and RELA, respectively, (Figure S2D-F). Finally, a
few THZ1-targeted cell-cycle associated genes (PLK1 and
CDC25C) as well as NF-κB signaling genes (IKBKB and
RELA) were further confirmed in THZ1-treated PDX0018
and PDX0088 mice (Fig. 5h). Together, THZ1 inhibited
PDAC progression through globally downregulating
RNAPolII-mediated transcription, especially through trig-
gering genes/signaling pathways indispensable for PDAC
growth (Fig. 5I).

MYC is involved in THZ1 susceptibility of PDAC cells

As shown in Fig. 1, PDAC cell lines vary in their sus-
ceptibility to THZ1 treatment. To explore the molecular
mechanism associated with THZ1 susceptibility, we gen-
erated THZ1-resistant PDAC cell line MiaPaCa2-R by
continuously exposing THZ1-sensitive cell line MiaPaCa2
to escalating doses of THZ1, until they were able to pro-
liferate normally in the presence of 100 nM THZ1. The half
maximal inhibitory concentration (IC50) of MiaPaCa2-R
for THZ1 was about 17 times of MiaPaCa-2 cells (Fig. 6a),
and RNAPII CTD phosphorylation was much less affected
upon THZ1 in MiaPaCa2-R cells compared to MiaPaCa2
(Figs. 6b, 2a). To identify crucial genes or pathways
involved in susceptibility to THZ1, we performed GSEA of
RNA-seq profile of MiaPaCa2-R and the parental Mia-
PaCa2 cells. Interestingly, a couple of MYC-downregulated
gene sets were found to be enriched in MiaPaCa2-R cells,
together with MYC mRNA expression downregulation

(Fig. 6c, d). Our immunoblot analyses confirmed the dra-
matic downregulation of MYC expression in MiaPaCa2-R
cells (Fig. 6e). Given previous study [11] reported that
MYCN-amplified neuroblastoma cells are more susceptible
to THZ1 than non-MYCN-amplified neuroblastoma cells,
we went further to test whether MYC was critical for
THZ1 sensitivity in PDAC cells. Interestingly, ectopic
MYC expression in MiaPaCa2-R or PANC-1 cells could re-
sensitize them to THZ1 treatment (Fig. 6f, g). Finally, the
MYC transcriptional expression of tested PDC cells and
PDAC cell lines were found to be positively correlated with
their susceptibilities to THZ1(Fig. 6h). Taken together,
these results indicate that MYC expression is associated
with THZ1 susceptibility in PDAC cells.

Discussion

PDAC is one of the most lethal cancers to date. Lack of
targeted therapy makes drug discovery of priority in PDAC
research [6]. Recent efforts invested into epigenetic reg-
ulation of PDAC open new opportunity [18]. Moreover,
several epigenetic-related drugs have got promising pre-
clinical outcomes [18–20], which encourages us to perform
a screening of compounds targeting epigenetic modulators,
in search of promising anti-PDAC small molecules and
additional molecular mechanisms. In this work, our in vitro
epigenetic compound screening identified a covalent CDK7
inhibitor THZ1 as one of the top potent anti-PDAC agents.
We further demonstrated the therapeutic efficacy of CDK7
inhibition in multiple human and mouse PDAC preclinical
tumor models, proving targeting CDK7 may represent a
novel selective strategy in PDAC [8].

Large-scale, deep-sequencing-based genomic analyses
have revealed a high level of genetic heterogeneity in PDAC,
including dominant mutations, such as Kras [3]. In spite of
extreme genetic complexity, tumor cells could be addicted to
an aberrant hyperactive transcription status. CDK7, the target
of THZ1, plays a vital role in transcription initiation and
elongation. Our results showed blockade of CDK7 by THZ1
led to a widespread transcriptional downregulation in a
selective subgroup of PDAC cells, indicating transcription of
these THZ1-senstivie PDAC cells were dependent on CDK7.
In addition to global transcription inhibition by THZ1, our
RNA-Seq analysis found the most downregulated transcripts
by THZ1 were significantly related to mitotic cell cycle and
NF-κB pathway, which had been proven to be critical in the
development of PDAC [28, 32]. As we known, CDK7 could
regulate cell cycle by phosphorylation other CDKs. Here we
found THZ1 directly downregulated transcription of cell
cycle-related genes, such as PLK1 and CDC25. Here we
believed that arrested cell cycle by THZ1 was mainly caused
by transcription inhibition.

Fig. 4 THZ1 ameliorates PDAC progression in spontaneous and
pancreatitis-induced PDAC mouse models. a Immunoblot analysis
with the indicated antibodies on pancreas lysates from PDXcre,
PDXcreKras+/LSL-G12D(KC) and PDXcre Kras+/LSL-G12DTrp53+/R172H

(KPC) mice at 3 months of age. β-actin serves as a loading control. b
KPC mice were treated with VE or THZ1 (10 mg/kg body weight,
twice a day) for 4 weeks. Representative images and the relative
weight of pancreas from indicated group were shown (Mean ± SEM, n
= 9–10, Student’s t-test). c H&E staining of tissue sections from b.
Images on the left and right were captured using ×4 and ×20 object
lens, respectively. Scale bars, 100 μM. d IHC analysis of Ki67 and
cleaved caspase 3 (CC3) on pancreata section from VE or THZ1-
treated KPC mice. Scale bars, 50 μm. e Pancreatitis was induced with
caerulein injection for 1 week (50 μg/kg, 6 hourly injection per day,
three times per week). Saline was injected as control. Immunoblot
analysis with the indicated antibodies on pancreas lysates from control
(Con) or caerulein (Cae)-treated mice. f Schematic of the THZ1
treatment over pancreatitis-triggered precancerous (PanINs) lesion
formation in KC mice. Representative pancreas images and relative
pancreas weight of VE or THZ1-treated mice are shown (mean ± SEM,
n= 6, Student’s t-test). g Representative HE staining and IHC for
CK19 and Ki67 in KC mice in response to THZ1 treatment. Scale
bars, 50 μm. Quantification of lesion per ×10 field is shown. h
Immunoblot analysis of indicated proteins on pancreas lysates col-
lected from VE and THZ1-treated mice in f
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Of note, not all PDAC cell lines are sensitive to THZ1,
indicating the existence of primary THZ1 resistance. On the
other hand, acquired drug resistance to THZ1 may inevitably

arise despite the promising anti-PDAC potency of THZ1 in
our preclinical tests, which was confirmed by our established
THZ1-insensitive MiaPaCa2-R cells by culturing THZ1-
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sensitive MiaPaCa2 with increasing sub-lethal doses of
THZ1. Here we found the expression of MYC (both mRNA
and protein level) was downregulated dramatically in
MiaPaCa2-R cells, might attribute to genomic loss of MYC
(Figure S4). Considering MYC is a critical target of THZ1 in
PDAC (Figure S3), we speculate that downregulation of
MYC may happen as part of adaptive response to targeted
cancer therapy during the long-term THZ1 treatment at sub-
lethal dose, until these cells become THZ1 resistent and MYC
independent. In addition, we observed that the expression of
MYC in the primary THZ1-insensitive cell lines (PANC1 and
PDC0049) was at a very low level (Figure S4A). By ecto-
pically expressing MYC in MiaPaCa2-R or PANC1 cells, we
found that MYC might be involved in PDAC resistance to
THZ1. Furthermore, regression analysis confirmed the posi-
tive relationship between MYC expression and the sensitivity
of PDAC to THZ1. Thus, detecting the expression of MYC in
patients’ tumor might help guide the enrollment of patients for
THZ1 treatment.

Notably, a recent study disclosed upregulation of multi-
drug transporters ABCB1 and ABCG2 transcripts as a
mechanism of acquired resistance to THZ1 in neuro-
blastoma and lung cancer, respectively [34]. To investigate
whether there is a similar mechanism of THZ1 resistance in
PDAC, we investigated the gene expression profiles among
THZ1-sensitive PDAC cells and cells with either primary or
acquired THZ1 resistance. Consistent with previous report,
the expression of ABCB1 and ABCG2 was elevated in
acquired THZ1-resistant cell (MiaPaCa2-R) and primary
THZ1-resistant cell with high expression of CDK7 and
MYC (SW1990). Furthermore, by using antagonists of

ABCB1 and ABCG2, we found that inhibition of ABCB1
could largely re-sensitive MiaPaCa2-R and SW1990 to
THZ1 (Figure S5). Altogether, ABCB1 upregulation is one
of the mechanism of PDAC resistance to THZ1.

In summary, we have discovered a CDK7-dependent
transcriptional addiction in pancreatic cancer and identified
CDK7 inhibitor THZ1 as a highly selective and potent
means to target progression of pancreatic cancer.

Materials and methods

Compounds

The compounds for screening are selected from Epigenetics
Screening Library (No.11076, Cayman Chemical). THZ1
(HY-80013) was purchased from MedChem Express.

Cell culture

Human pancreatic cancer cell lines (BxPC-3, MiaPaCa-2,
SW1990, PANC-1, ASPC-1) and human pancreatic epithe-
lial cell line HPDE6-C7 were obtained from ATCC. Above
cells were cultured in RPMI1640 or DMEM medium sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Pancreatic patient-derived tumor
cells (PDCs) including PDC0001, PDC0034, PDC0049,
PDC001a, PDC003a, and PDC004a were isolated from
pancreatic PDX tumors and cultured in complete RPMI1640
medium plus 10 ng/ml EGF and 1% insulin-transferrin-
selenium (ITS) as previously described [17]. All cells were
cultured at 37 °C in a humidified incubator with 5% CO2 and
tested annually for mycoplasma contamination.

To establish THZ1-resistant cell line (MiaPaCa2-R),
MiaPaCa-2 cells were exposed to a lower dose (10 nM)
from the beginning. The concentration of THZ1 was
increased until cells were able to proliferate normally in the
presence of THZ1 of 100 nM.

Cell viability and colony formation assays

Cells were plated into 96-well plates in at least triplicate and
then subjected to drug treatment as indicated for 72 h. Cell
viability was then measured by using Celltiter Glo Assay
(G7571, Promega). For colony formation assay, cells were
plated into 6-well plate at indicated number. Cells were
fixed with methanol and crystal violet staining was per-
formed at the 7–10th day.

Cell cycle and apoptosis assays

Cell-cycle analysis was performed using the Cell Cycle
staining kit (KGA511, KeyGEN Biotech). Cell apoptosis

Fig. 5 THZ1 preferentially downregulates transcription-related genes
in PDAC cells. a Heatmap of gene expression values in THZ1-
sensitive cell lines (MiaPaCa-2 and BxPC-3) and insensitive cell line
(PANC-1) treated with THZ1 (100 nM) versus DMSO for 6 h. Rows
show Z-scores are calculated for each cell type. b Quartile box plots of
log2 fold changes in gene expression in THZ1-sensitive cell lines and
an insensitive cell line treated with DMSO or THZ1 at the same dose
and duration as in a. Box plot whiskers extend to two times the
interquartile range. P < 10–15 for BxPC-3 versus PANC-1 and
MiaPaCa-2 versus PANC-1 (Two-sided Wilcox test). c Venn diagram
depicting the overlap between sets of differentially expressed
transcripts (THZ1 versus DMSO) in THZ1-sensitive
cell lines and insensitive cell line treated with THZ1 as in
a. d, e Enrichment p-values for selected GO functional categories and
KEGG pathway of top 5% downregulated genes (versus DMSO) in
BxPC-3 and MiaPaCa-2 cells following treatment with 100 nM THZ1
using DAVID software. f, g Heatmaps showing normalized expression
of genes associated with the Mitotic cell cycle checkpoint or NF-κB
signaling pathway in BxPC-3, MiaPaCa-2, and PANC-1 cells treated
with THZ1 as in a. Rows show Z-scores calculated for each cell type.
The list of genes for each panel was extracted from GO or KEGG
pathway analysis of D&E. h Validation of key genes sensitive to
THZ1 exposure by quantitative PCR analysis in VE or THZ1-treated
PDX0018 and PDX0088 tumors. Mean ± SEM, n= 5–7, *p < 0.05
(Student’s t-test). i Mechanistic scheme of anti-PDAC effects of THZ1
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was measured with Annexin V-FITC Apoptosis Detection
Kit according to the manufacturer’s protocol (KGA105,
KeyGEN Biotech). The stained cells were acquired for
analysis on LSRFortessa (BD), and data were
analyzed with FlowJo software (Tree Star Inc.). For

caspase activity assay, cells were plated into 96-well
plates in at least triplicates and then subjected to drug
treatment as indicated. Cell caspase activity was then
measured by using Caspase 3/7 glo assay (G8092,
Promega).
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Fig. 6 MYC expression is associated with susceptibility of PDAC cells
to THZ1. a Cell viability of MiaPaCa2 and MiaPaCa2-R after 72 h
exposure to increasing dose of THZ1. Percentage of cell viability
relative to that of DMSO-treated cells is shown. Data represent mean
± SD of three replicates (two-way ANOVA). b Immunoblot analysis
of the phosphorylation of RNAPII CTD, CDK7, and β-actin in Mia-
PaCa2 and MiaPaCa2-R cells treated with the indicated dose of THZ1
for 6 h. c Gene set enrichment analysis (GSEA) of MYC-
downregulated gene sets were found to be enriched in MiaPaCa2-R

cells. d MYC mRNA expression from MiaPaCa2 and MiaPaCa2-R
cells was shown as FPKM. e Immunoblot analysis of the MYC and β-
actin in cells (MiaPaCa2 and MiaPaCa2-R) treated with the indicated
dose of THZ1 for 6 h. f, g Cell viability comparation between MYC-
expressing (pCDH-MYC) and control vector-expressing (pCDH) in
MiaPaCa2-R or PANC-1, after 72 h treatment with increasing doses of
THZ1. Results are means ± SD of three replicates (Two-way
ANOVA). h Relative mRNA level of MYC among PDC cells and
PDAC cell lines were shown
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Lentivirus preparation and infection

MYC or CDK7 sequence was cloned into pCDH vector
carrying a puromycin resistance gene. As for CDK7
knockdown, sequence targeting CDK7 was cloned into
Lenti-CRIPR-V2 vector. Sequences are listed as below:
sgCDK7–1 For 5′ -CACCGGAAGCTGGACTTCCTTGG
GG-3′, Rev 5′-AAACCCCCAAGGAAGTCCAGCTTC
C-3′; sgCDK7–2 For 5′-CACCGATCTCTGGCCTTGTAA
ACGG-3′, Rev 5′-AAACCCGTTTACAAGGCCAGAGA
TC-3′.

Lentiviruses were generated in HEK293T cells by
transfecting cells using second-generation packaging vec-
tors. Target cells were infected and selected using pur-
omycin selection.

Immunoblot analysis

Cultured cells or tissues were extracted with RIPA buffer
containing protease inhibitors and a phosphatase inhibitor
cocktail (Roche). Protein concentration was determined by the
BCA assay (Pierce). Proteins were resolved by SDS-PAGE,
transferred to PVDF membrane (Millipore) and analyzed by
immunoblot. Antibodies used were as follows: Phospho-
RNAPII CTD(Ser2) (#13499), Phospho-RNAPII CTD(Ser5)
(#13523), Phospho-RNAPII CTD(Ser7) (#13780), CDK7
(#2916), c-MYC (#605), Phospho-AKT (#4060), AKT
(#2920), Phospho-p65 (#3033), p65(#8242), Phospho-
STAT3 (#9134), STAT3 (#4904) were purchased from Cell
Signaling Technology, β-actin (#A5316) from Sigma-Aldrich.

Quantitative RT-PCR

Total RNA was extracted by Trizol (Life Technologies)
followed by cDNA synthesis with RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific). Real-time qPCR
was performed using SYBR Green qPCR Master Mix
(Roche) in StepOnePlus System (ABI). Gapdh expression
was used for normalization. The following primers were
used: CDK7 For 5′-ATGGCTCTGGACGTGAAGTCT-3′,
Rev 5′-GCGACAATTTGGTTGGTGTTC-3′; PLK1 For
5′-AAAGAGATCCCGGAGGTCCTA-3′, Rev 5′-GGCTG
CGGTGAATGGATATTTC-3′; Cdc25c For 5′-TCTAC
GGAACTCTTCTCATCCAC-3′, Rev 5′-TCCAGGAGCA
GGTTTAACATTTT-3′; IKBKB For 5′-GGAAGTACC
TGAACCAGTTTGAG-3′, Rev 5′-GCAGGACGATGTT
TTCTGGCT-3′; RelaA For 5′-ATGTGGAGATCAT
TGAGCAGC-3′, Rev 5′-CCTGGTCCTGTGTAGCCAT
T-3′; Mcl1 For 5′-TGCTTCGGAAACTGGACATCA-3′,
Rev 5′-CCACAAAGGCACCAAAAG-3′; BIRC3 For 5′-
AAGCTACCTCTCAGCCTACTTT-3′, Rev 5′-CCAC
TGTTTTCTGTACCCGGA-3′; XIAP For 5′-GCTCC
ACGAGTCCTACTGTG-3′, Rev 5′-GTTCACTGCGACA

GACATCTC-3′; GAPDH For 5′-TGACTTCAACAG
CGACACCCA-3′, Rev 5′-CACCCTGTTGCTGTAGCCA
AA-3′.

Histology and immunohistochemistry (IHC)

Tissue specimens were fixed in 10% buffered formalin and
paraffin-embedded for histologic studies. Five micrometer
of tissue sections were stained with hematoxylin and eosin
(H&E), Ki67 (# ab16667, Abcam), cleaved Caspase 3
(#9661s, Cell Signaling Technology) and CK19 (#10712–1-
AP, proteintech).

Patient-derived xenograft model and THZ1
treatment

Patient-derived xenografts from two patients (PDX0018 and
PDX0088) were inoculated subcutaneously into 4-week-old
female BALB/c (nu/nu) mice. Tumor volume was calcu-
lated using the formula: V= 0.5 × length × width × width.
When xenografts grow up to 100–150 mm3, mice were
randomly divided into two groups, which were then treated
with vehicle (DMSO in 5% dextrose), THZ1 (10 mg/kg in
vehicle solutions) intraperitoneally twice daily. Tumor
volume was measured every 2–3 days. Upon harvesting
tumors, tumors were cut into half, with one-half fixed in
formalin for histopathology analysis, and the other half
fixed in RNALater for qRT-PCR analysis.

Pancreatic cancer mouse models and THZ1
treatment

Pancreatitis-induced tumorigenesis. Pancreatitis was
induced at 6–8 weeks of age in male PDXcre Kras+/LSL-G12D

(KC) mice by administration of 6 hourly intraperitoneal (IP)
injections of caerulein (50 μg/kg, Sigma-Aldrich) over
1 week (three times per week). Mice were treated as indi-
cated with THZ1 (10 mg/kg twice daily) or vehicle intra-
peritoneally. After 14 days, mice were killed and pancreata
were collected for further studies.

Spontaneous model of pancreatic cancer. PDXcre Kras
+/LSL-G12D Trp53+/LSL-R172H (KPC) mice develop aggressive
and quickly pancreatic cancer. Ten-weeks-old male KPC
mice with fully developed PDAC were treated with Vehicle
or THZ1 (10 mg/kg twice daily) intraperitoneally for
3 weeks. At the end of the experiment, pancreata were
collected for further analysis.

All animals in the individual experiments were of the
same age and sex. For each experiment, tumor-bearing mice
were randomly assigned to the different treatment groups
just prior to the start of treatment. In treatment studies where
tumor growth was a critical outcome assessment of tumor
size was performed blinded, by a second researcher.
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Exclusion of data

Animals that never developed tumors due to take rate lower
than 100% were excluded from the studies. All data from
animals that died or had to be killed prior to the scheduled
termination of the experiment was excluded.

RNA-Seq preparation and analysis

RNA sequencing service was supplied by SMARTQUER-
IER BIOTECH (Shanghai, China). Briefly, BxPC-3, Mia-
PaCa-2, and PANC-1 treated with DMSO or THZ1(100
nM) for 6 h were collected in biological triplicates. Total
RNA was extracted and ERCC spike-in controls were added
according to kit guidelines (Thermo 4456740). Libraries
were constructed using TruSeq Stranded mRNA LTSample
Prep Kit (Illumina) according to the manufacturer’s
instructions. Then these libraries were sequenced on the
Illumina sequencing platform (HiSeqTM 2500 or Illumina
HiSeq X Ten) and 125 bp/150 bp paired-end reads were
generated. To adjust for global transcription shutdown by
THZ1, the read count was normalized so that the ERCC
spike-in read counts are the same in DMSO- and THZ1-
treated sample [11]. The significantly differentially expres-
sed genes (FDR <= 0.05) were identified by ercc dashboard
based on the normalized read count data per gene. For gene
ontology analysis, the clusterProfiler was utilized to inter-
rogate the molecular function ontology defined by the Gene
Ontology Consortium. Sequencing and expression data
have been deposited in the Gene Expression Omnibus under
accession number GSE121273.

Study approval

Human pancreatic tissues from patients with pancreatic
ductal adenocarcinoma were obtained from the Renji hos-
pital with Local Ethics Committee approval and patient
consents. All animal experiments were carried out following
the guidelines of the Renji hospital institutional animal care
and ethics committee.

Statistical analyses

Two-way ANOVA or one-way ANOVA together with
Bonferroni’s post hoc test was used for multiple groups
analysis. Unpaired Student’s t-test was used to determine
statistical significance in the rest experiments, and P-value
of less than 0.05 was considered significant. Values are
expressed as mean ± SEM or mean ± SD (Prism 7; Graph-
Pad Software). Unless indicated, results are from at least
two- or three-independent experiments.
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