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A CRISPR screen identifies CDK7 as a therapeutic target in
hepatocellular carcinoma
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Dear Editor,
Liver cancer is one of the most frequent malignancies and the

second leading cause of cancer-related mortality worldwide.1,2 In
the last decade, our understanding of the genetic landscape of
hepatocellular carcinoma (HCC) has improved significantly
through whole-exome sequencing studies. However, unlike EFGR
mutation in lung cancer and BRAF mutation in melanoma, the
most frequent mutations in HCC are currently undruggable.
Sorafenib, a small-molecule RAF kinase and VEGF receptor kinase
inhibitor, was approved for the treatment of advanced HCC
patients. However, it only provides limited survival benefit for HCC
patients: 2.8 months overall survival benefit in the SHARP trial and
2.3 months overall survival benefit for Asia-Pacific patients.3,4 It is
therefore urgent to identify new therapeutic approaches for HCC.
CRISPR/Cas9-based functional genetic screens represent a

powerful tool to identify cancer-relevant genes.5,6 To system-
atically probe kinase-driven pathways required for cell viability in
HCC, we screened a gRNA library representing the full comple-
ment of human kinases in two HCC cell lines (Supplementary
information, Table S1). Hep3B and Huh7 cells were infected with
the lentiviral kinome gRNA collection and cultured for 14 days.
Changes in library representation were determined after 14 days
of culture by next-generation sequencing of the gRNA inserts in
three biological replicates (Fig. 1a and Supplementary information,
Figure S1a). To identify essential genes in HCC, we focused follow-
up experiments on the significantly depleted gRNAs identified in
both cell lines. We identified a set of cyclin-dependent kinases
(CDKs), including CDK7, CDK9, CDK12 and CDK13 as hits in our
screen (Fig. 1b, Supplementary information, Figure S1b and
Table S2). These CDKs play important roles in transcription
initiation and elongation.7 We evaluated the expression levels of
these CDKs in the GSE14520 cohort (n= 213) and the TCGA
database (n= 50), which provide data on gene expression for
both paired non-tumor and HCC tissues. Of the identified hits, only
CDK7 expression was selectively upregulated in tumor tissue in
both cohorts (paired t-test, P < 0.001, Fig.1c and Supplementary
information, Figure S1c). Next, we analyzed CDK7 expression using
a tissue microarray (TMA) containing 80 HCC specimens by
immunochemistry analysis. Kaplan–Meier analysis indicated that
HCC patients with high expression of CDK7 exhibited worse
overall survival as compared to patients with low expression of
CDK7 (n= 80, P= 0.048, log-rank test, Fig. 1d). We therefore
selected CDK7 for more detailed analysis. We infected Hep3B and
Huh7 cells with two CDK7 shRNAs, both of which reduced CDK7
levels (Fig. 1e). As expected, inhibition of CDK7 impaired
proliferation of Hep3B and Huh7 cells in both short-term
IncuCyte® cell proliferation assays and long-term colony formation
assays (Fig. 1f, g). We also analyzed the growth inhibitory effects of
shCDK7 in five additional cell lines (SNU398, JHH1, SNU449, PLC/
PRF/5 and MHCC97H). We found that SNU398 and JHH1 are also

very sensitive to CDK7 knockdown, whereas SNU449, PLC/PRF/5
and MHCC97H cells are resistant to CDK7 knockdown (Supple-
mentary information, Figure S2a, b).
Next, we focused our attention on THZ1, a covalent CDK7

inhibitor.8 Recent data indicate that THZ1 has a therapeutic effect
in several types of cancer, including T cell acute lymphoblastic
leukemia, MYCN-amplified neuroblastoma, small cell lung cancer
and triple-negative breast cancer.8–11 To test the sensitivity of HCC
cells to THZ1, we treated the panel of 10 HCC cell lines with
increasing concentrations of THZ1 for about 2 weeks in colony
formation assays. As shown in Fig. 1h, the panel of HCC cell lines
exhibited differential responses to CDK7 inhibition. Comparable
results were observed in IncuCyte® short-term cell proliferation
assays (Supplementary information, Figure S3a, b). CDK7 inhibition
induced apoptosis in the sensitive cells (Hep3B, Huh7, HepG2,
JHH1 and SNU398), as indicated by the IncuCyte® caspase-3/7
apoptosis assay, but not in the insensitive cell lines (SNU387,
SNU449, SNU475, PLC/PRF/5 and MHCC97H) (Fig. 1i). THZ1
treatment also failed to induce apoptosis in non-transformed
human BJ fibroblasts and RPE-1 cell lines (Supplementary
information, Figure S3c). Together, our data indicate that there
may be a subgroup of liver cancer cells with a profound
dependence on CDK7 for survival and CDK7 may represent a
novel therapeutic target in this subgroup.
CDK7 regulates transcriptional processing through phosphor-

ylating RNAPII C-terminal domain (RNAPII CTD).12 We observed
that RNAPII CTD phosphorylation was equally suppressed by THZ1
in both sensitive and insensitive cell lines (Supplementary
information, Figure S4a, b). These results indicate that there is
no correlation between cell fate induced by CDK7 inhibitor and
the activity of CDK7 on direct downstream targets. Recent
evidence indicates that the MYC transcriptional network has an
important role in the response to CDK7 inhibition in MYCN-
amplified neuroblastoma and small cell lung cancer.8,9 In our HCC
cell line panel, we also observed that the presence of high level of
MYC protein was associated with high sensitivity to CDK7
inhibition (Fig. 1j, k). Nuclear MYC protein levels showed a similar
correlation in the panel of liver cancer cell lines, with the
exception of HepG2 cells (Supplementary information, Figure S4c).
THZ1 efficiently suppressed the high expression of MYC in the
sensitive cells (Hep3B and Huh7), but at best modest changes in
MYC expression were observed in the insensitive cell lines having
lower intrinsic MYC levels (PLC/PRF/5 and MHCC97H) (Supple-
mentary information, Figure S4d). Interestingly, HCC cell lines also
showed a similar response to MYC knockdown as was seen with
CDK7 inhibition (Fig. 1l). Ectopic expression of MYC in PLC/PRF/5
cells led to a greater sensitivity to THZ1 as compared to vector
control-transfected cells (Supplementary information, Figure S4e).
These data suggest that MYC level may serve as a useful
biomarker to predict the response to CDK7 inhibition.
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To assess whether the in vitro findings can be recapitulated
in vivo, Huh7 and SNU398 (high MYC expression), and MHCC97H
(low MYC expression) cells were injected into nude mice. Upon
tumor establishment, xenografts were treated with either vehicle or
THZ1 for 14–21 days. THZ1 treatment significantly impaired tumor
growth of MYC high HCC xenografts (Huh7 and SNU398), whereas

no anti-tumor effect was observed in MYC low (MHCC97H)
xenografts (Fig. 1m). Moreover, biochemical analysis indicated that
THZ1 suppressed the expression of MYC in the tumors from Huh7
and SNU398 xenografts. However, the MYC expression is very low in
tumors from MHCC97H xenografts and no change was observed
upon THZ1 treatment (Supplementary information, Figure S4f).

Fig. 1 CDK7 is a potential therapeutic target for liver cancer. a Schematic outline of the stress lethality screen. Pooled kinome CRISPR screens
were performed in Hep3B and Huh7 cells. b A set of CDKs was identified as stress lethal hits in both Hep3B and Huh7 cells. c Gene expression
levels of CDK7 in the cohort of GSE14520 (n= 213) and TCGA database (n= 50). d Association of CDK7 expression with prognosis in HCC
patients (n= 80). e The level of CDK7 knockdown in HCC cell lines was measured by western blot. f, g Viability was assessed by IncuCyte assay
and colony formation assay. h Liver cancer cell lines were treated with increasing concentrations of THZ1 for about 2 weeks. Viability was
assessed by colony formation assay. i Representative images of control and THZ1-treated cells in the presence of a caspase-3/7 activatable
dye. j Immunoblotting analysis of MYC level in a panel of HCC cell lines. k Short-term growth inhibition assay of THZ1 in the panel of HCC cell
lines. l Knockdown of MYC impairs cell proliferation in MYC high-expressed cells. m THZ1 can selectively suppress tumor growth in MYC high-
expressed xenograft models (10mg/kg intraperitoneal, twice daily). Mean tumor volumes ± SEM are shown (n= 5–7 mice per group). *P < .05,
***P < .001
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MYC deregulation is a common event in liver cancer. We
analyzed the correlation between CDK7 and MYC mRNA levels in
two clinical HCC cohorts (GSE14520 n= 225 and TCGA database n
= 371). As shown in Supplementary information, Figure S5, we
observed a significant correlation between CDK7 and MYC mRNA
expression in both GSE14520 (R= 0.274, P < 0.001) and TCGA
database (R= 0.348, P < 0.001). Two previous studies have shown
that MYC proteins are potential biomarkers of response to CDK7
inhibitors in small cell lung cancer and neuroblastoma.8,9 Our work
now identifies CDK7 inhibition as vulnerability of HCC tumors
having high MYC expression. The recent start of a clinical study
with a CDK7 inhibitor (NCT03134638) may enable clinical
validation of this notion in the near future.
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