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* Super-enhancers fostered metastasis-related cellular features (proliferation,
survival, stemness) in CRC cells via driving overexpression of super enhancer-
associate genes BCL2L1 and CCDC137.

* Disruption of SEs by CDK12 inhibition with SR4835 or shRNA lentivirus effi-
ciently eliminated liver metastasis through downregulating transcription of
relevant genes.

* CCDC137 promotes proliferation and cancer stem-like cells in CRC.
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1 | BACKGROUND

Successful targeting and eradication of metastatic tumour
cells is one of the greatest challenges in patients with
solid tumours.' Indeed, almost 90% of cancer patients die
from metastasis.” The complicated processes of metastasis
are principally composed of migration, invasion, intrava-
sation and extravasation of blood vessel walls, circulation
in the blood or lymphatic stream, colonisation, and pro-
liferation in the host organs.® During metastasis cascades,
tumour cell migration and invasion are the earlier events.
Cancer cells then inwardly traverse across blood or lym-
phatic vessels and become circulating tumour cells (CTCs).
While only a minimum part of CTCs acquire abilities
of stemness and apoptosis resistance, they can survive,
colonise and proliferate in distant organs.* Therefore, cel-
lular features such as proliferation, survival and stemness
are favourable for tumour cells to form metastatic lesions
in distant organs.

Epigenetic alternations are prevalent in metastatic
tumour cells, which endow cells to gain strengthened
cellular features to colonise and proliferate in the host
organs.’ Super-enhancers (SEs), as a vital epigenetic regu-
lation way, are extremely large clusters of enhancers that
interact with promoters to enhance gene transcription.®
SEs recruit an extreme density of transcription fac-
tors/cofactors, cyclin-dependent kinases (e.g., CDK7 and
CDK12) and epigenetic regulators to synergistically drive
transcriptional activity, which play a critical role in cell
identity, proliferation, survival, etc.’ SEs are also acquired
by tumour cells around key oncogenes, such as XBP1,’
PAK4,> MYCN.’ 1t has been reported that interruption of
SEs can selectively inhibit transcription of the associated
oncogenes and induce regression in many types of can-
cers including melanoma,'’ hepatocellular carcinoma'!
and small cell lung cancer.'” However, whether SEs and
their associated oncogenes are involved in liver metastasis
in colorectal cancer (CRC) remains unknown.

CDKI12 forms a heterodimeric complex with cyclin K,
which plays critical roles in regulating transcriptional
elongation by phosphorylation of serine 2 of the RNA poly-
merase II (Pol II) C-terminal domain (CTD).”® Previous
studies demonstrated that CDK12/13 inhibition preferen-

Conclusions: Our data highlight the potential of CDK12 and SE-associated
oncogenic transcripts as therapeutic targets for patients with liver metastatic

CCDC137, CDK12, colorectal cancer, liver metastasis, super-enhancers

tially decreases the expression of key SE-associated genes
and DNA damage response genes in tumour cells.'*"
Moreover, inhibition of CDK12 is striking lethal in Ewing
sarcoma breakpoint region 1 protein-Friend leukaemia
integration 1 transcription factor oncogene-positive Ewing
sarcoma.'® Furthermore, targeting CDK12 exhibited a sig-
nificant decrease in the cellular proliferation of liver cancer
via induction of DNA damage response’’ and impaired
osteosarcoma cell colonisation by downregulation of MYC
proto-oncogene (MYC).! Finally, transcriptional repres-
sion by targeting CDK12 has been suggested as a encour-
aging strategy to impede the progresssion of cancers with
no definitive drivers, such as triple negative breast cancer
(TNBC)" and osteosarcoma.' A recent study has reported
that CDK12 knockout decreases proliferation of TP53 defi-
ciency CRC cells."®* However, the role of CDKI2 and
its mechanism in CRC with unknown drivers of liver
metastasis are not well defined.

In this study, we found that the SE landscape in CRC
was implicated in liver metastasis. Concomitantly, CDK12,
a critical component of the SE complex, was overexpressed
in CRC cell sublines with high liver metastatic competence
and in patients with liver metastatic CRC. Furthermore,
metastasis-associated cellular features including prolifer-
ation, survival and cancer stem cells (CSCs) of CRC cells
were greatly dependent on transcription of SE-associated
oncogenes (e.g., BCL2L1, CCDC137), which were excep-
tionally vulnerable to SE interruption by CDK12 inhibi-
tion. Our studies may shed light on the understanding of
the mechanism that underlies liver metastasis, providing
potential therapeutic targets for hepatic metastatic CRC
treatment.

2 | MATERIALS AND METHODS

2.1 | Materials and antibodies

SR-4835, olaparib and BMS-202 were obtained from Target-
Mol (Shanghai, China), and prepared as a stock solution
with a concentration of 20 mM and kept in aliquots
at —20°C. Propidium iodide (PI) and Annexin V-FITC
were bought from Sigma-Aldrich (Shanghai, China). The
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following antibodies were used for Western blotting:
CDK12 (Cell Signaling Technology: CST, 11973), CDKI3
(BOSTER, AO05292-1), RNA Pol II CTD Ser2 (Bethyl,
A300-654A), total RNA Pol 1T (Bethyl, A300-653A), RNA
Pol II CTD Ser5 (Bethyl, A304-408A), Poly ADP-Ribose
Polymerase (PARP) (CST, 9532), Caspase-3 (CST, 9662),
Survivin (Proteintech, 10508-1-AP), active caspase-3 (CST,
9661), Bcl-X; (Santa, SC-634), Bcl-2 (Millipore, 05-729),
Mcl-1 (Proteintech, 16225-1-AP), yH2AX (CST, 9718S),
CCDC137 (Abcam, ab185368) and f-actin (Sigma-Aldrich,
A1978).

2.2 | Colony-formation assay

The colony-formation ability of CRC was assessed with
drug-free double layer soft agar system as previously
described.”” In brief, approximately 10, 000 CRC cells
were suspended with a top layer containing 0.5% agar
(Invitrogen, Guangzhou, China) in Dulbecco’s Modified
Eagle’s Medium (DMEM) or PRMI 1640 containing 10%
fetal bovine serum (FBS), and then cultured on the bot-
tom layer of 10% FBS in the 24-well plates with solidified
1% agar in DMEM or PRMI 1640. After 1 week, the colonies
that consisted of more than 50 cells were counted via using
a microscope.

2.3 | Tumoursphere formation
Tumoursphere formation assay was conducted according
to as previous study.’’ Briefly, after exposure to SR-4835
for 24 h, CRC cells were harvested and resuspended with
DMEM/FI12 medium containing with 2% B27, 20 ng/ml epi-
dermal growth factor and 10 ng/ml basic fibroblast growth
factor, and then seeded into a low attachment 24-well
plate (ThermoFisher, Shanghai, China). Seven days later,
tumourspheres with more than 50 cells were calculated.
The tumourspheres were then harvested, softly separated
into a single cell and re-plated with the same density as
the primary round (5000 cells/well) for the secondary and
tertiary rounds of culture.

2.4 | Quantitative real-time polymerase
chain reaction assay

Quantitative real-time polymerase chain reaction (qQRT-
PCR) assay was performed according to the manufac-
turer’s instructions. Trizol (Invitrogen) was employed
to obtain total RNA from CRC cells or tissues. RNA
was then reversely transcribed to cDNA with One-step
RT Kit (ThermoFisher) in accordance with the manu-

CLINICAL AND TRANSLATIONAL MEDICINE

facturer’s instruction. The gqRT-PCR reaction was per-
formed on a BioRAD Real-Time PCR System. Gene
expression was standardised to the expression of GAPDH
with the 2744€T approach, and AACT = (CT, target gene -

CT, GAPDH)treated cells = (CT, Target gene — CT, GAPDH)control cells-
The qRT-PCR primers are presented in Table SI.

2.5 | Transfection experiments

Guide RNAs (gRNAs) were cloned into the lenti-sgRNA-
puro or lenti-sgRNA-MS2-Zeo (msgRNA) backbone plas-
mids. For gene activation experiments, CRISPR activa-
tion (CRISPRa) assay with synergistic activation medi-
ator (SAM) complex was employed.”’ In brief, HCT116
cells were transfected with dCas9-VPR (MiaoLing, P10265,
Guangzhou, China) and specific individual msgRNA
or nontargeting Scramble msgRNA at a ratio of 2:1.
For gene repression experiments, CRISPR inhibition
(CRISPRIi) assay with dCas9-KRAB repressor complex was
employed.”” HCTI116 cells were transfected with dCas9-
KRAB-MeCP2 (Addgene, 110824, MA, USA) and specific
individual sgRNA or nontargeting Scramble sgRNA at
a ratio of 2:1. Forty-eight hours after transfection, cells
were collected for qRT-PCR and Western blotting assay.
After verification of transfection efficiency, cells will be
used for proliferation, migration and invasion exper-
iments with CCK8 and transwell assays, respectively.
The detailed target sequences of gRNAs are provided in
Table S2.

2.6 | Generation of stable cell lines

The lentivirus was produced by transfection with the
constructs [pLKO.l-puro-non-target Vector (Scram-
ble), pLKO.l-puro-shCDK12, pLKO.l-puro-shCDK13,
pLKO.1-puro-shBCL2L1, pLKO.1-puro-shCCDC137, pTSB-
puro-Vector, pTSB-puro-BCL2L1 or pTSB-puro-CCDC137
from Transheep (Shanghai, China)] in 293T cells using
the lentivirus packing system [the pCMV-VSVG (envelope
construct), pCMV-dR8.2 (the packing construct)]. After
transfection for 48 and 72 h, viral supernatants were col-
lected and filtered utilising the 0.45 uM filters. CRC cells
were infected with viral supernatants containing 8 ug/ml
polybrene (Sigma-Aldrich) for two rounds, and then sub-
jected to puromycin (1 ug/ml) treatment for approximately
5 days to select stable clones. For establishment of stable
overexpression of CDK12, CRC cells were transfected
with pcDNA3.1-puro-Vector and pcDNA3.1-puro-CDK12
plasmid using polyethyleneimine (Polysciences, Inc.,
Warrington, PA, USA). The transfected cells were then
incubated with puromycin (1 ug/ml) for about 5 days to
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select stable clones. The detailed sequences of ShRNA are
listed in Table S3.

2.7 | RNA sequencing

After HCTI116 cells were incubated with SR-4835 for 6 h
or stable CDK12-depledted cells were established, Rneasy
Mini Kit (Qiagen) was utilised to isolate RNA. Sequenc-
ing libraries were constructed by NEBNext UltraTMRNA
Library Prep Kit for Illumina (NEB, USA) according to
the manufacturer’s recommendations. Genes with mean
expression of fragments per kilobase of transcript per mil-
lion mapped reads (FPKM) >1 were defined as active
transcripts, which used for subsequent analysis. The
heatmap was analysed with TBtools and the boxplot
was drawn using BoxPlotR (http://shiny.chemgrid.org/
boxplotr/), separately.

2.8 | Microarray data analysis

For published microarray datasets, SEs identified
in HCTI16 and SW620 cells were downloaded from
SEdb** and dbCoRC?** database, respectively. GSE49355,
GSE50760, GSE42158 and GSE21510 were downloaded
from Gene Expression Omnibus (GEO) database. Addi-
tionally, we obtained the gene expression from The Cancer
Genome Atlas Program (TCGA) database.

2.9 | SE definition

ROSE software (https://bitbucket.org/young
computation/rose) was utilised to identify SEs according
to previous studies.”® Briefly, based on the signal of
Chromatin immunoprecipitation-sequencing (ChIP-Seq)
with H3K27ac antibody, the stitched peaks within 12.5 kb
were ranked and plotted. SEs were then designated as
the signal of peaks that above the inflection point. SEs
and typical-enhancers (TEs) were assigned to the closest
genes.

2.10 | ChIP-qPCR

ChIP-qPCR assay was conducted as previously
described.'®* Briefly, 1 x 107 SR-4835-treated or con-
trol CRC cells were cross-linked with 1% formaldehyde.
Cells were then harvested to break into 200-500 bp DNA
fragments using a sonicator. The following antibodies
were used for immunoprecipitation with chromatin
complexes: normal immunoglobulin G (IgG) (CST, 2729S),

anti-CDK12 (CST, 11973) or anti-RNA Pol II (Bethyl, A300-
653A). To digest RNA and protein in the protein-DNA
complexes, RNase A and proteinase K were employed,
respectively. The qPCR reaction was adopted to measure
the precipitated DNA fragments. The specific primers
used for ChIP-qPCR were provided in Table S4.

2.11 | Gene Ontology and gene set
enrichment analysis

DAVID tool V6.8 (https://david.ncifcrf.gov/) was used for
Gene Ontology (GO) analysis. Sensitive transcripts were
considered as assayed gene, which decreased >1.5-fold
upon SR-4835 treatment for 6 h or CDK12 depletion in
HCT116 cells. GO analysis was also used for SE-associated
genes. Gene set enrichment analysis (GSEA) standalone
desktop program was used for GSEA analysis. The expres-
sion matrix was included transcripts in primary CRC
patients and liver metastatic CRC patients or expression
values with exposure to 100 nM of SR-4835 for 6 h; and gene
set included SE-associated genes identified in CRC cells.

2.12 | Human CRC tissue samples

Under informed consent from each subject or each sub-
ject’s guardian following the institutional policies and the
Declaration of Helsinki principles, a total of 66 tissues
with CRC (15 adjacent noncancerous tissues, 30 primary
tumours and 21 liver metastasis tumours) from different
individuals were collected at GanZhou Cancer Hospital
from 2016 to 2021 and subjected to immunohistochemistry
(IHC) assays. Eighteen fresh pairs of normal colon tissues,
primary and liver metastatic CRC tissues were collected
from operated patients at Gannan Medical University’s
First Affiliated Hospital and subjected to qRT-PCR or
Western blotting assay. All these samples were diagnosed
based on histological examinations.

2.13 | Immunohistochemistry

The expression of CDK12 and CCDC137 in CRC patient
tissues were detected by THC assay, respectively. Sample
slides with 4 um thick were incubated with xylene, rehy-
drated using ethanol and antigen retrieval. IHC were then
performed using antibody against CDK12 or CCDC137 at
a ratio of 1:100 dilution. Sections were scored according to
previous study.'’ In brief, the staining intensity was scored
as followed: no staining received a score of 0; faint stain-
ing a score of 1; moderate staining a score of 2; and intense
staining a score of 3. The ratio of positive-staining cells was
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scored 0, 0%; 1, <10%; 2,10%—-40%; 3, 41%-70%; 4, >70%. For
each sample, the staining intensity score and the ratio of
the positive cells value were multiplied, resulting in scores
ranking from 0 to 12.

2.14 | Xenograft experiment

HCTI116 cells (5 X 10° per mouse) were subcutaneously
implanted into the flanks of male BALB/c nude mice aged
4-6 weeks (GemPharmatech, Jiangsu, China) to establish
xenografts. Every other day, the volume of tumours were
measured using the calipers and calculated by the formula:
0.4 X a x b?, where a represents the long axis and b rep-
resents the short axis. When the tumours had grown to
~50 mm?, mice were randomly divided into two groups
with six mice per each group and given with SR-4835
(20 mg/kg with 5 days on, 2 days off per week) or vehicle
[10/90 dimethyl sulfoxide (DMSO)/30% hydroxypropyl-b-
cyclodextrin in water] orally for 2 weeks. Tumours were
harvested, photographed and weighed after mice were
sacrificed. Part of tumour tissues were lysed for Western
blotting assay, while the remaining tumour section was
used for haematoxylin—eosin (H&E) and IHC staining.

2.15 | Limiting dilution assay

After treatment with control (DMSO, less than 0.1%, v/v)
or 100 nM SR-4835 for 48 h, viable HCT116 cells were col-
lected and inoculated subcutaneously in the flanks of male
BALB/c nude mice aged 4-6 weeks (GemPharmatech) at
successive concentrations (5 x 10°, 1 x 10°, 5 x 10°, 1 x 10°
per mice), five mice each group. When tumour volumes in
control mice with 5 x 10° cells reached ~1500 mm?3, the
numbers of xenografts for each group were collected to
record for CSC frequency calculation with L-Calc dilution
software (Stem Cell Technologies Inc.)

2.16 | Liver metastatic mouse model
HCT116 cells (5 x 10°) stably expressing luciferases
(HCT116-luc) were injected into the spleen of male BALB/c
nude mice aged 4-6 weeks (GemPharmatech). Ten min-
utes later, the spleen was removed to minimise the effect of
splenic tumour. Quantification of photon flux in the liver
zone is weekly measured by in vivo bioluminescence imag-
ing (BLI) post-injection of HCT116-luc cells for 3 weeks.
The livers of mice were resected at the end of the exper-
iments, followed by Bouin’s solution fixation for 1 week.
After counting the metastatic nodules on liver surface,
H&E staining was performed.

3

217 |
model

Orthotopic mouse metastatic

The orthotopic mouse metastatic model was established as
previous.”® In brief, 5 x 10° HCT116 cells per mouse were
subcutaneously inoculation into 4-6-week male BALB/c
nude mice (GemPharmatech). After 14 days, the mice
were euthanised and the tumours were resected to cut
into 2-3 mm diameter pieces. The CRC tumour pieces
were surgically inserted into the caecum of anaesthetised
nude mice. Approximately 2 months later, the mice were
scarified and individual organs were isolated and treated
with Bouin’s solution. After calculating the metastatic
nodules on liver surface, H&E staining was conducted.
All animal researches have been approved by the Ani-
mal Experimental Ethics Committee of Gannan Medical
University.

2.18 | Statistical analysis

GraphPad Prism 5.0 Software (San Diego, CA, USA) was
used for the statistical analysis. Two-tailed Student’s ¢-
test was employed for comparisons between two groups.
One-way analysis of variance, post hoc intergroup compar-
isons by Tukey’s test was adopted for comparisons among
multiple groups. Kaplan-Meier survival was analysed by
log-rank test. The data were shown as mean =+ stan-
dard deviation. Statistics were considered significant at
p <.05.

3 | RESULTS

3.1 | The super-enhancer landscape in
colorectal cancer is involved in liver
metastasis

To explore the implications of SEs in CRC, we gener-
ated a catalog of SEs in HCTI16 and SW620 cells, two
CRC cell lines, based on the publicly available SEdb and
dbCoRC database. Four hundred and eighty-one and 544
SE-associated genes in HCTI116 and SW620 cells were
respectively identified (Figure 1A,B). Notably, most of the
top-ranked SE-associated genes were well-known onco-
genes in CRC, such as BCL2L1,”’ LIF,”® NTSRI* and
TGFBR2*" (Figure 1A,B). These observations suggest that
SEs may implicate in driving transcription of multiple
oncogenes in CRC cells. Moreover, we found several novel
SE-associated transcripts, including CCDC137 and CXXC5
(Figure 1C), whose functions have not been reported in
CRC biology.
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FIGURE 1 The super-enhancer (SE) landscape in colorectal cancer (CRC) is correlated with liver metastasis. (A and B) Enhancer
regions of HCTI116 (A) and SW620 (B) cells were plotted based on increasing H3K27ac ChIP-Seq signal obtained from SEdb and dbCoRC
database, respectively. SEs were defined as the enhancers above the inflection point of the curve. (C) Representative H3K27ac ChIP-Seq
profiles at specific SE-associated gene loci in HCT116 and SW620 cells. (D) Gene Oncology (GO) enrichment analysis of biological processes
for SE-associated genes in HCT116 and SW620 cells by DAVID 6.8. (E) One hundred and thirty SE-associated genes were commonly shared in
HCTI116 and SW620 cells. (F) The expression profile of the shared SE-associated genes in HCT116 and SW620 cells was clearly segregated
between CRC primary samples and liver metastatic samples in the unsupervised clustering analysis. (G) Gene set enrichment analysis
(GSEA) of commonly shared SE-associated genes in HCT116 and SW620 cells were enriched in liver metastatic CRC tumours instead of
primary CRC tumours in the GSE49355, GSE50760 and GSE41258 datasets.
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Next, we conducted GO analysis to investigate the bio-
logical functions of these SE-associated genes. These genes
were found to play a key role in cellular traits of tumour
metastasise to distant organs, such as regulation of apop-
tosis, cell proliferation, stemness, migration and transcrip-
tion (Figure 1D). Furthermore, 130 SE-associated genes
were commonly acquired in both HCT116 and SW620
cells, which were clearly segregated liver metastatic CRC
samples from primary CRC samples (Figure 1E,F). Impor-
tantly, GSEA displayed that these commonly acquired
SE-associated genes were enriched in liver metastatic CRC
samples instead of primary CRC samples in published
GEO datasets (Figure 1G). Overall, these results suggest
that CRC cells may acquire SEs to enhance the tran-
scription of oncogenes to modulate cellular features (e.g.,
proliferation, survival and stemness), thereby promoting
CRC cells metastasise to liver.

3.2 | CDK12is overexpressed in the
highly liver metastatic CRC cell sublines
and in liver metastatic CRC patients, which
is also correlated with poor prognosis in
CRC

High levels of epigenetic regulators, transcription factors,
cofactors and cyclin-dependent kinases were found to be
recruited by SEs as the fuel to drive the active transcrip-
tion of SE-associated genes.11 Hence, we mainly focused on
MED1, BRD4, EP300, CDK7, CDK12 and CDK13. MED1,
as the critical component of the SE complex, is essential
for gene transcription by RNA Pol II.>! BRD4, an impor-
tant epigenetic regulator, drives oncogenic transcription
by recognising acetylated lysine of histone and recruit-
ing many other proteins to promoters.*> EP300, a critical
component of the CBP/p300 complex, is the major his-
tone acetyltransferase on SEs.** CDK7, CDK12 and CDK13
function as transcriptional cyclin-dependent kinases. For
details, CDK7 phosphorylates RNA Pol II at serine 5 (S5)
to regulate the initiation of transcription® and CDK12/13
modulates transcriptional elongation by phosphorylating
RNA Pol II at serine 2 (S2)."”

We found that the expression of CDK12 out of the six
genes was topmost in liver metastatic CRC patients com-
pared with primary CRC patients as revealed by GSE41258
dataset (Figure 2A). To further explore whether the com-
ponents of the SE complex associated with CRC liver
metastasis, we yielded MC38 cell sublines with highly
liver metastatic competence through three rounds of
intrasplenic injection of MC38 cells into C57 BL/6 mice
according to previous study (Figure 2B).>* The sublines
resulted from the third round of in vivo selection were

named as liver metastatic derivative 3 (LM3). We then con-
firmed that MC38-LM3 sublines (Subline #1, Subline #2
and Subline #3) significantly enhanced liver metastatic
competence relative to the parental MC38 cells evidenced
by luciferase intensity (Figure 2B,C), liver size and number
of surface metastatic nodules (Figure 2D). Similarly, H&E
staining examination revealed that much more metastatic
foci were found on the livers of MC38-LM3 sublines-
inoculated mice relative to parental MC38 cells-treated
mice (Figure 2E,F). Consistent with results in patients
with liver metastatic CRC, the abundant levels of CDK12
were the highest compared with the other five compo-
nents of SE complex in highly liver metastatic MC38-LM3
sublines by qRT-PCR analysis (Figure 2G). In addition,
higher mRNA and protein levels of CDK12 were found
in the CRC cells without metastatic capabilities (HCT116
and HCT8) and CRC cells with metastatic capabilities
(COLO205 and SW620) relative to human normal colonic
epithelial cells NCM460 and HCoEpiC) (Figure 2H,I). Of
importance, the expression of CDK12 was increased along
with enhanced liver metastatic competence in MC38 cells
as revealed by Western blotting (Figure 2J). By using West-
ern blotting to further examine paired adjacent normal
colon tissues, primary CRC tumours and liver metastatic
CRC tumours, it was shown that CDK12 were boosted in
adjacent normal colon tissues, primary CRC tissues and
liver metastatic tissues in order (Figure 2K). IHC results
confirmed that CDK12 was more abundant in CRC tis-
sues than adjacent normal colon tissues, most abundant
in the subjects with liver metastatic CRC (Figure 2L,M).
These findings indicate that CDK12 may play a key role
in facilitating liver metastasis of CRC. Therefore, in the
subsequent experiments, CDK12 was the primary focus.

We next conducted analysis of TCGA database and the
CPTAC database in UALCAN website. The result verified
that CRC tissues had significantly higher levels of CDK12
protein and mRNA than those normal tissues (Figure
S1A,B). Moreover, there was a strong correlation between
CDK12 expression and lymph node metastatic stages in
CRC (Figure S1C). Meanwhile, consistent with our results,
GEO data also revealed that metastatic CRC patients exhib-
ited a considerably higher expression of CDK12 compared
to those non-metastatic patients (Figure S1D,E). In addi-
tion, GSE41258 dataset further confirmed that CDK12 was
orderly increased in adjacent normal colon tissues, pri-
mary CRC tissues and metastatic CRC samples (Figure
S1F). Importantly, both the TCGA and GEO database
indicated that the overexpressed CDKI12 was positively
correlated with short survival in CRC patients (Figure
S1G,H). Collectively, these data imply that the expression
of CDK12 is positively associated with liver metastasis and
poor prognosis in CRC.
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CDK]12 is overexpressed in the highly hepatic metastatic colorectal cancer (CRC) cell sublines and in liver metastatic CRC

patients, which is also correlated with poor prognosis in CRC. (A) The expression levels of super-enhancer (SE) complex components,
including MED1, BRD4, EP300, CDK7, CDK12 and CDK13 in primary CRC samples (n = 46) and liver metastatic CRC samples (n = 186) were
shown. (B) Top: flowchart of in vivo-selected highly liver metastatic cell derivatives in CRC was shown. MC38-luc cells (5 x 10°) were

intrasplenically inoculated into C57BL/6 mice for 12 days to isolate cell populations that spread to the liver. After single metastatic nodule on

liver surface was dissociation and expansion in culture, the resulting cells (liver metastatic derivative 1, named LM1) were subjected to the
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3.3 | Global and selective transcription
repression by targeting CDK12 in CRC cells

CDKI12 regulates transcriptional elongation processing by
phosphorylating the RNA Pol II CTD at S2. In keeping
with this role, we found that CDK12 inhibition by the com-
pound SR-4835 for 6 h or specific ShRNA led to a evident
decrease in S2 phosphorylation of RNA Pol II CTD with
a minimal effect on the transcription initiation-associated
S5 in CRC cells (Figure 3A,B). We next investigated the
impact of CDK12 inhibition on gene expression profile by
executing RNA sequencing (RNA-Seq) assay. The results
showed that a high concentration of SR-4835 (400 nM)
or CDK12 knockdown with almost complete inhibition of
the phosphorylation of S2 in RNA Pol II CTD resulted
in a global decline of mRNA levels, while a low concen-
tration of SR-4835 (100 nM) with partially blocking the
phosphorylation of RNA Pol IT CTD S2 led to selective
downregulation of a group of transcripts (Figure 3C,D). GO
analysis of the sensitive genes (reduced >1.5-fold change
with SR-4835 treatment or CDK12 depletion) was enriched
in processes of transcriptional regulation, DNA damage,
stem cell division, apoptosis, cell proliferation and cell
migration in CRC cells, which are essential for cancer
metastasis (Figure 3E-G). Moreover, we found that both
TE- and SE-associated genes were significantly downreg-
ulated upon high concentration of SR-4835 treatment or
depletion of CDK12 (Figure 3H). However, compared with
TE-associated genes, the expression levels of SE-associated
genes were decreased to a higher degree after low con-
centration of SR-4835 treatment, suggesting SE-associated
genes were especially vulnerable to partially suppressing
transcription (Figure 3H). The GSEA result further con-
firmed that SE-associated transcripts were enriched in low

3

dose of SR-4835-treated (100 nM) cells compared with
DMSO-treated cells (Figure 3I). These data indicate that
the mRNA levels of SE-associated genes are particularly
vulnerable to CDK12 inhibition, which prompted us to put
forward the hypothesis that blocking SEs through target-
ing CDK12 may diminish the relevant cellular traits (e.g.,
proliferation, survival and stemness), thereby eventually
alleviating liver metastasis in CRC.

3.4 | Blocking CDK12 attenuates liver
metastasis in CRC

To test the above hypothesis, we inhibited CDKI12 by
employing SR-4835 or using specific shRNA, which
can effectively block SE activity. Transwell analysis
revealed that SR-4835 significantly reduced the capacity
of migration and invasion in HCT116 and SW620 cells
(Figure 4A,B). Similarly, CDKI12 knockdown in HCT116
and SW620 cells obviously diminished their migration
and invasion abilities (Figures 4C,D and S2A). We next
determined the important role of CDKI12 in vivo with a
liver metastasis model of CRC. BALB/c nude mice were
orally administered SR-4835 (20 mg/kg, 5 days on, 2 days
off per week) for 3 weeks after intrasplenic inoculation
with HCT116-luc cells. BLI were weekly monitored with
IVIS Spectrum system. The results showed that SR-4835
administration significantly reduced the BLI signal inten-
sity at liver zone on day 21 relative to vehicle-treated mice
(Figure 4E). As expect, the number of metastatic nodules
on liver surface of mice upon SR-4835 treatment were
significantly decreased (Figure 4F). Accordingly, SR-4835
treatment significantly decreased the number and size
of metastatic foci in the liver, according to H&E staining

secondary and tertiary round of in vivo selection, respectively, yielding the liver metastatic derivative 3 (LM3) cell populations. The highly
liver metastatic subclones referred as MC38-LM3 Subline 1, MC38-LM3 Subline 2 and MC38-LM3 Subline 3 were isolated from the liver
metastatic foci of the third round in vivo experiments. Bottom: MC38-LM3 subclones displayed a boosted capacity for metastasis to liver. The
parental MC38 and MC38-LM3 sublines were intrasplenically injected into C57BL/6 mice and bioluminescence imaging (BLI) photon flux
was captured every week. Representative images of BLI on day 12 were shown. n = 5 per group. (C) Quantification of BLI photon flux for
hepatic metastases in C57BL/6 mice was shown. (D) Representative photomicrograph of liver after Bouin’s fixation (left) and quantification of
liver surface metastatic nodules on day 12 after injection of 5 x 103 CRC cells (right) were shown. Arrows indicated the distribution metastatic
foci, n = 5 each group. (E and F) Representative images of haematoxylin-eosin (H&E) staining of liver section (E) and quantification of the
number of liver metastatic foci in microscopic fields were displayed (F). n = 3 per group. Scale bar: 100 um. (G) The mRNA levels of SE
complex components including MEDI1, BRD4, EP300, CDK7, CDK12 and CDK13 in parental MC38 cells and aggressive LM3 subclones were
analysed with quantitative real-time polymerase chain reaction (QRT-PCR). (H and I) The mRNA (H) and protein (I) levels of CDK12 in
human normal colonic epithelial cells (HCoEpiC and NCM460) and CRC cells (HCT116, HCT8, COL0O205 and SW620) were analysed with
gqRT-PCR and Western blotting, respectively. (J) Expression levels of CDK12 in parental MC38 cells and aggressive MC38-liver metastatic
subclones were detected with Western blotting assay. (K) Expression levels of CDK12 in human primary CRC tumours, liver metastatic CRC
tumours and adjacent normal tissue were examined by Western blotting. (L) Representative immunohistochemistry (IHC) images of CDK12
expression in human primary CRC samples, liver metastatic CRC samples and adjacent normal tissue. Scale bar: 200 um (100X), 100 um
(200x). (M) The staining intensity of CDK12 was scored by multiply area score and light score. ns, not significant; **p < .01; ***p < .001,
Student’s t-test for result in (A). ns, not significant; *p < .05; *p < .01; ***p < .001, one-way analysis of variance (ANOVA) with post hoc
intergroup comparison by Tukey’s test for results in (C), (D), (F-H) and (M)
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CDK12 inhibition disrupts RNA polymerase II (Pol II)-enabled gene transcription in colorectal cancer (CRC) cells. (A)

Western blotting analysis of RNA Pol II C-terminal domain (CTD) phosphorylation in HCT116 cells after treated with increasing
concentrations of SR-4835 for 6 h was shown. (B) Western blotting analysis of RNA Pol IT CTD phosphorylation in CDK12-silenced HCT116
cells was shown. (C) Heatmaps of global gene expression in high concentration (400 nM) or low concentration (100 nM) SR-4835-treated
HCT116 cells for 6 h (left) or in CDK12-depleted HCT116 cells (right) were shown. (D) Box plots of log2 fold changes of global gene expression
in high concentration (400 nM) or in low concentration (100 nM) SR-4835-treated HCT116 cells relative to dimethyl sulphoxide
(DMSO)-treated HCTI16 cells for 6 h were presented. (E-G) Gene Oncology (GO) analysis of enriched biological processes of downregulated
genes (>1.5-fold) in low concentration (100 nM) or in high concentration (400 nM) SR-4835-treated HCTI116 cells (E and F) or in
CDK12-knockdown HCT116 cells (G) were shown. (H) Box plots of log2 fold changes for all transcripts (ALL), genes associated with
typical-enhancers (TEs) and super-enhancers (SEs) in high concentration (400 nM) or in low concentration (100 nM) SR-4835-treated HCT116
cells for 6 h or in CDK12-depleted HCT116 cells were shown. (I) Gene set enrichment analysis (GSEA) of SE-associated genes in low
concentration (100 nM) of SR-4835-treated HCT116 cells were shown. ***p < .001; two-sided Mann-Whitney U-test for results in (D) and (H)
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FIGURE 4 CDKI2 inhibition suppresses hepatic metastasis in colorectal cancer (CRC). (A and B) After HCT116 or SW620 cells
incubated with 100 nM SR-4835 for 24 h, viable cells were counted and underwent transwell migration (A) or matrigel invasion (B) chamber
assays. Representative images (left) for CRC cells and quantitative analysis (right) from three random fields were shown. Scale bar: 200 um.
(C and D) HCT116 or SW620 cells transfected with pLKO.1 (Scramble) or lentiviral shRNA against CDK12 (shCDK12) were subjected to
transwell migration (C) or matrigel invasion (D) chamber assays. Representative images (left) for CRC cells and quantitative analysis (right)
from three random fields were shown. Scale bar: 200 um. (E) After intrasplenic injection of 5 x 10° of HCT116-luc cells for 24 h, the BALB/c
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analysis (Figure 4G,H). Consistent with SR-4835 treat-
ment, declined BLI signal intensity at liver zone on day
21 and the reduced number of metastatic nodules on liver
were found in BALB/c nude mice intrasplenically injected
CDK12-silenced HCTI16-luc cells (Figures 4I-L and
S2B).

Furthermore, an in vivo orthotopic implantation mouse
model was employed to evaluate the function of CDK12
in liver metastasis of CRC. BALB/c nude mice ortho-
topically transplanted with the 2-3 mm small tumour
pieces were orally administrated with SR-4835 for approx-
imately 2 months (20 mg/kg, 5 days on, 2 days off per
week). The results showed that lessened distribution of
tumour foci across the intestine was observed in SR-
4835-treated mice compared with vehicle-treated mice.
More importantly, the metastatic nodules on liver sur-
face of mice were evidently suppressed upon SR-4835
administration (Figure 4M). Histologic examination also
revealed that a lowered number and decreased size of
metastatic nodules on the livers of mice were adminis-
trated with SR-4835 (Figure 4N). Parallelly, attenuated dis-
tribution of tumour foci across the intestine and decreased
metastatic foci in the liver were observed in nude mice
orthotopically implanted with CDKI12-depleted HCT116
cells compared with mice bearing Scramble control cells
(Figure 40,P). These results support that blockade of
SEs by CDKI12 inhibition decreases liver metastasis in
CRC.

3.5 | Inhibition of CDK12 restricts
cellular proliferation and outgrowth
of xenografted cells in CRC

We then, respectively, explored which cellular features
(e.g., proliferation, survival, CSCs) that were essential for
tumour metastasise to distant organs were dampened by
SR-4835 treatment.

Western blotting analysis revealed that RNA Pol II CTD
phosphorylation of S2 was obviously repressed by the
CDK12 inhibitor SR-4835 treatment for 24 or 48 h in CRC
cells. Whereas, prolonged treatment (24 or 48 h) resulted
in a decrease of initiation-associated S5, possibly due to
the reduced expression of total RNA Pol II (Figure 5A).
We next used CCK8 assay to evaluate the effect of SR-
4835 on cellular proliferation. The results displayed that
SR-4835 effectively diminished cell viability of CRC cells
with ICs, values of 15-68 nM (Figure 5B). Conversely, SR-
4835 showed 5-29-fold less cytotoxicity in HCoEpiC and
NCM460 cells with ICs( value of 320-430 nM (Figure 5B).
Furthermore, SR-4845 treatment remarkably inhibited the
clonogenicity of CRC cells by using double layer soft agar
system (Figure 5C). Meanwhile, depletion of CDK12 also
induced significant retardation in cellular proliferation
(Figure S3A,B) and in clonogenicity (Figure S3C) of CRC
cells. These data indicate that inhibition of CDK12 effec-
tively restrains growth of CRC cells with less cytotoxicity
in vitro.

nude mice were orally administrated with vehicle [10/90 dimethyl sulphoxide (DMSO)/30% hydroxypropyl-b-cyclodextrin in water] or

20 mg/kg SR-4835 (5 days on, 2 days off per week) for 3 weeks. Left: representative images of mice by bioluminescence imaging (BLI) on day
21 were captured. Right: quantification of BLI photon flux every week post-injection of HCT116-luc cells. n = 5 per condition. (F) After mice
treated with vehicle or SR-4835 for 3 weeks, liver was isolated and fixed with Bouin’s solution. Representative images of liver (left) and
quantification of liver surface foci (right) were shown. Arrows indicated the distribution metastatic foci. n = 5 per group. (G and H)
Representative images of haematoxylin-eosin (H&E) staining of liver section (G). Scale bar: 100 um. Quantification of the number of liver
metastatic foci in microscopic fields were shown (H). n = 3 per group. (I) HCT116-luc cells stably transduced with Scramble or shCDK12 were
intrasplenically injected in nude mice for 3 weeks. Liver metastasis was weekly analysed by BLI. Representative images on day 21 (left) and
quantitative analysis (right) of photon flux were shown. n = 5 each group. (J and K) After mice received intrasplenic inoculation of 5 x 10° of
HCT116-luc cells stably transduced with Scramble or shCDK12 for 3 weeks, livers were isolated and fixed with Bouin’s solution.
Representative images of liver (J) and quantification of liver surface foci (K) were shown. Arrows indicated the distribution metastatic foci.

n =5 per group. (L) Sections of liver were stained with H&E (left) and the number of liver micrometastases was counted with a dissection
microscope (right). n = 3 each group. Scale bar: 100 um. (M) Two weeks after 5 x 10° HCT116 cells were subcutaneously injected into the flank
of BALB/C nude mice, the tumours were excised, divided into small pieces with 2-3 mm in diameter and orthotopically transplanted into the
nude mice. One day later, mice were randomly divided into two groups and administrated vehicle or SR-4835 for 2 months. Left:
representative gross photographs of the intestines and livers were shown. Arrows indicated the primary tumours in the intestines, and
metastatic foci in the liver. Right: quantification of liver surface metastatic nodules was shown. n = 5 per condition. (N) Sections of the liver
were stained with H&E (left) and the number of liver micrometastases was counted with a dissection microscope (right). n = 3 per condition.
Scale bar: 100 um. (O) After 5 x 10° HCT116 cells stably transduced with Scramble or shCDK12 were subcutaneously injected into the flank of
nude mice for 2 weeks, the tumours were excised, divided into small pieces with 2-3 mm in diameter and orthotopically transplanted into the
nude mice for 2 months. Left: representative gross images of the intestines and livers were shown. Arrows indicated the primary tumours in
the intestines, and metastatic foci in the liver. Right: quantification of liver surface metastatic nodules was presented. n = 5 each group. (P)
Sections of the liver were stained with H&E (left) and the number of liver micrometastases was counted with a dissection microscope (right).
n = 3 each group. Scale bar: 100 um. *p < .05; **p < .01; ***p < .001, Student’s t-test for results in (A), (B), (E), (F), (H), (), (K)-(P). ***p < .001,
one-way analysis of variance (ANOVA) with post hoc intergroup comparison by Tukey’s test for results in (C) and (D)
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FIGURE 5 CDKI2 inhibition restrains proliferation and survival of colorectal cancer (CRC) cells. (A) After CRC cells were treated with

increasing concentrations of SR-4835 for 24 h (HCT8 and COLO205 cells) or 48 h (HCT116 and SW620 cells), Western blotting analysis was
performed. (B) Human normal colonic epithelial cells (HCoEpiC and NCM460) and CRC cells (HCT116, HCT8, COLO205 and SW620) were
incubated with increasing doses of SR-4835 for 68 h, and then cell viability was measured by CCK8 assay. (C) After pretreated with increasing
concentrations of SR-4835, CRC cells were cultured in soft agar to assess colony-formation ability. (D-F) The effects of SR-4835 on xenografted
HCT116 cells were presented. Tumour size was plotted in the BALB/C nude mice treated with vehicle or 20 mg/kg SR-4835 (orally 5 days on, 2
days off per week). n = 6 per group, 1 X 10 cells per mouse (D). Representative images of tumours (E) and data of tumour weights from each
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We further examined whether suppression of CDK12
abrogated the in vivo outgrowth of CRC cells. Therefore,
xenograft mouse model bearing HCT116 cells was used.
The results showed that the increased of tumour vol-
ume and tumour weight were significantly alleviated by
SR-4835 treatment (Figure 5D-F). In addition, the THC
against Ki67 showed that SR-4835 treatment remarkably
decreased proliferation (Figure S3D). We next obtained
the cell lysates from the xenografted tumours, and to
perform Western blotting analysis, the data showed that
SR-4835 administration resulted in a remarkable decrease
in phosphorylation of RNA Pol I CTD at S2 instead of S5
(Figure S3E), indicative of the in vivo anti-CDK12 power
of SR-4835. More importantly, the in vivo anti-tumour
activity of SR-4835 was also observed in mice subcu-
taneously implanted with CDK12-silenced HCT116 cells
(Figures 5G-1 and S3F). These results suggest that inhibi-
tion of CDK12 by SR-4835 or abolished CDK12 expression
with shRNA impedes cellular proliferation and outgrowth
of xenografted cells in CRC.

3.6 | BCL2L1is a SE-associated survival
gene in CRC

The effect of SR-4835 on apoptosis in CRC cells was per-
formed. Annexin V-PI dual staining based on flow cytom-
etry analysis showed that SR-4835 treatment induced
dose-dependent apoptosis in CRC cells (Figure S3G). As
well, Western blotting results revealed that SR-4835 trigged
the activation of caspase-3 and increased specific cleav-
age of PARP in CRC cells (Figure S3H). Of importantly,
increased apoptosis was also detected by IHC staining with
antibody against active caspase-3 in SR-4835-administered
HCTI116 xenografts or CDK12-silenced xenograft tumours
(Figure S3D,F).

We next identified the expression of apoptosis-related
proteins to investigate the mechanism of apoptosis pro-
duced by SR-4835 in CRC cells. The results showed a

remarkable reduction in pro-survival Bcl-X; , while barely
affecting the other apoptotic-related proteins (e.g., Bcl-
2, Survivin, Mcl-1) (Figure 5J). Of note, we found that
SR-4835 treatment suppressed the expression of Bcl-Xj
in tumour lysates from xenografts detected by Western
blotting (Figure S3E). To further clarify the significance
of Bcl-X; in the SR-4835-induced apoptosis, empty vec-
tor or human Bcl-X; plasmid-expressed HCT116 cells
were established and exposed to SR-4835. We found that
forced overexpression of Bcl-X; significantly impaired the
SR-4835-induced apoptosis (Figure 5K,L), whereas knock-
down of Bcl-X; increased the sensitivity of HCT116 cells
to the SR-4835-induced apoptosis as evidenced by the pro-
tein change in cleavage of PARP and the percent of cell
death determined by trypan blue exclusion (Figure 5M,N).
These data suggest that CDK12 exerts pro-survival role via
regulation of Bel-Xj .

To further investigate the mechanism that CDK12 mod-
ulates Bcl-X;,, we analysed the ChIP-Seq signal of H3K27ac
in normal colon tissue and CRC cells. The result revealed
that the SE region at BCL2LI (encoding Bcl-X; ) gene loci
in CRC cells was acquired relative to normal colon tis-
sues (Figure 50). Consistently, TCGA data showed that
the BCL2L1 mRNA levels were robustly increased in CRC
tissues compared to healthy colon tissues, and positively
correlated with short overall survival in CRC patients
(Figures 5P and S4A). To confirm whether BCL2L1 was
regulated by SE, the CRISPR activation (CRISPRa) and
CRISPR inhibition (CRISPRi) systems to recruit either a
transcriptional activator or repressor complex to the indi-
vidual SE peak with a catalytically dead Cas9 (dCas9) were
employed.”*? The results revealed that use of the SAM
complex to SE peaks of BCL2L1 with four independent
msgRNAs significantly increased the transcriptional and
protein levels of Bcl-X;, in CRC cells (Figure S4B-D). In
contrast, the dCas9-KRAB repressor complex to the same
SE loci by sgRNAs significantly suppressed the expres-
sion of Bcl-X; (Figure S4B-D). We next explored how
CDKI12 regulated BCL2LI1. SR-4835 significantly inhibited

group (F) were shown. (G-I) CDK12 knockdown inhibits outgrowth of xenografted HCT116 cells, n = 6 each group. Tumour growth curve was
plotted in the nude mice bearing Scramble or CDK12-silenced HCT116 cells (n = 6 per group, 1 X 10 cells per mouse). Day 0 was denoted as
the point that the tumour volume in the CDK12-knockdown group reached ~50 mm?, which was 10 days after cell inoculation (referred to as
Day -10) (G). Representative images of tumours (H) and weights of tumours from each group (I) were shown. (J) The expression levels of
apoptosis-related proteins in SR-4835-treated CRC cells were detected by Western blotting assay. (K and L) After HCT116 cells were transfected
with Bcl-X; -encoding constructs with or without SR-4835 treatment, protein levels of PARP (K) and trypan blue exclusion assay were then
detected (L). (M and N) After HCT116 cells were transfected with lentiviral ShRNA against Bcl-X; with or without SR-4835 treatment, the
protein levels of PARP (M) and trypan blue exclusion assay (N) were then detected. (O) The signals of H3K27ac at BCL2LI (encoding Bcl-X; )
gene loci in normal colon tissue and CRC cells were plotted from the SEdb and dbCoRC database. (P) The mRNA levels of BCL2L1 in CRC
patients and normal adjacent colon tissues were obtained from The Cancer Genome Atlas Program (TCGA) in UALCAN website. (Q)
Quantitative real-time polymerase chain reaction (QRT-PCR) experiment analysed the mRNA level of BCL2LI in SR-4835-treated HCTI116 and
SW620 cells. ns, not significant; ***p < .001, Student’s t-test for results in (D), (F), (L), (N) and (P). ***p < .001, one-way analysis of variance
(ANOVA) with post hoc intergroup comparison by Tukey’s test for results in (G), (I) and (Q)
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the expression of BCL2L1 revealed by qRT-PCR analysis
(Figure 5Q). Moreover, knockdown of CDK12 instead of
CDK13, which shares highly conserved sequences with
CDK12, remarkably reduced the mRNA and protein lev-
els of Bcl-X; (Figure S4E,F), which indicates that the
expression of Bcl-X; was specifically regulated by CDK12
but not CDK13. To further evaluate whether the expres-
sion of BCL2LI was regulated by CDK12 through SE, we
performed ChIP-qPCR assay and found that SR-4835 treat-
ment remarkably decreased the occupancy of CDK12 and
RNA Pol IT on the SE region of BCL2LI with no obvious
change on the negative control region (NEG) (Figure S4G).
Overall, these findings confirmed the regulatory role of
SE in promoting BCL2L1 expression. Finally, to explore
the biological function of SE at BCL2LI gene loci, we
performed experiments and found that the SAM system
targeting individual SE peaks of BCL2L1 significantly facil-
itated cellular proliferation, migration and invasion, while
the dCas9-KRAB repressor complex resulted in contrast
results in CRC (Figure S4H,I). Collectively, these above
results imply that SEs regulated by CDK12 play an impor-
tant role in maintaining cellular malignant features that
are essential for metastasis through promoting the high
expression of BCL2L1.

3.7 | Inhibition of CDK12 diminishes
traits of CSCs

Given that CSCs undergo self-renewal to facilitate tumour
metastasis and recurrence, we wonder whether CDK12
inhibition affected traits of CSCs in CRC. Tumoursphere
formation and serially replating assay were used to eval-
uate the self-renewal capacity of CRC cells. The results
revealed that exposure of SR-4835 decreased the size and
number of tumourspheres in serial passages (Figure 6A).
Meanwhile, a reduced percentage of Aldefluor™ cell was
exhibited in SR-4835-treated CRC cells, which was detected
by flow cytometry analysis (Figure 6B,C).

In order to further ascertain the effect of CDK12 on
CSCs properties, we forced overexpression of CDK12 in
CRC cells (Figure 6D). Consistently, ectopic expression of
CDK12 significantly boosted CSC properties as displayed
the increased yields of tumoursphere (Figure 6E) and the
elevated percentage of Aldefluort cells (Figure 6F). In
contrast, silencing CDK12 significantly eliminated the abil-
ity of serial tumoursphere formation (Figure 6G,H) and
repressed the proportion of Aldefluor™ cells (Figure 61) in
CRC cells. Moreover, the in vivo limiting dilution assay
with HCT116 cells implanted into nude mice revealed that
SR-4835 treatment reduced CRC CSCs frequency 5.8-fold
(vehicle: 1.43 x 10~%; SR-4835: 2.44 x 10~7) (Figure 6J,K
and Table S5). These results suggest that blockade of SEs

CLINICAL AND TRANSLATIONAL MEDICINE

by inhibition of CDK12 eradicates the traits of CSCs in
CRC.

3.8 | CCDC137is a potential SE-associated
oncogene in CRC

To identify candidate SE-associated oncogenes contribute
to liver metastasis in CRC, we searched for candidate
genes based on: (i) they are associated with SEs in CRC
cells; (ii) they are ranked the top 10% of actively expressed
genes in RNA-Seq results; (iii) their transcriptional level
is selectively sensitive to low dose of SR-4835 treatment
(decreased more than 1.5-fold change) (Figure 7A). As
a result, seven candidate genes were obtained, namely,
DCBLD2, NTSR1, CAV1, CCDC137, CDC25B, PRKACB and
ZFP36 (Figure 7B). The qRT-PCR assay confirmed that
these seven genes were significantly decreased in both
HCTI116 and SW620 cells after CDK12 inhibition by SR-
4835 treatment or silencing CDK12 with lentiviral ShRNA
(Figure S5A,B). Of note, the expression levels of CCDC137
out of the seven genes was most abundant as examined
by qRT-PCR analysis in the MC38-LM3 sublines relative
to the parental MC38 cells (Figure 7C). In addition, among
the seven genes, DCBLD2,*> NTSRI1,” CAV1,*® CDC25B,*
PRKACB* and ZFP36*° have been demonstrated to be
involved in the malignant phenotype of CRC, while the
function of CCDC137 in CRC remains unknown. Thus, we
mainly focused on analysis of CCDC137 in the following
study:.

To confirm whether CCDCI37 is a candidate SE-
associated oncogene, the ChIP-Seq signal of H3K27ac in
normal colon tissue and CRC cells were analysed in the
SE databases. The result showed that the SE region of
CCDC137 in CRC cells was acquired relative to normal
colon tissues (Figure 7D). Accordantly, the higher level
of CCDC137 was found in CRC tissues relative to normal
tissues in TCGA database (Figure 7E). Moreover, the abun-
dant levels of CCDC137 were found in MC38-LM3 sublines
with highly hepatic metastatic ability (Figure 7F) and in
liver metastatic CRC patients as revealed by THC assay
(Figure 7G) and Western blotting (Figure S5C). We fur-
ther adopted the CRISPRa and CRISPRI systems to target
the individual SE peaks of CCDCI37 to evaluate the tran-
scriptional regulatory role of SE. The data revealed that
the CRISPRa system significantly activated the transcrip-
tional and protein levels of CCDC137, while the CRISPRi
systems exerted the opposite effect (Figure 7H-T). We next
verify whether the expression of CCDC137 was regulated
by CDK12. The data from qRT-PCR and Western blotting
revealed that CDK12 suppression with SR-4835 or shRNA
significantly inhibited the in vitro and in vivo expres-
sion of CCDC137 (Figure S5A,B,D-F). Moreover, CCDC137
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FIGURE 6 Targeting CDK12 impairs cancer stem-like properties in colorectal cancer (CRC). (A) SR-4835 repressed tumoursphere
formation and serially replating ability in CRC cells. After HCT116 and SW620 cells treated with 100 nM SR-4835 for 24 h, 5000 viable cells
were resuspended in stem cell culture medium and plated in the ultralow-attachment plates. On day 7, the number of tumoursphere were
counted and photographed. Five thousand viable cells were then harvested and re-plated per well for the secondary and tertiary rounds of
tumoursphere formation, respectively. Representative images of tumoursphere (left) and quantification data (right) were shown. Scale bar:
100 um. (B and C) SR-4835 decreased the percentage of Aldefluor* CRC cells. After HCT116 and SW620 cells were treated with 100 nM
SR-4835 for 24 h, the percentage of Aldefluor? cells was determined by flow cytometry. Representative flow cytometry dot for Aldefluor* CRC
cells (B) and quantification data from three independent experiments (C) were shown. (D) The overexpression efficiency of CDK12 in HCT116
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knockdown nearly had no effect on the expression of
CDK12, which suggests CDK12 is the regulator of CCDC137
(Figure S5G). Furthermore, disruption of CDK13 had little
effect on the mRNA and protein levels of CCDC137 (Figure
S5H,I), which indicates that the expression of CCDC137
was specifically regulated by CDK12 but not CDK13. To fur-
ther evaluate the regulatory role of CDK12 in SE loci, we
performed ChIP-qPCR assay and found that SR-4835 treat-
ment remarkably decreased the occupancy of CDK12 and
RNA Pol II on the SE region of CCDCI137 with no obvious
change on the NEG (Figure 7K). Together, these data sug-
gest that CCDC137 is a SE-associated gene modulated by
CDK12 in CRC.

To figure out the biological function of CCDCI137,
TCGA database was analysed. It was shown that the
mRNA levels of CCDC137 were not only increased with
advanced CRC stages (Figure S5J), but also positively
associated with lymph node metastatic stages of CRC
(Figure S5K). Moreover, the overexpressed CCDC137 was
positively correlated with short disease-free survival in
patients with CRC (Figure S5L). We further generated
CCDC137-disrupted CRC cell with CRISPRi system or
lentiviral sShRNA (Figure 7J,L). The results showed that
CCDC137 suppression greatly decreased proliferation of
CRC cells (Figure SSM-0) and colony formation assay
(Figure 7M), respectively. Besides, inhibiting CCDC137 sig-
nificantly obviated CSC properties as revealed by repressed
serial tumoursphere formation (Figure 7N,0) and the per-
centage of Aldefluort cells (Figure 7P). Collectively, these
findings indicate that CCDC137 may be a functionally
critical SE-associated oncogene in CRC.

3.9 | CDKI12regulates CCDC137 to
facilitate the characteristics of CSCs and
liver metastasis in CRC

Given that CCDC137 knockdown eliminated CSCs prop-
erties, we tested whether CCDCI137 was implicated in
the CDK12-mediated maintenance of CSCs. HCT116 cells
transducing with lentiviral CCDC137-encoding construct
were treated with SR-4835, followed by Western blotting
detection and CSCs traits evaluation. The results sug-
gested that forced expression of CCDC137 boosted the
capacity of tumoursphere formation and the percentage

of Aldefluor™ cells compared with vector-expressed cells
(Figure 8A-C). Moreover, ectopic expression of CCDC137
abrogated the SR-4835-induced reduction in serial tumour-
sphere formation capacity and Aldefluort cells proportion
(Figure 8A-C). Conversely, CCDC137 silencing atten-
uated the overexpression of CDKI2-induced elevation
of the serial tumoursphere formation capacity and the
Aldefluor* cells percentage (Figure 8D-F).

We further conducted experiments to determine the
effect of CCDC137 on metastasis in CRC. Migration and
invasion assays indicated that forced overexpression of
CCDCI137 with pTSB-CCDC137 cDNA or CRISPRa sys-
tem enhanced the capabilities of migration and inva-
sion in HCTI16 cells compared with vector-expressed
cells (Figures 8G and S5P). Besides, ectopic overexpres-
sion of CCDCI137 rescued the abrogated capabilities of
migration and invasion regulated by SR-4835 in HCT116
cells (Figure 8G). In contrast, inhibition of CCDC137 by
lentiviral ShRNA or CRISPRi system effectively decreased
the migratory and invasive capabilities in HCTI116 cells
(Figures 8H and S5P). Moreover, CCDCI137 silencing
reversed CDK12 overexpression-mediated increased capa-
bilities of migration and invasion (Figure 8H). Further-
more, the in vivo hepatic metastatic model by intrasplenic
implantation of HCT116-luc cells in nude mice was con-
ducted. The results unveiled that stably transduced with
CCDC137-encoding construct led to a significant eleva-
tion in the BLI intensity and in the number and size of
liver surface nodules (Figure 81-M). Meanwhile, CCDC137
overexpression also displayed a strong effect to reverse the
SR-4835-mediated inhibition of these two parameters of
liver metastasis (Figure 81-M). In summary, these results
suggest that CCDC137 is essential for CDK12 to maintain
CSCs traits and facilitate liver metastasis in CRC.

3.10 | CDKI12 expression is positively
correlated with CCDC137 in CRC patients

We further determined the correlation between CDKI12
and CCDC137 in human CRC tissues. Analysis of TCGA
database showed that a significant correlation between
CDK12 and CCDC137 was existed in CRC patients (Figure
S6A). Moreover, the mRNA levels of CDK12 were signifi-
cantly positively associated with CCDC137 mRNA levels in

and SW620 cells was examined by Western blotting assay. (E) Forced overexpression of CDK12 enhanced tumoursphere formation and serially
replating ability in CRC cells. (F) CDK12 overexpression boosted the percentage of Aldefluor* CRC cells. (G and H) Silencing CDK12
attenuated tumoursphere formation and serially replating ability in HCT116 (G) and SW620 cells (H). (I) CDK12 knockdown decreased the
percentage of Aldefluor™ CRC cells. (J and K) SR-4835 treatment inhibited the frequency of CSCs in HCT116 cells examined by limiting
dilution assay in nude mice, n = 5 per group. Representative image of tumours isolated from each group were shown (left) and the frequency
of CSCs in CRC after SR-4835 treatment was calculated (right). **p < .01; ***p < .001, Student’s t-test for results in (A), (C), (E) and (F). **p
< .001, one-way analysis of variance (ANOVA) with post hoc intergroup comparison by Tukey’s test for results in (G)-(I)
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FIGURE 7 (CCDCI37isidentified as a potential super-enhancer (SE)-associated oncogene in colorectal cancer (CRC) cells. (A) Venn
diagram displayed overlap of SR-4835-sensitive transcripts, SE-associated genes and the top 10% highest expressed genes in HCTI16 cells. (B)
Heatmap showed the RNA sequencing (RNA-Seq) result of candidate SE-associated genes in HCT116 cells after incubation with SR-4835 for

6 h. (C) The mRNA levels of candidate SE-associated genes were analysed by quantitative real-time polymerase chain reaction (QRT-PCR) in
parental MC38 cells and the third round of highly liver metastatic MC38 (MC38-LM3) subclones. (D) The signals of H3K27ac at CCDC137 gene
loci in normal colon tissue and CRC cells were plotted from the SEdb and dbCoRC database. (E) The transcriptional levels of CCDC137 were
shown in patients with CRC and normal adjacent tissues obtained from The Cancer Genome Atlas Program (TCGA) database. (F) The protein
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the 18 CRC biopsies as reflected by qRT-PCR assay (Figure
S6B,C). Notably, Western blotting detection indicated that
both the expression of CDK12 and CCDC137 were evi-
dently upregulated compared with the paired adjacent
normal tissues, and the protein levels of CDK12 were pos-
itively correlated with CCDC137 expression (Figure S6D).
In addition, IHC staining of the CRC tissues further veri-
fied that CDK12 expression was positively correlated with
CCDC137 expression (Figure S6E). The observations imply
that CDK12 regulation of CCDC137 may be crucial to the
development of CRC.

4 | DISCUSSION

Clarification of mechanism underlie liver metastasis and
identification novel candidate targets for CRC treatment
have long been desired. In this study, we found that SEs
were invovled in the malignant phenotype maintenance
and related with liver metastasis in CRC. CDKI12 as an
required role of the SE machinery was upregulated in
highly liver metastatic CRC cells and CRC patients. Per-
turbation of the SE-associated transcriptional addiction
by CDKI12 inhibition effectively eradicated metastatic-
associated cellular features, such as proliferation, survival
and CSCs in vitro and in vivo. Furthermore, we identi-
fied that BCL2L1 and CCDC137 were critical SE-associated
oncogenes by strengthening cellular survival, proliferation
and CSCs traits in CRC.

CDK12-modulated phosphorylation of S2 on the CTD of
RNA Pol II facilitates transcriptional elongation. In line
with this, our results indicated that after inhibition of
CDK12 with the inhibitor, SR-4835 or knockdown with
lentivirus shRNA, the amout of phosphorylation of S2 on
the CTD of RNA Pol II was remarkably decreased. In par-
ticular, SE-associated genes were striking downregulated
upon SR-4835 treatment or CDK12 depletion, which may
confer the sensitivity to CDK12 inhibition in CRC. Con-

3

sistent with our observations, Zhang et al.'* reported that

inactivation of CDK12 by small molecule THZ531 substan-
tially abrogates SE-associated transcriptional addiction in
T-cell acute lymphoblastic leukaemia. Moreover, CDK12
intervention affects the DNA damage response genes
expression in various cancer types including TNBC," hep-
atocellular carcinoma'’ and osteosarcoma,' resulting in
increased DNA damage. Consistently, SE-associated genes
and SR-4835-sensitive genes were found to be enriched
in DNA damage as displayed by GO analysis in CRC
cells. In addition, a strong DNA damage increase was also
detected in SR-4835-treated CRC cells and HCT116 sub-
cutaneous tumours from either SR-4835-treatment or the
CDKI12-knockdown group as reflected by the protein levels
of y-H2AX (Figure S7A-C). There are numerous stud-
ies regarding the synergy between silencing CDK12 and
PARP inhibitors or other DNA-damaging agents, including
olaparib, irinotecan in breast cancer.">' Furthermore, in
combination with the immune checkpoint inhibitors such
as anti-PD1, SR-4835 markedly enhances the killing effect
of tumour cells through enhancing the activation and func-
tion of dendritic cells and T cells.*’ In agreement with
these results, we found a strong synergistic activity against
CRC between SR-4835 and olaparib or PD-L1 inhibitor
BMS-202 (Figure S8A-D). Thus, inhibition of CDKI2 by
SR-4835 in combination with either PARP inhibitor or
immune checkpoint inhibitor may be a promising strategy
for CRC patients.

An important highlight of this study is that SEs drive
liver metastasis in CRC. Since SEs were initially found to be
implicated in liver metastasis through integrative analysis
of SE database and GEO database, we then determined to
explore the functional role of SEs in CRC liver metastasis.
Blocking SEs by CDKI12 inhibition significantly dimin-
ished liver metastasis by employing the liver metastatic
mouse model and orthotopic mouse metastatic model,
which confirmed SEs contributing to liver metastasis in
CRC. Mechanically, SEs enhanced the transcription of the

levels of CCDC137 were analysed by Western blotting assay in parental MC38 cells, the first, second and third round of highly liver metastatic
MC38 (MC38-LM1, MC38-LM2 and MC38-LM3) subclones. (G) Representative immunohistochemistry (IHC) images of CCDC137 expression
in primary CRC tissues and liver metastasis CRC tissues (left) and IHC score determined by multiply area score and light score (right) were
shown. Scale bar: 200 um (100x), 100 um (200x). (H) The schematic shows targeting SE region of CCDC137 with three individual gRNAs
(gCCDC137-1 to gCCDC137-3) utilising a CRISPR activation (CRISPRa) system with the transcriptional activator (SAM)-associated
catalytically dead Cas9 (dCas9) or a CRISPR inhibition (CRISPRi) system with the repressor complex (KRAB-MeCP2)-associated dCas9. (I)
The qRT-PCR results showed the mRNA levels of CCDC137 were elevated or reduced by employing the CRISPRa or CRISPRIi system targeting
individual SE peaks in HCT116 cells. (J) Western blotting showed the protein levels of CCDC137 were upregulated or downregulated by
introducing the CRISPRa or CRISPRIi system targeting individual SE peaks in HCT116 cells. (K) ChIP-qPCR results showed that treatment of
SR-4835 decreased the occupancy of CDK12 and RNA polymerase II (Pol IT) on the SE region of CCDC137 with no obvious alteration on the
negative control region (NEG) in HCT116 cells. (L) The knockdown efficiency of CCDC137 in HCT116 and SW620 cells were examined by
Western blotting. (M) Colony formation was detected in CDK12-depleted HCT116 and SW620 cells. (N and O) Silencing CCDC137 attenuated
tumoursphere formation and serially replating ability in HCT116 (N) and SW620 cells (O). (P) CCDC137 knockdown decreased the percentage
of Aldefluor™ cells in HCT116 and SW620 cells. **p < .01; ***p < .001, one-way analysis of variance (ANOVA) with post hoc intergroup
comparison by Tukey’s test for results in (C), (I), (M)—(P). **p < .01; ***p < .001, Student’s t-test for results in (E), (G) and (K)
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CCDC137 reverses the downregulated cancer stem cells (CSCs) traits and liver metastasis mediated by CDK12 inhibition in

colorectal cancer (CRC) cells. (A-C) HCT116 cells stably expressing of CCDC137 cDNA (pTSB-CCDC137) and empty vector (pTSB-Vector)
were treated with 100 nM SR-4835 for 24 h, followed by Western blotting analysis (A), tumoursphere formation assay (B) and Aldefluor assay
(C), respectively. (D) The efficiency of CCDC137 silence in CDK12-overexpressed HCTI116 cells were verified by Western blotting assay. (E)
Knockdown of CCDC137 rescued the boosted capacity of tumoursphere formation mediated by CDK12 overexpressing in HCT116 cells. (F)
Silence of CCDC137 reduced the increased percentage of Aldefluor™ cells mediated by CDK12 overexpressing in HCT116 cells. (G) HCT116
cells stably expressing of pTSB-CCDC137 and pTSB-Vector were treated with 100 nM SR-4835 for 24 h, and then subjected to migration (left)
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SEs-associated genes of CCDC137 and BCL2LI to boost
cellular proliferation, CSCs and survival in CRC cells,
respectively. In accordance with our findings, Yokoyama
et al.*! reported that inhibiting SEs by BRD4 inhibitors
JQ1 abrogates expression levels of ALDHI1A1l and other
stem-related genes, followed by decreasing chemother-
apy resistance and tumour relapse in ovarian cancer.
Zhang et al.*> documented that blocking SEs by CDK?7
inhibitor THZ2 suppresses the growth and metastasis in
osteosarcoma. Ye’s research group® and Dong et al.**
also demonstrated that disrupting SEs with JQ1 effectively
eliminates CSCs and halts metastasis in squamous cell
carcinoma.

A crucial characteristic of cancer is a strengthened
capacity for survival, which also is necessary for devel-
opment of metastasis.”> Dysregulation of the Bcl-2 family
members is the main mechanism of pro-survival or resis-
tance to apoptosis. Numerous cancers have increased
levels of Bcl-X; , a member of the Bcl-2 family, which has a
positive correlation with tumour grade and metastasis.?”*
It was found that Bcl-X; instead of Bcl-2 or Mcl-1
is required for cell survival and outgrowth during the
adenoma-to-carcinoma sequence of CRC.”’ Jin et al.*
reported that Bcl-X; inhibition resulted in a decrease
in cellular survival, eventually repressing forming overt
metastases in uveal melanoma. In accord with previous
studies, in samples of CRC relative to normal colon tis-
sues, Bcl-X; was overexpressed, and this was positively
linked with a worse prognosis in CRC patients. Moreover,
we found that Bcl-X; was driven by SE and significantly
reduced at transcriptional level after CDK12 inhibition
with SR-4835. Knockdown Bcl-X; by shRNA increased
sensitivity of CRC cells to SR-4835, whereas forced over-
expression of Bcl-Xj attenuated apoptosis induced by
SR-4835. Hence, our results suggest that Bcl-X; may offer
an attractive therapeutic target in metastatic CRC.

We further identified that CCDC137 driven by SE serves
as a critical oncogene to promote liver metastasis in CRC.
CCDC137, as one vital member of coiled-coil domain
containing (CCDC) family proteins, was overexpressed
and positively associated with worse prognosis in vari-
ous tumour types, such as liver hepatocellular carcinoma,

3

lower grade glioma and prostate adenocarcinoma.*® Simi-
larly, we observed that CCDC137 expression was elevated
in liver metastatic CRC patients and positively corre-
lated with advanced tumour stages and lymph node
metastatic stages of CRC. Furthermore, the overexpressed
CCDC137 was significantly correlated with short disease-
free survival as shown in TCGA database. Importantly,
previous studies demonstrated that CCDC family pro-
teins can promote proliferation, CSCs and metastasis of
cancer cells.**8 For example, CCDCS80 is the core reg-
ulator for self-renew in haematopoietic stem/progenitor
cell,*” which functions as a stemness biomarker in CRC.*8
In addition, Yang et al.*’ have reported that CCDC25
enhances metastasis via activation of the ILK-f-parvin
pathway in tumour cells. Therefore, it is conceivable that
CCDC137 might promote proliferation, CSC characteristics
and metastasis in CRC. As expect, we found that CCDC137
promoted liver metastasis by elevating proliferation and
traits of CSCs in CRC cells. Abolishing CCDC137 elicited
an effective elimination of CSCs, providing a therapeutic
opportunity in CRC treatment.

The current study has certain limitations. For instance,
the underlying mechanism of upregulated expression of
CDK12 in CRC is still not clear. Only ~8% cases of
CRC in TCGA database showed aberrant CDK12 genomic
alteration, including gene mutations, amplifications with
an unknown effect on its expression.’® Other potential
mechanisms (e.g., microRNA regulation, protein stability
alteration) for CDK12 dysregulation should to be further
investigated. Additionally, we found that CCDC137 was
an SE-associated oncogene and knockdown of CCDC137
inhibited proliferation and self-renewal capacity in CRC
cells. However, further research is required to determine
the precise molecular mechanism by which CCDC137
regulates cellular proliferation and stemness.

In conclusion, we discovered that SE landscape was
implicated in liver metastasis of CRC. CDKI2 as the
critical SE complex component was overexpressed in
liver metastatic CRC patients and associated with poor
prognosis. Suppression of CDKI12 significantly impaired
liver metastasis through blocking the transcription of
SE-associated genes in CRC. Furthermore, BCL2LI and

and invasion (right) assay. () Depletion of CCDC137 rescued the migration (left) and invasion (right) ability in CDK12-overexpressing
HCT116 cells. (I) The overexpression efficiency of CCDC137 in HCT116-1uc cells were examined by Western blotting assay. (J) Nude mice were

intrasplenically injected with 5 x 10° HCT116-luc cells stably expressing pTSB-CCDC137 or pTSB-Vector, followed by orally administrated with

vehicle or 20 mg/kg SR-4835 (5 days on, 2 days off per week) for 3 weeks. Representative images of photon flux (left) and quantification of

photon flux of liver metastases in nude mice on day 21 (right) were shown. n = 5 each group. (K and L) After mice treated with vehicle or
SR-4835 for 3 weeks, livers were isolated and fixed with Bouin’s solution. Representative images of liver (K) and quantification of liver surface
foci (L) were shown. Arrows indicated the distribution metastatic foci. n = 5 per group. (M) Representative images of haematoxylin—-eosin

(H&E) staining of liver section (left) and quantification of the number of liver metastatic foci in microscopic fields (right) were displayed. n = 3

each group. Scale bar: 100 um. (N) Proposed working model of targeting CDK12 effect on liver metastasis of CRC. *p < .05; **p < .01; ***p

<.001, one-way analysis of variance (ANOVA) with post hoc intergroup comparison by Tukey’s test for results in (B), (C), (E)-(H), (L) and (M)
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CCDC137 were found to be the key downstream SE-
associated genes of CDK12 to regulate metastasis-related
cellular features such as proliferation, survival and CSCs
(Figure 8N). Targeting CDK12 and SE-associated onco-
genic transcripts may be a potential therapeutic strategy to
inhibit hepatic metastasis in CRC.
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