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Background: CDK12 mutations occur in ovarian cancer.
Results: These mutations impaired CDK12 kinase activity. Additionally, disabling CDK12 in ovarian cancer cells reduced
BRCA1 levels and disrupted homologous recombination repair.
Conclusion: CDK12 mutations that impair kinase activity likely disrupt homologous recombination.
Significance: Defects in homologous recombination caused by CDK12 mutations may predict sensitivity to chemotherapy
agents, including poly(ADP-ribose) polymerase inhibitors.

Mutations in the tumor suppressors BRCA1 and BRCA2,
which encode proteins that are key participants in homologous
recombination (HR) repair, occur in �20% of high grade serous
ovarian cancers. Although only 20% of these tumors have muta-
tions in BRCA1 and BRCA2, nearly 50% of these tumors have
defects in HR. Notably, however, the underlying genetic defects
that give rise to HR defects in the absence of BRCA1 and BRCA2
mutations have not been fully elucidated. Here we show that the
recurrent somatic CDK12 mutations identified in ovarian can-
cers impair the catalytic activity of this kinase, which is involved
in the transcription of a subset of genes, including BRCA1 and
other DNA repair genes. Furthermore, we show that disabling
CDK12 function in ovarian cancer cells reduces BRCA1 levels,
disrupts HR repair, and sensitizes these cells to the cross-linking
agents melphalan and cisplatin and to the poly(ADP-ribose)
polymerase (PARP) inhibitor veliparib (ABT-888). Taken
together, these findings suggest that many CDK12 mutations
are an unrecognized cause of HR defects in ovarian cancers.

BRCA1 and BRCA2 mutations are found in �20% of high
grade epithelial ovarian cancers, the histotype that accounts for
two-thirds of ovarian cancer deaths (1–3). These tumor sup-
pressors maintain genomic stability by facilitating homologous
recombination (HR),2 a process that repairs double-stranded
DNA breaks and restores stalled replication forks (4). During
HR repair, BRCA1 coordinates the early steps of this repair
pathway by interacting with proteins that process DNA into

single-stranded DNA tracts, which are then coated with
RAD51, in a process facilitated by BRCA2 (5). These RAD51-
single-stranded DNA filaments then serve as substrates during
the search for homologous sequences to complete the HR
repair process. Correspondingly, cells with defects in BRCA1 or
BRCA2 exhibit impaired HR repair (2, 6), which causes sensi-
tivity to DNA-damaging agents that inflict lesions repaired by
HR. One such lesion is an interstrand DNA cross-link, which is
induced by cross-linkers such as cisplatin and other platinum
salts that are the backbone of ovarian cancer therapies (2). Simi-
larly, cells exhibiting HR defects are also selectively sensitive to
poly(ADP-ribose) polymerase (PARP) inhibitors (7–9). Consis-
tent with these findings, PARP inhibitors have shown impressive
activity in BRCA1/2-mutant ovarian cancers (10–13).

Although only 20% of ovarian cancers harbor BRCA1 or
BRCA2 mutations, nearly 50% of ovarian cancers show defects
in HR repair (1). This phenomenon has been attributed to loss
of BRCA1 expression (due to BRCA1 promoter methylation)
and rare mutations in other genes that directly participate in
HR (3, 6, 14). Despite this progress, it remains unclear whether
the full spectrum of genetic alterations that cause HR defects
has been identified.

A high throughput exome sequencing effort of 316 high
grade serous ovarian cancers by The Cancer Genome Atlas
Research Network uncovered a series of genes that are recur-
rently mutated (3). One of the most frequently altered genes
was CDK12, which was mutated in �3% of these tumors, a
prevalence similar to that observed for somatic mutations in
BRCA1 (3.5%) and BRCA2 (3.2%) in this series. Interestingly,
although CDK12 is not known to directly participate in HR, a
recent study showed that depleting CDK12 reduced levels of
BRCA1 and other proteins (e.g. ATR, FANCI, and FANCD2)
involved in responses to DNA damage (15). In this study, the
mechanistic basis for reduced BRCA1 expression was ascribed
to the ability of CDK12 to phosphorylate Ser-2 in the heptapep-
tide repeat (Tyr-Ser-Pro-Thr-Ser-Pro-Ser) located in the
C-terminal domain (CTD) of RNA polymerase II, an event that
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regulates mRNA elongation (15, 16). Although Ser-2 CTD
phosphorylation is generally attributed to CDK9 (17), a kinase
that is closely related to CDK12, these studies firmly established
that 1) CDK12 also phosphorylates this site and 2) CDK12 reg-
ulates a small subset of genes, including BRCA1.

Notably, however, the functional effects of the CDK12 muta-
tions identified in ovarian cancers have not been evaluated.
Also, it remains unclear whether CDK12 mutations affect HR in
ovarian cancer cells and whether disabling CDK12 sensitizes
cells to DNA-damaging agents and PARP inhibitors. Here we
show that 1) nearly all ovarian tumor-associated CDK12 kinase
domain mutations severely impede catalytic activity, 2) cells
expressing catalytically inactive CDK12 have defects in HR, and
3) disabling CDK12 in ovarian cancer cells not only disrupts HR
but also robustly sensitizes cells to DNA cross-linking agents
and PARP inhibitors. Taken together, these observations sug-
gest that ovarian cancer-associated CDK12 mutations cause
HR defects, a finding that may help identify tumors that will
respond to specific therapeutic interventions, including PARP
inhibitors.

EXPERIMENTAL PROCEDURES

Materials—Antibodies and suppliers were as follows: RAD51
(Calbiochem, PC130), BRCA1 (Cell Signaling Technology,
9010), CDK12 (Sigma, WH0051755M2), HSP90 (D. Toft, Mayo
Clinic, H9010), S-peptide (18), hemagglutinin (HA, 12CA5,
Covance), fluorescein isothiocyanate-conjugated donkey anti-
rabbit immunoglobulin G, tetramethylrhodamine isothiocya-
nate-conjugated goat anti-rabbit immunoglobulin G (Jackson
ImmunoResearch), and horseradish peroxidase-conjugated anti-
mouse or anti-rabbit immunoglobulin G (Cell Signaling Technol-
ogy). Other reagents were obtained as follows: cisplatin (Teva
Pharmaceuticals), veliparib (ABT-888) (Selleck Chemicals or
ChemieTek), streptavidin-agarose (Millipore), and [�-32P]ATP
(MP Biomedicals, 38101X). Glutathione S-transferase (GST)-
CTD was expressed in Escherichia coli and purified using standard
methods. siRNAs (Dharmacon) used were: luciferase, 5�-CTTAC-
GCUGAGUACUUCGA-3� (19); BRCA1-1, 5�-GUGGGUGUU-
GGACAGUGUA-3� (20); CDK12-1, 5�-GAAAGAAGACAAAC-
AGAAA-3�; CDK12-2, 5�-GAGACUAGACAAUGAGAAA-3�;
CDK12-3, 5�-GAAGAACAGTATTGACATA-3�; and CDK12-5,
5�-GTAGATACAAGTAGAGAAT-3�. All other reagents were
from Sigma-Aldrich.

Cell Lines, Cell Culture, and Transfections—OVCAR-3 and
K562 cells were from the American Type Culture Collection
(Manassas, VA). OVCAR-5 and OVCAR-8 were gifts from D.
Scudierio (NCI, National Institutes of Health), and OVCAR-8-
DR-GFP, which has a genomically integrated DR-GFP sub-
strate for HR repair assays, was described previously (21).
OVCAR-3 cells were cultured in RPMI 1640 medium supple-
mented with 8% fetal bovine serum (Atlanta Biologicals or
Sigma) and 10 �g/ml insulin. All other cells were cultured in the
same medium but without insulin. Cells were expanded upon
receipt, cryopreserved, and reinitiated from cryopreserved
stocks every 3– 6 months. Transfection of siRNAs and plasmids
was as described (21).

DR-GFP HR Assays, Clonogenic Assays, Cell Cycle Analysis,
and Immunoblotting—Analysis of OVCAR-8-DR-GFP cells
transfected with pC�ASceI was described previously (21).
Clonogenic assays, cell cycle analysis, and immunoblotting
were performed as described (22, 23).

Plasmids—Human CDK12 cDNA (BC140854, Open Biosys-
tems) and CDK9 cDNA (Addgene plasmid 28102 (24)) were
subcloned into the pSFB vector, which appends in-frame,
N-terminal S-peptide, FLAG, and streptavidin-binding peptide
tags (25). Rat cyclin K cDNA (BC129121, Open Biosystems) was
subcloned into pcDNA3 (Invitrogen) containing tandem C-ter-
minal HA tags. RNA polymerase II CTD was amplified from
mouse genomic DNA and subcloned into pGEX-KG to create
an in-frame fusion to GST. CDK12 mutations were generated
using QuikChange site-directed mutagenesis (Agilent). All
plasmids generated were confirmed by Sanger sequencing.

FIGURE 1. CDK12 mutations identified in ovarian cancer impair kinase
activity. A, CDK12 mutations identified in ovarian cancers. fs*, frameshift that
causes premature truncation. B, detergent-soluble proteins from K562 cells
transfected with empty vector (EV) or transiently expressing SFB-tagged
CDK9, wild-type CDK12, or CDK12 mutants were immunoblotted for cyclin
K-HA expression (bottom panel) or were precipitated with streptavidin-aga-
rose (precipitates SFB tag), washed, and subjected to kinase assays with
GST-CTD and [�-32P]ATP as substrates. Kinase reactions were separated by
SDS-PAGE and transferred to Immobilon P membrane, and 32P-labeled GST-
CTD products were detected by autoradiography (Autorad, top panel). The
membrane was then immunoblotted with anti-S peptide antibody, which
detects the SFB tag (middle panel). C, phosphorimaging quantitation of
[32P]CTD from four independent experiments, mean � S.D.
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CDK12 in Vitro Kinase Assay—K562 cells (1.5 � 107 cells)
transfected with the indicated plasmids were cultured for
16 –24 h and lysed in 30 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5
mM MgCl2, 0.5% Triton X-100, 1 mM Na3VO4, 10 mM 2-glycer-
ophosphate, 10 �g/ml leupeptin, 5 �g/ml aprotinin, 5 �g/ml
pepstatin, 20 nM microcystin-LR. The cleared lysate was incu-
bated with streptavidin-agarose beads with rotation for 2–3 h at
4 °C. Beads were washed three times with lysis buffer supple-
mented with 500 mM NaCl, 1% Triton X-100, and 0.1% SDS
(without leupeptin, aprotinin, pepstatin, and microcystin-LR);
washed twice with 40 mM HEPES, pH 7.6, 0.5 mM EDTA, 0.5

mM EGTA, 1 mM 2-glycerophosphate, 1 mM NaF, 2 mM dithio-
threitol, and 2 mM magnesium acetate; and incubated with 20
�l of kinase reaction mix containing 4.8 �g of GST-CTD, 20
�Ci of [�-32P]ATP, and 50 �M ATP. The reaction was incu-
bated for 10 min at 30 °C, stopped with SDS-PAGE sample
buffer, heated to 95 °C for 5 min, separated by SDS-PAGE, and
transferred to Immobilon-P. Membrane-bound radioactivity
was detected and quantitated by phosphorimaging (Storm, GE
Healthcare) before immunoblotting to detect tagged proteins.

RAD51 Foci Assay—To assess the impact of BRCA1 and
CDK12 depletion on RAD51 foci formation, OVCAR-8 cells

FIGURE 2. CDK12 depletion causes HR defects in ovarian cancer cell lines. A–C, OVCAR-8 cells were transfected twice with control luciferase (Luc), BRCA1-1,
CDK12-1, or CDK12-2 siRNAs. 48 h after transfection, the cells were analyzed for CDK12, BRCA1, and RAD51 expression (A), analyzed for DNA content (B), or
irradiated with 10 grays of ionizing radiation and stained to detect RAD51 foci (C). Mean � S.D., n � 4; p values by paired t test. D, OVCAR-8-DR-GFP cells
transfected with pC�ASceI plasmid plus control luciferase (Luc), BRCA1, CDK12-1, or CDK12-2 siRNAs were analyzed by flow cytometry for GFP fluorescence
72 h after transfection. Data in D were normalized to luciferase-transfected cells for each experiment. Mean � S.D., n � 4; p values by paired t test.
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were transfected twice with siRNAs. To determine how CDK12
mutants affect RAD51 foci formation, OVCAR-8 cells were
transfected with CDK12 siRNAs (CDK12-3 and CDK12-5) that
target the 3�-untranslated region of endogenous CDK12, and
24 h later they were transfected with the same siRNAs plus
empty vector or plasmids that encode wild-type or mutant SFB-
tagged CDK12 (which also encodes enhanced green fluorescent
protein to identify transfected cells). For both experimental
approaches, 40 – 48 h after the second transfection, cells were
plated in 8-well chamber slides (Lab-Tek II), allowed to attach
for 4 – 6 h, irradiated with 10 grays of ionizing radiation (RS-
2000, RadSource), incubated at 37 °C for 18 –22 h, fixed in 4%
paraformaldehyde in PBS for 10 min, and permeabilized in
0.25% Triton X-100 in PBS. Slides were blocked in PBS contain-
ing 3% bovine serum albumin and 0.05% Triton X-100, incu-
bated with 1:250 dilution anti-RAD51 antibody (Calbiochem)
for 2 h at 20 °C, and stained with 1:200 dilution fluorescein
isothiocyanate-conjugated donkey anti-rabbit immunoglobu-
lin G (for cells transfected with siRNAs only) or 1:200 dilution
tetramethylrhodamine isothiocyanate-conjugated goat anti-
rabbit immunoglobulin G (for cells transfected with siRNAs
plus plasmids). Cells were then counterstained with 1 �g/ml
Hoechst 33342. For cells transfected with siRNAs only, 100
cells were counted. For cells transfected with siRNAs plus plas-
mids, 100 enhanced green fluorescent protein-positive cells
were counted. For both assays, cells with more than five foci
were considered positive for RAD51 foci formation (26, 27).
Images were acquired with a Zeiss LSM 510 microscope and
processed with the manufacturer’s software.

RESULTS

Tumor-associated CDK12 Mutations Abrogate Catalytic
Activity—The ovarian cancer-associated CDK12 mutations
identified by The Cancer Genome Atlas Network exome
sequencing effort (3) can be roughly divided into two groups. In
one group, frameshift or point mutations introduce premature
stop codons that precede the kinase domain such that the pre-
dicted protein would not have kinase activity (Fig. 1A). In the
second group, missense, frameshift, or deletion mutations
occur in the kinase domain itself (amino acids 719 –1051).
Notably, however, the effects of the kinase domain mutations
on CDK12 catalytic activity have not been characterized.
Therefore, we compared the kinase activities of wild-type
CDK12 with the kinase domain mutants using RNA polymer-
ase II CTD as a substrate. Wild-type and mutant SFB-tagged
CDK12s were transiently expressed with HA-tagged cyclin K,
the cyclin partner for CDK12 (28, 29), and the CDK12 com-
plexes were purified by streptavidin-agarose bead precipitation.
As controls for these experiments, we transfected cells with
SFB-tagged CDK9 (which also phosphorylates RNA polymer-
ase CTD) and with CDK12 mutants (K756R and D877N), which
disrupt the conserved catalytic lysine and the conserved DFG
motif, respectively, and are predicted to inactivate the kinase.
We observed that wild-type CDK12 phosphorylated the CTD
substrate nearly as effectively as CDK9 (Fig. 1B), and that the
K756R (catalytic lysine) and D877N (conserved DFG motif) had
severely impaired kinase activity, thus validating the assay.
Importantly, all but one of the kinase domain mutations

(K975E) severely disrupted kinase activity (Fig. 1, B and C).
Taken together, these results show that many, but not all,
CDK12 kinase domain mutations found in ovarian cancers
inactivate its catalytic activity.

CDK12 Depletion Decreases Homologous Recombination—
To test the effect of disabling CDK12 in ovarian cancer cells, we
transfected OVCAR-8 cells, which contain wild-type BRCA1
(30) and CDK12 (31), with two independent siRNAs that target
CDK12. As shown in Fig. 2A, CDK12 depletion markedly
reduced BRCA1 levels in these cells, consistent with results
previously reported in HeLa cells (15), but did not appreciably
alter the cell cycle (Fig. 2B). To determine whether CDK12
depletion affected HR, we next examined the assembly of
RAD51 foci at sites of double-strand breaks induced by ionizing
radiation and the ability of the cells to carry out HR repair of a
genomically integrated DR-GFP substrate, which is composed
of tandem inactive green fluorescent protein (GFP) fragments
that flank an I-SceI restriction enzyme site (32). Depletion of
BRCA1 blocked ionizing radiation-induced RAD51 foci forma-
tion (Fig. 2C) and HR repair of the DR-GFP substrate following
I-SceI expression (Fig. 2D). Similarly, CDK12-depleted cells
also formed fewer RAD51 foci (Fig. 2C) and showed reduced
recombination repair of DR-GFP (Fig. 2D). Collectively, these
results show that disabling CDK12 reduces BRCA1 levels and
disrupts HR repair in ovarian cancer cells.

FIGURE 3. Kinase-dead and tumor-associated CDK12 mutations cause
HR defects in ovarian cancer cells. OVCAR-8 cells were transfected with
luciferase (Luc) or CDK12-3 plus CDK12-5 siRNAs. 24 h later the cells were
transfected with the same siRNAs plus empty vector (EV) or plasmids
encoding SFB-tagged wild-type CDK12, kinase-dead CDK12 (K756R), or
the tumor-associated mutant CDK12 (G909R). 40 – 48 h after the second
transfection, cells were analyzed for SFB-CDK12 expression (S-tag) and
endogenous CDK12 expression (A) or were irradiated with 10 grays of
ionizing radiation and stained to detect RAD51 foci (B). Mean � S.D., n � 3;
p values by paired t test.
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Tumor-associated CDK12 Mutant Decreases Homologous
Recombination in Ovarian Cancer Cells—To determine whether a
catalytically inactive CDK12 mutant causes HR defects in ovar-
ian cancer cells, we depleted OVCAR-8 cells of endogenous
CDK12 by cotransfecting two siRNAs that target the 3�-un-
translated region. These cells were then additionally trans-
fected with empty vector or plasmids that encode wild-type
CDK12, kinase-dead CDK12 (K756R), or a tumor-associated
CDK12 (G909R) mutant (all of which lack the 3�-untranslated
region). CDK12-depleted OVCAR-8 cells reconstituted with

the wild-type CDK12 restored CDK12 levels (Fig. 3A) and the
formation of RAD51 foci (Fig. 3B). In contrast, expression of
either the kinase-dead (K756R) or tumor-associated CDK12
mutant (G909R) at similar levels (Fig. 3A) did not restore
RAD51 foci (Fig. 3B). Accordingly, these results indicate that
catalytically inactive tumor-associated CDK12 mutants disrupt
HR in ovarian cancer cells.

CDK12 Depletion Sensitizes Ovarian Cancer Cells to DNA
Cross-linking Agents and PARP Inhibition—Defects in HR sen-
sitize cells to DNA-damaging agents that inflict lesions repaired

FIGURE 4. CDK12 depletion sensitizes ovarian cancer cell lines to DNA cross-linking agents and PARP inhibitors. OVCAR-8 (A–D), OVCAR-5 (E and F), or
OVCAR-3 (G and H) cells were transfected with control luciferase (Luc), BRCA1, CDK12-1, or CDK12-2 siRNAs. 48 h after transfection, cells were analyzed for
BRCA1 and CDK12 by immunoblotting (A, E, and G) and used in clonogenic assays. For clonogenic assays, cells were plated (OVCAR-8 and OVCAR-5, 300 cells
per well; OVCAR-3, 2000 cells per well), allowed to adhere for 4 – 6 h, treated with cisplatin (C) for 24 h, washed, and re-fed. Alternatively, cells were treated with
melphalan (B) or veliparib (D, F, and H) continuously and allowed to form colonies for 9 –14 days. Colonies (�50 cells) were stained with Coomassie Blue and
manually counted. Results shown are representative of four (OVCAR-8) and three (OVCAR-5) independent experiments.
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by this pathway, such as interstrand DNA cross-links. Further-
more, cells harboring defects in BRCA1, BRCA2, and other HR
components are hypersensitive to PARP inhibitors when com-
pared with cells with functional HR repair. To determine
whether CDK12 sufficiently disrupts HR repair to sensitize to
these agents, we treated cells with two cross-linking agents, mel-
phalan, a bifunctional alkylating agent, and cisplatin, which is used
to treat ovarian cancer, as well as the PARP inhibitor veliparib
(ABT-888). Consistent with the defects in RAD51 foci formation
and HR repair, CDK12- and BRCA1-depleted OVCAR-8 cells
(Fig. 4A) were sensitized to melphalan (Fig. 4B), cisplatin (Fig. 4C),
and the PARP inhibitor veliparib. Similarly, depletion of CDK12
and BRCA1 (Fig. 4E) from OVCAR-5 cells, which have wild-type
BRCA1 (30) but harbor a mutation of unknown significance out-
side the kinase domain of CDK12(P1266L) (31), sensitized these
cells to veliparib (Fig. 4F). Notably, even in OVCAR-3 cells, which
have wild-type BRCA1 (30) and CDK12 (31), but in which BRCA1
levels are below our detection limit (data not shown), both BRCA1
and CDK12 depletion (Fig. 4G) sensitized cells to veliparib (Fig.
4H).

DISCUSSION

A recent reanalysis of the large scale exome sequencing data
of ovarian tumors found that CDK12 is frequently biallelically
mutated in these tumors (33), raising the possibility that
CDK12 is a tumor suppressor. Notably, however, the effects of
these mutations on CDK12 kinase activity have not been previ-
ously assessed, thus limiting our understanding of how they
may impact ovarian cancer biology. Here we show that the vast
majority of kinase domain mutations abrogate catalytic activity.
This finding, taken in conjunction with the finding that CDK12
mutations occur in both alleles (33), suggests that ovarian
tumors harboring inactivating CDK12 mutations have severely
impaired CDK12 function.

Our studies to address the consequences of disabling CDK12
in ovarian cancer cells confirmed that CDK12 depletion dimin-
ished BRCA1 levels in ovarian cancer cells. We note, however,
that it is unlikely that BRCA1 is the only CDK12 target that
contributes to effective HR. For example, depletion of ATR,
which is also reduced by CDK12 knockdown (15), also disrupts
HR (21). Similarly, CDK12 depletion also reduced the levels of
FANCI and FANCD2 (15), two proteins that, when down-reg-
ulated, cause sensitivity to PARP inhibitors (8), a hallmark of
defective HR.

Our further analyses of CDK12 revealed that depleting
CDK12 reduced RAD51 foci formation and HR repair, two phe-
notypes that are associated with HR defects. Additionally, the
kinase-dead CDK12 K756R mutant and the tumor-associated
CDK12 G909R mutant did not restore impaired RAD51 foci
formation, thus demonstrating that CDK12 catalytic activity is
required for this function and showing that the catalytically
impaired, tumor-associated CDK12 mutants also disrupt HR.
Consistent with these findings, we then showed that depleting
CDK12 sensitized ovarian cancer cells to the DNA cross-link-
ing agent cisplatin, a representative of a drug class that is the
backbone of ovarian cancer treatments. Finally, we showed that
CDK12 depletion sensitized multiple ovarian cancer cell lines
to PARP inhibition, an exciting therapeutic approach that relies

on the synthetic lethality of PARP inhibition in cells with
defects in HR repair.

While this manuscript was under revision, another study
found that CDK12 depletion sensitized cells to PARP inhibition
in a genome-wide synthetic lethality screen (34). Our results
extend these observations by showing that the majority of
tumor-associated CDK12 kinase domain mutations actually
inactivate the catalytic activity of CDK12 and demonstrating
that CDK12 catalytic activity is required for optimal homolo-
gous recombination.
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