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Cyclin-dependent kinase 9 (CDK9) and CDK12 have each been demonstrated to phosphorylate the RNA polymerase II C-termi-
nal domain (CTD) at serine 2 of the heptad repeat, both in vitro and in vivo. CDK9, as part of P-TEFb and the super elongation
complex (SEC), is by far the best characterized of CDK9, CDK12, and CDK13. We employed both in vitro and in vivo assays to
further investigate the molecular properties of CDK12 and its paralog CDK13. We isolated Flag-tagged CDK12 and CDK13 and
found that they associate with numerous RNA processing factors. Although knockdown of CDK12, CDK13, or their cyclin part-
ner CCNK did not affect the bulk CTD phosphorylation levels in HCT116 cells, transcriptome sequencing (RNA-seq) analysis
revealed that CDK12 and CDK13 losses in HCT116 cells preferentially affect expression of DNA damage response and snoRNA
genes, respectively. CDK12 and CDK13 depletion also leads to a loss of expression of RNA processing factors and to defects in
RNA processing. These findings suggest that in addition to implementing CTD phosphorylation, CDK12 and CDK13 may affect
RNA processing through direct physical interactions with RNA processing factors and by regulating their expression.

The largest subunit of RNA polymerase II (Pol II), Rpb1, con-
tains a C-terminal domain (CTD) consisting of 52 heptad re-

peats of the YSPTSPS consensus sequence in humans (1). The
CTD is phosphorylated within these repeats, including at ser-
ines 2, 5, and 7 (Ser2, Ser5, and Ser7, respectively) (2). The
CTD serves as a phosphorylation-regulated platform for the
recruitment of transcription factors, RNA processing factors,
and chromatin modifiers, which affect mRNA synthesis, co-
transcriptional processing, and histone modifications during
the transcription cycle (3).

The CTD undergoes a cycle of phosphorylation and dephos-
phorylation during the transcription cycle of initiation, elonga-
tion, and termination (4). During transcription initiation and
early transcription, Ser5 of the CTD is phosphorylated by the
cyclin-dependent kinase 7 (CDK7) subunit of the basal transcrip-
tion factor TFIIH (2, 5). The positive transcription elongation
factor, P-TEFb (comprised of CDK9 and cyclin T), regulates tran-
scription elongation through phosphorylation of the CTD at Ser2
(6). P-TEFb also phosphorylates negative elongation factor
(NELF) (7) and DRB sensitivity-inducing factor (DSIF) (8) dur-
ing the transition to productive elongation.

In the budding yeast Saccharomyces cerevisiae, there are two
complexes for CTD Ser2 phosphorylation: the Bur1/Bur2 com-
plex and the Ctk1/Ctk2/Ctk3 (CTDK) complex. The Bur complex
implements CTD phosphorylation early in the transcription cycle,
while the Ctk complex implements CTD phosphorylation during
the elongation phase of RNA Pol II (9). CDK9 was long considered
to be the only CTD Ser2 kinase in metazoans, but recently the
Drosophila dCdk12/dCyclin K complex was shown to be the major
CTD Ser2 kinase implementing Ser2 phosphorylation during the
elongation stage, analogous to the S. cerevisiae Ctk1/2 complex
(10). In humans, there are two proteins (CDK12 and CDK13) that
are homologous to dCdk12 (11). Two studies (11, 12) have dem-
onstrated that human CDK12 can interact with CCNK and phos-
phorylate a recombinant CTD in in vitro CTD kinase assays.

CDK12, CDK13, and CCNK are highly expressed in mouse em-
bryonic stem cells and are required for stem cell self-renewal (13).
Furthermore, in Caenorhabditis elegans, CDK12 was shown to be
the predominant germ line Ser2 kinase, but its loss did not lead
to bulk changes in CTD phosphorylation in somatic cells (14).
CDK12 in mammalian cells has been shown to regulate DNA
damage response genes and is required for genome stability
(11, 15).

CDK12 and CDK13 each contain N-terminal arginine-serine
(RS) dipeptide-rich regions, which are frequently found in splic-
ing factors and regulators of RNA processing (16). Consistent
with a role in RNA processing, CCNK, CDK12, and CDK13 are
localized in nuclear speckles, which are subnuclear structures en-
riched for splicing factors (16, 17). CDK12 has been shown to
regulate the splicing pattern of an E1a minigene in P19 cells (18),
neurexin V in glial cells (19), and 3=-end processing of MYC in
HeLa cells (20). CDK13 was demonstrated to interact with the
splicing factor SRSF1 and to regulate the alternative splicing of
HIV (21, 22). However, the relative roles of CDK12 and CDK13 in
these processes are largely unknown.

In this study, we used biochemical and genome-wide ap-
proaches to better understand the cellular functions of CDK12
and CDK13. We found that CDK12 and CDK13 associate with a
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large number of splicing factors and that they positively regulate
the expression of a large number of genes. Depletion of CDK12 or
CDK13 could downregulate gene expression and result in defects
in RNA processing, with little effect on global CTD phosphoryla-
tion. We propose that in mammalian cells, in addition to CTD
phosphorylation, CDK12 and CDK13 may have additional roles
in RNA processing through interacting directly with RNA pro-
cessing factors and by regulating their expression.

(This work was performed to fulfill, in part, requirements for
the Ph.D. thesis research of K. Liang as a student registered with
the Open University.)

MATERIALS AND METHODS
Expression plasmids and cell lines. Human CDK12 and CDK13 cDNAs
were purchased from Open Biosystems. The cDNAs were PCR amplified
and cloned into the pCDNA5/FRT-TO plasmid (Invitrogen) with a Flag
tag at the N terminus. The expression plasmids were transfected into 293
Flp-in-TRex cells with the plasmid POG44 and selected with hygromycin
to generate stable cell lines. The expression of Flag-tagged proteins was
induced with 1 �g/ml tetracycline for 48 h. HEK-293T and HCT116 cells
were purchased from ATCC. Flp-in-TRex (Invitrogen) and HCT116 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS).

Antibodies. The monoclonal antibody E7, recognizing alpha tubulin,
was purchased from the Developmental Studies Hybridoma Bank. The
M2 Flag monoclonal antibody was purchased from Sigma. The cyclin K
(CCNK) antibody (A301-939A) was purchased from Bethyl Laboratories.
Pol II unphosphorylated (8WG16), Ser2P (H5), and Ser5P (H14) CTD
antibodies were purchased from Covance. Pol II Ser2P (3E10), Ser5P
(3E8), and Ser7P (4E12) antibodies were purchased from Millipore. His-
tagged human CDK12 (amino acids [aa] 1207 to 1481) and CDK13 (aa
1137 to 1463) C-terminal regions were used to generate their respective
antisera in rabbits.

RNA interference (RNAi) and reverse transcription-quantitative
PCR (RT-qPCR). TRC lentiviral human CDK12 (RHS4533; accession
no. NM_015083), CDK13 (RHS4533; accession no. NM_003718), and
CCNK (RHS4533; accession no. NM_001099402) short hairpin RNA
(shRNA) sets were purchased from Open Biosystems. Lentiviral particle
preparation and infection were performed as previously described (23).
Total RNA was extracted with TRIzol reagent (Invitrogen), and residual
DNA was digested with RNase-free DNase I (NEB). RNA levels were mea-
sured with Power SYBR master mix (Invitrogen).

Primers for RT-qPCR had the following sequences (5= to 3=): for
CDK9, AGC TCG CCA AGA TCG GCC AAG and ATC TCC CGC AAG
GCT GTA ATG GG; for CDK12, TGG ACT TGC TCG GCT CTA TAA
CTC and CCC AAG AAT ACA TCC ACA GCT CCA; for CDK13, ACG
TGT CCC CTA GTC CCT ACA and GCC TAG ATG AAT ACG GGC TTC
TG; for CCNK, CTC CCA AAG AAG AGA ACA AAG CA and AGG CAA
CGG TGG ATG AGT G; for BRCA1, TTC ACC CTC TGC TCT GGG TA
and TGG TCA CAC TTT GTG GAG ACA; for APEX1, GAG TAG GGC
AAC GCG GTA AA and TTC TTT GCG GCC GTC TTA CT; and for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), AGC CAC ATC
GCT CAG ACA C and GCC CAA TAC GAC CAA ATC C.

Flag purification, MudPIT analysis, and size-exclusion chromatog-
raphy. Nuclear extract preparation and Flag affinity purifications were
performed with M2 anti-Flag–agarose (Sigma) in the presence of Benzo-
nase (Sigma). Flag peptide eluates were precipitated with trichloroacetic
acid (TCA). After washing with acetone, the protein mixtures were di-
gested with endoproteinase Lys-C and trypsin (Roche) and analyzed by
multidimensional protein identification technology (MudPIT) as previ-
ously described (24). The eluates from the Flag purifications of CDK12
and CDK13 were individually subjected to a Superose 6 HR size-exclusion
chromatography column (GE Healthcare) containing size-exclusion buf-
fer (40 mM HEPES [pH 7.5], 350 mM NaCl, 10% glycerol, and 0.1%

Tween 20). The fractions were collected and analyzed by silver staining
and Western blotting.

Pol II CTD kinase assays. Kinase activities of CDK12 and CDK13
complexes were measured in the presence of 100 ng His-tagged Pol II
CTD (Calbiochem) or His-tagged CTD (Abcam) and 2 �Ci [�-32P]ATP
in 20 �l kinase buffer (20 mM HEPES [pH 7.9], 8 mM MgCl2, 0.5%
glycerol, 0.1% Triton X-100, 1 mM dithiothreitol [DTT]) (with or with-
out 0.1 �M, 1 �M, or 10 �M flavopiridol). After incubation at 37°C for 1
h or 10 h, reactions were stopped by adding 2� SDS loading buffer, and
reaction mixtures were subjected to SDS-PAGE. Phosphorylated proteins
were visualized by autoradiography or immunoblotted with phosphory-
lation-specific antibodies.

Transcriptome sequencing (RNA-seq) analysis. Two independent
shRNAs were used to generate lentiviral particles. Total RNA was pre-
pared from lentivirus-transduced HCT116 cells. Total RNA was depleted
of rRNA by use of Ribo-zero (Illumina), and libraries were made with a
Tru-Seq mRNA kit (Illumina) and subjected to Hi-Seq (Illumina) analy-
sis. Sequencing data were acquired through the default Illumina pipeline
by using Casava v1.8. Reads from two biological replicates for each sample
were aligned to the human genome UCSC hg19 and to gene annotations
from Ensembl 67 by using TopHat v2.0.10 (25). Cuffdiff v1.3.0 was used
to perform differential expression analysis, with a false discovery rate
(FDR) cutoff of �0.05 (26). Certain types of RNA (protein-encoding
RNA, long interspersed noncoding RNA [lincRNA], microRNA
[miRNA], snoRNA, snRNA, and noncoding RNA) were selected for
further analysis. In addition, R package edgeR 3.0.8 was used to per-
form differential expression analysis, using a P value of �0.01 to de-
termine significance (27). snRNA and snoRNA analysis was based on
the edgeR output.

Microarray data accession number. RNA-seq data have been depos-
ited in the Gene Expression Omnibus under accession number GSE58107.

RESULTS
Flag purification of CDK12 and CDK13 complexes. In order to
further investigate CDK12 and CDK13 activities and functions,
we generated inducible stable cell lines expressing Flag epitope-
tagged CDK12 or CDK13 by using site-specific integration. Flag-
CDK12 and Flag-CDK13 complexes were analyzed by silver stain-
ing and mass spectrometry (Fig. 1A to C). Significant amounts of
CCNK were reproducibly detected in the MudPIT analysis of both
the CDK12 and CDK13 complexes. In addition, both the splicing
factor SRSF1 and its inhibitory subunit, C1QBP (28), were en-
riched in both the CDK12 and CDK13 purifications compared to
HEK293T cells. This is consistent with previous studies (21, 22)
that demonstrated that CDK13 could bind and phosphorylate
SRSF1 and C1QBP. Moreover, we found numerous other RNA
processing proteins that were significantly enriched in CDK12 and
CDK13 purifications compared to HEK293T cells (Fig. 1C). Flag-
CDK12 and Flag-CDK13 purifications showed significant enrich-
ment for 113 and 89 proteins, respectively. Gene ontology analysis
of the identified proteins by use of DAVID (29) showed that RNA
processing factors, the spliceosome, and nuclear speckle compo-
nents were significantly enriched in both CDK12 and CDK13 pu-
rifications (Fig. 1D). These results are consistent with the presence
of arginine- and serine-rich (RS) domains within CDK12 and the
localization of CDK12 and CDK13 to nuclear speckles, in which
splicing factors are highly enriched (16, 17, 30). To more rigor-
ously purify CDK12 and CDK13 complexes, the Flag eluates were
applied to a Superose 6 size-exclusion column. Silver staining and
anti-Flag Western blotting (Fig. 1E and F) of the fractionated
complexes demonstrated that both complexes eluted in fractions
12 to 15, similarly to endogenous CDK12 and CDK13 (data not
shown). The peak fractions were pooled and subjected to MudPIT
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analysis (Fig. 1G). Significant enrichments of C1QBP, CCNK,
HSP90AB1, HSP90AA1, and HSP90 cochaperone CDC37 pep-
tides were identified. HSP90 and CDC37 were previously shown
to form a kinase-specific chaperone complex with CDK9 that is
essential for the assembly of the CDK9/cyclin T1 complex (31).
These chaperones may serve a similar role in CDK12 and CDK13
complex formation with CCNK.

We found that the splicing regulator C1QBP was highly en-
riched in CDK12 and CDK13 fractions 12 to 15. SRSF1, polyade-
nylate-binding protein 1, polyadenylate-binding protein 4, and
serine/arginine repetitive matrix 2 were enriched in CDK12 frac-
tions 12 to 15 but not in the corresponding CDK13 fractions.
These RNA processing proteins may interact more specifically
with CDK12 complexes, or they may dissociate during size-exclu-
sion chromatography. Together, these data support previous re-
ports of CDK12 and/or CDK13 functioning in RNA processing
(18, 21).

Characterization of CDK12- and CDK13-dependent Pol II
CTD phosphorylation. To characterize CDK12 and CDK13 as
CTD kinases, we performed in vitro CTD kinase assays (Fig. 2A
and B) with the Flag-purified CDK12 and CDK13 complexes,
along with Flag-purified CDK9 complexes as a positive control.
CDK12, CDK13, and CDK9 complexes were normalized by silver
staining so that similar amounts of CDKs were used in the kinase
assays (Fig. 2B). The purified CDK12 and CDK13 complexes
could phosphorylate CTD in vitro; however, the kinase activities
were much weaker than those of CDK9 complexes. CDK12,
CDK13, and CDK9 were each autophosphorylated in the kinase
assay. In order to determine the sites of phosphorylation of the Pol
II CTD implemented by CDK12 and CDK13, we performed West-
ern blotting of Pol II CTD kinase assay products by using the
following phosphorylation site-specific monoclonal antibodies:
3E10 (specific for Ser2P), 3E8 (recognizes Ser5P and, to a lesser
extent, Ser2P), and 4E12 (specific for Ser7P) (32). The CTD phos-
phorylated by CDK9 was recognized by all three antibodies (Fig.
2C). However, none of the phospho-CTD monoclonal antibodies
recognized the CTD phosphorylated by CDK12 or CDK13, al-
though the 8WG16 signal remained strong. We considered that
the discrepancy between the hot kinase and Western blot kinase
assays may have been due to the difference in sensitivity of these
two methods. Therefore, we extended the reaction time from 1 h
to 10 h. As shown in Fig. 2C, we detected low levels of Ser2P and
Ser5 phosphorylation by CDK12 and CDK13. These results are
consistent with recent studies that observed low levels of CTD
phosphorylation implemented by CDK12 (33).

Flavopiridol is a widely used CDK9 inhibitor and has been
shown to inhibit CTD phosphorylation and gene transcription in
vivo (34, 35). To find if flavopiridol could inhibit CDK12 and
CDK13, we tested different concentrations of flavopiridol (100
nM, 1 �M, and 10 �M) in CTD kinase assays (Fig. 2D). CDK9
kinase activity could be blocked completely by 1 �M and 10 �M
flavopiridol. However, CDK12 and CDK13 complexes were less

sensitive to flavopiridol, as the kinase activities exhibited only
modest decreases in activity with increased concentrations of fla-
vopiridol. Therefore, despite CDK12 and CDK13 being the CDKs
most highly related to CDK9 (36), their differential sensitivity to
flavopiridol indicates differences in the catalytic sites between
CDK9 and CDK12/13.

Since previous reports on Drosophila, C. elegans, and mamma-
lian cells indicated that CDK12/CDK13 homologs are required for
the Ser2P CTD modification in vivo, we performed Western blot-
ting with HCT116 cells after CDK12 and CDK13 RNAi. Under
these conditions, despite obtaining significant reductions in
CDK12 and CDK13 protein levels, we did not observe large de-
creases in the signals from the phosphorylation-specific antibod-
ies (Fig. 2E), although a previous study of HCT116 cells found
modest reductions in bulk Ser2 phosphorylation (11). Therefore,
we used shRNAs to knock down CCNK, the cyclin partner for
both CDK12 and CDK13, in HCT116 cells. As shown in Fig. 2F,
more than 90% of the CCNK was depleted by use of two indepen-
dent shRNAs. However, we still did not observe large decreases in
CTD phosphorylation, suggesting possible differences from what
was previously observed for Drosophila CDK12 (10). However, we
cannot rule out the possibility that these enzymes regulate CTD
phosphorylation in these cells, since it is possible that the levels of
knockdown achieved in our studies were not sufficient to result in
bulk decreases in CTD phosphorylation.

CDK9, CDK12, and CDK13 have positive effects on gene ex-
pression. Although we did not observe changes in CTD phos-
phorylation in CDK12 and CDK13 knockdown cells, we wished to
determine if there were any effects from the reduced levels of these
proteins. Therefore, we performed RNA-seq analysis in the pres-
ence and absence of CDK9, CDK12, and CDK13. We established
stable knockdown HCT116 cell lines with nontargeting (GFPi),
CDK9, CDK12, and CDK13 shRNAs. Each CDK was targeted by
two different shRNAs. Knockdown efficiencies measured by RT-
qPCR indicated that the RNAi achieved about 80% suppression of
the targets (Fig. 3A). Western blotting confirmed a strong reduc-
tion of CDK protein levels with these shRNAs (Fig. 3B). All of
these shRNAs were designed to be specific to their targets, and no
cross-reaction with other CDKs was observed (data not shown).

RNA-seq was performed on cells, using two nontargeting rep-
licates and two different shRNAs for each CDK knockdown. Dif-
ferentially expressed genes were called with Cuffdiff, using an FDR
cutoff of �0.05. In total, 2,827 genes were differentially expressed
in the CDK9 knockdown cells (2,766 downregulated), 3,865 genes
in the CDK12 knockdown cells (3,804 downregulated), and 1,537
genes in the CDK13 (1,510 downregulated) knockdown cells (Fig.
3C). Interestingly, 650 of the genes affected by CDK9 knockdown
were also changed by CDK12 and CDK13 knockdown, corre-
sponding to �23.0%, �16.8%, and �42.3% of CDK9, CDK12,
and CDK13 genes, respectively. Furthermore, CDK12 and CDK13
knockdown cells had 1,141 genes with altered expression in com-
mon, corresponding to �29.5% and �74.2% of CDK12 and

FIG 1 Purification of CDK12 and CDK13 complexes. (A and B) Flag-purified CDK12 and CDK13 complexes were analyzed by silver staining (A) and Western
blotting with the M2 Flag monoclonal antibody (B). Arrows indicate the positions of Flag-CDK12, Flag-CDK13, and cyclin K. (C) MudPIT analysis of CDK12
and CDK13 complexes. Flag-CDK12 and Flag-CDK13 purifications identified numerous RNA processing factors. (D) Gene ontology analysis showed that the
CDK12- and CDK13-associated proteins are significantly enriched for factors involved in RNA processing, splicing, the spliceosome, and nuclear splicing
speckles (nuclear speck). (E and F) Superose 6 size-exclusion chromatography of Flag-CDK12 and Flag-CDK13 purifications. Silver staining and anti-Flag
Western blotting demonstrated that both CDK12 and CDK13 complexes peaked in fractions 13 and 14 (�1 to 2 MDa). (G) MudPIT analysis of fractions 12 to
15 (red boxes in panels E and F) was performed, and the top interacting proteins are shown.
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FIG 2 Characterization of CDK12 and CDK13 activities on Pol II CTD phosphorylation. (A) Pol II CTD kinase activities of CDK12, CDK13, and CDK9
complexes. In vitro CTD kinase assays were performed with purified CDK complexes, recombinant His-tagged CTD, and [�-32P]ATP. The reaction products
were subjected to SDS-PAGE and autoradiography to assess phosphorylated Pol II levels. Triangles indicate increasing amounts of the indicated enzyme used in
the assay mixtures. Arrows indicates the positions of CDK9, CDK12, CDK13, and the His-tagged CTD. (B) Silver staining of CDK9, CDK12, and CDK13
complexes used in the CTD kinase assays. (C) Western blotting of phosphorylated recombinant CTD by use of phosphorylation-specific antibodies. A reaction
time of 1 h gave no detectable signal for the CDK12- or CDK13-phosphorylated CTD with the 3E10 (Ser2P), 3E8 (Ser5P), and 4E12 (Ser7P) monoclonal
antibodies, while the CDK9-phosphorylated CTD was recognized by all of these antibodies. The 8WG16 monoclonal antibody preferentially recognizes
unphosphorylated CTD repeats. After extension of the reaction time to 10 h, modest Ser2P and Ser5P signals could be detected with CDK12 and CDK13
complexes. (D) CDK12 and CDK13 complexes are not as sensitive as CDK9 to flavopiridol inhibition. Flavopiridol (100 nM, 1 �M, and 10 �M) was incubated
with the indicated CDK, recombinant Pol II CTD, and [�-32P]ATP. Phosphorylated CTD levels were measured by SDS-PAGE and autoradiography. (E and F)
CDK12, CDK13, and CCNK depletion by shRNA knockdown in HCT116 cells did not affect bulk Pol II CTD phosphorylation levels as assayed with the indicated
antibodies. The nontargeting shRNA (GFPi) was used as a negative control. Cell lysates were made at 3 days posttransduction and were analyzed by Western
blotting. N20 is a polyclonal antibody recognizing total Pol II levels. Tubulin served as a loading control.
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FIG 3 CDK9, CDK12, and CDK13 have positive effects on gene expression in vivo. (A) RT-qPCR results showing the efficiencies of CDK9, CDK12, and CDK13
knockdowns by two individual shRNAs in HCT116 cells. (B) Knockdown efficiency was further confirmed by Western blotting with the indicated antibodies. (C) Venn
diagram of the differentially expressed transcripts after RNAi of CDK9, CDK12, and CDK13. The majority of transcripts (74%) affected by CDK13 knockdown were
affected by CDK12 knockdown. (D to F) Log2 ratio (M) versus mean average (A) plots showing that most differentially regulated transcripts (indicated in color) were
downregulated by CDK9 (D), CDK12 (E), or CDK13 (F) depletion. The y axis of each plot shows the log2 fold change in transcript expression of the knockdown over the
wild type. The x axis of each plot shows the log2 average expression level.
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CDK13 genes. A total of 1,118 genes with changed expression in
CDK9 knockdown cells were not differentially expressed in either
the CDK12 or CDK13 knockdown sample. A total of 39.5% of the
CDK9-responsive genes were distinct, while 46.1% of CDK12-
responsive genes (1,782 genes) and 18.2% of CDK13-responsive
genes (279 genes) were unique to their respective knockdown
conditions. Taken together, these observations indicate that dif-
ferent CDK proteins control distinct subsets of genes in vivo, with
CDK12 and CDK13 sharing more overlap in function than either
protein with CDK9.

For each CDK knockdown, most of the differentially expressed
genes were downregulated, with a very small subset of genes being
upregulated (Fig. 3D to F). These data indicate that CDK9,
CDK12, and CDK13 have positive effects on gene expression, but
with differences in the gene sets that are differentially expressed.

CDK12 and CDK13 losses preferentially affect DNA damage
response and snRNA gene expression, respectively. To deter-
mine which classes of genes are regulated by each CDK, we per-
formed gene ontology analysis on the differentially expressed
genes (Fig. 4A). The set of differentially expressed genes upon
CDK9 knockdown were enriched for a broad range of cellular
processes, including the cell cycle, cell division, protein transport,
translation, DNA repair, and chromosome organization. CDK12
knockdown also affected genes involved in DNA repair, chromo-
some organization, and the cell cycle. DNA damage response genes
were not significantly enriched under the CDK13 knockdown condi-
tion. For example, genome browser tracks for the DNA damage genes
BRCA1 (Fig. 4B) and APEX1 (Fig. 4C) show that the mRNA levels of
BRCA1 and APEX1 were specifically reduced by depletion of CDK12
but not CDK13. To verify the RNA-seq analysis, we used quantitative
RT-PCR to determine the BRCA1 and APEX1 mRNA levels after
CCNK knockdown (Fig. 4D). Two independent shRNAs were able to
reduce CCNK mRNA more than 90%. Both BRCA1 and APEX1 lev-
els were reduced in the CCNK knockdown cells as assayed by quan-
titative RT-PCR (Fig. 4D).

Both CDK12 and CDK13 knockdowns affected the expression
of genes involved in RNA processing. However, the CDK13-reg-
ulated gene set also showed enrichment for genes functioning in
energy metabolism in the mitochondrion that were not affected by
CDK9 or CDK12 knockdown, further demonstrating some non-
overlapping requirements for the CDKs. We noticed that expres-
sion of 137 snRNA and snoRNA genes was affected in the CDK13
knockdown cells, compared to 27 genes in the CDK12 knockdown
cells and 1 gene in the CDK9 knockdown cells (Fig. 4E). For ex-
ample, levels of snoRNA38 (Fig. 4F) were downregulated after
depletion of CDK13 but not CDK12. Thus, CDK13 appears to be
required for the proper expression of diverse classes of small non-
coding RNA genes, each of which has its RNA processed by mech-
anisms distinct from that for protein-encoding genes.

Altered processing of SRSF1 by CDK12 knockdown. Since
CDK12 and CDK13 have RS domains and associate with RNA
processing and splicing factors, we tested the effects of CDK12 and

CDK13 knockdowns on the processing of the SRSF1 gene, which
is known to be alternatively spliced in HCT116 cells (37). SRSF1,
which is upregulated in breast and lung cancers, is an oncogenic
splicing factor which is targeted by MYC and mediates MYC-
induced transformation (38, 39). Akaike and colleagues reported
that skipping of an alternative intron in the SRSF1 3= untranslated
region (3= UTR) increases transcript stability in HCT116 cells
(37). To determine if CDK12 and CDK13 affected SRSF1 alterna-
tive splicing, we measured the levels of SRSF1 isoform 1 and iso-
form 2, which lacks the alternative intron, by using RT-qPCR
analysis of CDK12 and CDK13 knockdown cells (Fig. 5A). Neither
CDK12 nor CDK13 depletion affected the global levels of consti-
tutive SRSF1 exons and isoform 1, but CDK12 knockdown led to
reduced levels of minor isoform 2, which lacks the alternative
intron (Fig. 5B to D). As a control, CDK9 knockdown did not
change the relative expression of SRSF1 isoform 2 (Fig. 5E).

DISCUSSION

Our in vitro kinase results and in vivo depletion of CDK12 and
CDK13 were not able to provide support for a role for CDK12 and
CDK13 as major Ser2P CTD kinases in HCT116 cells. Interest-
ingly, while the manuscript was under preparation, it was reported
that CDK12’s ability to phosphorylate a peptide containing only
canonical repeats was stimulated by preexisting Ser7P but was still
not as active as CDK9, suggesting that there may be some func-
tional differences between the mammalian and Drosophila
CDK12 homologs (33). Although our knockdowns of CDK12,
CDK13, and CCNK were not sufficient to decrease Ser2-CTD phos-
phorylation, the levels of knockdown were sufficient for observation
of numerous defects in gene expression, including DNA damage re-
sponse genes and genes for RNA processing factors. The association
of CDK12 and CDK13 with a large number of RNA processing fac-
tors raises the possibility that the RNA processing factors are them-
selves substrates of these kinases and that some of the gene expression
defects are consequences of RNA processing defects.

Attempts at determining genome-wide binding profiles of
CDK12 and CDK13 were unsuccessful using antibodies to CDK12
and CDK13 or using Flag antibodies with the Flag-CDK12 and
-CDK13 HEK293T stable cell lines. These failures may have been
due either to an inability of the antibodies to work for chromatin
immunoprecipitation or to these factors interacting too tran-
siently and indirectly with chromatin to be cross-linked effi-
ciently. Consistent with the latter explanation was an immunoflu-
orescence analysis demonstrating that CDK12 and CDK13 are
localized to nuclear speckles, which are believed to be sites of stor-
age and exchange of RNA processing factors (16, 40).

Analysis of gene expression after RNAi-mediated knockdown
of CDK9, CDK12, and CDK13 showed that most of the differen-
tially expressed genes were downregulated, indicating that all
three factors have positive effects on gene expression. Gene ontol-
ogy analysis showed that CDK12 and CDK13 have distinct gene
specificities even though they show extensive sequence similarity.

FIG 4 CDK12 and CDK13 losses affect expression of different sets of genes. (A) Gene ontology analysis of CDK-regulated genes. CDK12 loss preferentially
affected genes involved in RNA processing and DNA damage, while CDK13 loss preferentially affected genes involved in translation. (B and C) Genome browser
track examples for DNA damage repair genes BRCA1 (B) and APEX1 (C), whose expression was affected by CDK12 but not CDK13 knockdown. (D) Depletion
of CCNK also resulted in reduced expression of BRCA1 and APEX1 in HCT116 cells. (E) CDK13 loss affected snRNA and snoRNA gene expression more than
CDK9 or CDK12 loss did. The Venn diagram shows the numbers of downregulated snRNA and snoRNA genes after knockdown of CDK9, CDK12, and CDK13.
(F) Levels of snoRNA38 were downregulated by depletion of CDK13 but not CDK12.
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We confirmed that CDK12 regulates DNA damage response genes
(11) and found that CDK13 is more specific for snRNA and
snoRNA gene regulation. snoRNAs are small noncoding RNAs
involved in posttranscriptional modification of rRNA. Most
snoRNAs are located in introns of genes encoding proteins in-
volved in translation (41). snoRNAs are transcribed under the
control of the promoter of the protein-encoding gene and are
cotranscriptionally processed to form the mature RNA (42). We
found that CDK13 regulates the expression of snoRNA genes but
not the corresponding protein-encoding genes, suggesting that
defects in their RNA processing, not transcription, are the primary
cause of the reduced levels of snoRNAs.

Altered RNA processing was also observed for the oncogenic
splicing factor SRSF1, which plays an important role in breast and
lung cancer development (38). We found that CDK12 could sta-
bilize SRSF1 mRNA transcripts through skipping of an alternative
intron in the 3= UTR. It is conceivable that CDK12 affects RNA
splicing through CTD phosphorylation, since CTD phosphoryla-
tion affects the recruitment of RNA processing factors (3, 20).
However, in our RNAi experiments, gene expression and RNA
processing defects were observed more readily than were changes
in CTD phosphorylation. A precedent for a factor modifying the
CTD and broadly regulating RNA processing is the arginine meth-
yltransferase CARM1. CARM1 methylates a single conserved res-
idue in the CTD, interacts with and methylates numerous proteins

involved in RNA processing, and affects the expression of genes
involved in RNA processing (43, 44).

The CDK12 gebe is one of the most frequently mutated genes in
ovarian cancer and also plays an important role in the development of
breast cancer (16). CDK13 was reported to be necessary for mega-
karyocyte development, and its expression was increased in some
patients with refractory anemia (16). A previous study by Blazek and
colleagues (11) showed that cells depleted of CCNK or CDK12 are
sensitive to various DNA damaging agents, including camptothecin,
mitomycin C, and etoposide. CDK12 regulates DNA damage re-
sponse genes, which may be required for maintenance of genome
stability through detection and repair of DNA lesions. Therefore,
mutation of CDK12 may result in genome instability and contribute
to oncogenesis. The misregulation of RNA processing has also been
implicated in oncogenesis (45), and elucidating the roles of CDK12
and CDK13 functions in RNA processing may give insight into the
treatment of cancers.
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