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Transcription of mRNA consists of three critical steps - initiation, elongation, and termination - and is driv-
en by RNA polymerase II (Pol II), whose activity is regulated by a unique C-terminal domain (CTD). The tran-
scription-related kinases CDK7, CDK9, and CDK12 regulate transcription by differentially phosphorylating
serine 2, serine 5, and serine 7 of the Pol II CTD, although their functional interactions are not yet fully under-
stood. Since these CDKSs are involved in cancer cell proliferation and survival, elucidating these interactions is
useful for cancer treatment. We focused on CDK12, which plays an important role in the late phase of transcrip-
tion and identified several novel autophosphorylation sites of CDK12. Among these, serine 423 on CDK12 was
found to be a critical residue affecting the half-life of the CDK12 protein and its phosphorylation is mediated
by both CDK12 and CDK?7. Additionally, comprehensive phosphoproteomic analysis revealed that CDK7 and
CDKD affect the phosphorylation of CDK12 and the CDK12 interactome, suggesting crosstalk between these
kinases. Inhibition of CDK?7 disrupted the interaction between CDK12 and proteins phosphorylated by CDK12,
including RNA processing factors, while inhibition of CDK7 and CDK9 enhanced the interaction between
CDK12 and splicing factors. In conclusion, our results indicate that CDK7 and CDK9 functionally regulate
CDK12 upstream, suggesting that transcriptional CDKSs cooperatively regulate RNA transcription and subse-
quent transcriptional processes.
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INTRODUCTION

mRNA transcription is a fundamental process within the
central dogma, which produce mRNA that serves as a template
for protein synthesis. Given its crucial role in determining pro-
tein levels, this process demands tight and precise regulation.
Transcription is carried out by RNA polymerase II (Pol II),
which comprises several protein subunits. Among these subu-
nits, the C-terminal domain (CTD) plays an indispensable role
in the transcriptional activity of Pol II.D Proper phosphoryla-
tion of the CTD, mediated by transcription-associated kinases,
specifically cyclin-dependent kinases (CDKs), is essential for
its function. Specifically, CDK7 promotes initiation by phos-
phorylating Ser7 and Ser5, while CDK9 and CDK12 enhance
early-stage elongation and late-stage termination by coopera-
tively phosphorylating Ser2.2

Although the molecular interactions between each CDK
and the CTD have been well-studied, the interplay among
these CDKs themselves has not been thoroughly investigat-
ed. Recent observations suggest such interactions exist: CDK7
phosphorylates key amino acid residues of CDK9 and CDK 12,
and CDK12 phosphorylates residues of CDK9.3% However,
comprehensive phosphoproteomics analyses on CDK12 affect-
ed by CDK7 or CDK9 have not yet been conducted.

In this study, we aimed to identify the autophosphorylation
sites of CDK12. Following this site identification, we evaluated
the effects of CDK7 or CDKD9 inhibition on autophosphorylation
sites of CDK 12 using phosphoproteomics methods. Addition-
ally, we examined the influence of CDK7 or CDK9 inhibition
on the CDK12 interactome. Based on these investigations, we
finally explored the biological impact of the identified CDK12’s
phosphorylation sites on the CDK 12 protein function.
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MATERIAL AND METHODS

Reagents and Cell Culture CDK?7 inhibitor CT7001
(Samuraciclib) and CDK?9 inhibitor BAY-1251152 (Enitociclib)
were purchased from MedChemExpress. Cycloheximide was
obtained from Fujifilm Wako Pure Chemical. The CDK12
inhibitor (CDK121i) used for phosphoproteomics was synthe-
sized by Takeda (W0O2019/189555). Kinase selectivity for
CDK12i was evaluated using previously described methods.
Human embryonic kidney 293T cells (ATCC) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS). Breast inflammatory
carcinoma SUM149PT cells (BiolVT) were cultured in Ham’s
F-12 medium supplemented with 5% FBS, 10 mM HEPES,
1 pg/mL hydrocortisone, and 5 pg/mL insulin. Human ovar-
ian carcinoma A2780 cells (CancerTools) were cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium sup-
plemented with 10% FBS. The CellTiter-Glo assay (Promega)
was used to assess cell viability.

Plasmid Construction The full-length wild-type (WT)
CDK12 (GenBank No. 51755) and the Ser423Ala (S423A),
Ser1083Ala (S1083A), and Ser423Ala/Ser1083Ala (S423A/
S1083A) mutant forms of CDK12 were subcloned into the
pcDNA3.1(+) (Invitrogen).

Immunoprecipitation Cell pellets were suspended in
lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5%
NP-40, 5% Glycerol). After sonication and centrifugation, the
supernatant was used as cell extract. Dynabeads Protein G
(Invitrogen) conjugated with antibodies against CDK12
(#26816-1-AP; Proteintech) was used. The beads were washed
followed by the addition of lysate and rotational incubation for
6 h at 4°C. Samples were washed and eluted with SDS buffer.

Western Blotting (WB) Cell lysates were prepared for
WB analysis as described previously.® Cell lysates were elec-
trophoresed and transferred onto nitrocellulose membranes.
The membranes were incubated with antibodies against
RNA polymerase II (#MMS-126R-500, Convance), phos-
pho-RNA polymerase II Ser2 (#04-1571, Millipore), phos-
pho-RNA polymerase II Ser5 (#04-1572, Millipore), phos-
pho-RNA polymerase II Ser7 (#04-1570, Millipore), B-actin
(#5145, Cell Signaling Technology), DDB1 (#5428, Cell
Signaling Technology), and FLAG (A-8592, Sigma-Aldrich).
The membranes were then incubated with horseradish per-
oxidase-conjugated secondary antibodies (#7074, #7076, or
#7077, Cell Signaling Technology). The signals were detect-
ed using ImmunoStar LD (#290-69904, FUJIFILM Wako) or
ImmunoStar Zeta (#295-72404, FUJIFILM Wako). All blots
were imaged using the Amersham Imager 800 (Cytiva) and
quantified using ImageQuant™ TL 8.2 (Cytiva).

Purification of Recombinant CDK12 and Cyclin K
Proteins and Autophosphorylation Reaction of CDK12
using y('*0,)-ATP Purification was conducted as previous-
ly described,” and the autophosphorylation reaction was per-
formed as described in 7).

LC-MS/MS Analysis The extracted peptides were dis-
solved in 0.1% TFA with 2% MeCN and analyzed using an
Easy nLC1000 System coupled to a Fusion Orbitrap mass
spectrometer. The peptides were loaded onto a trap column
(C18 Pepmap100, 3 um, 0.075 x 20 mm) and separated on an
analytical column (Reprosil-Pur CI18AQ, 3 pm, 0.075 x 150
mm) at a flow rate of 300 nL/min over 45 min. The mass spec-
tra were obtained under a data dependent mode, in which pre-
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cursor spectra were acquired in the Orbitrap mass analyzer at a
resolution of 120,000 at m/z 200 and product ion spectra in the
ion trap by higher-energy collisional dissociation with normal-
ized collision energy of 30%.7

CHX Chase Assay Herein, 293 cells were transfected
with CDK 12 wild-type and mutant plasmids. Four days post-
transfection, CHX (100 ug/mL) was added, and cells were
collected at 0, 8, 16, and 24 h. The cells were lysed, and the
extracted proteins were subjected to WB analysis to quanti-
fy the band intensity of FLAG-tagged proteins at each time
point. These data were then applied to statistical analysis by
the Dunnett test using GraphPad Prism to evaluate the stabili-
ty of CDK12.

RESULTS

Identification of Autophosphorylation Sites on CDK12
Protein To identify autophosphorylation sites, recombi-
nant CDK12 with Cyclin K was purified to high purity. The
purified proteins were incubated with y('80,)-ATP, and liq-
uid chromatography—mass spectrometry (LC-MS) analysis
was conducted to detect the incorporation of 8O-P into the
CDK12 protein by monitoring a 6 Da shift in MS (Fig. 1A).
The detected phosphorylated amino acid residues on puri-
fied CDK12 protein are shown in Fig. 1D. The exact deter-
mination of some phosphorylation sites, such as Ser255,
Ser256, and Ser257, was challenging due to the inclusion
of multiple serine residues in one digested peptide (Fig. 1D,
Recombinant CDK12). Next, to confirm the cellular phospho-
rylation status and the dependency on CDK12 kinase activity,
a novel and highly selective CDK12 inhibitor (CDK121)® was
utilized (Fig. 1B and 1C). Following treatment with CDK12i
in A2780 cells, cell extracts were subjected to phosphoprot-
eomic analysis. Among the identified phosphorylated resi-
dues in purified CDK12 protein, Ser423 and Ser1083 showed
a 0.6- and 0.4-fold decrease, respectively, thereby indicating
that these residues are phosphorylated in a manner dependent
on CDK12 kinase activity in cells (Fig. 1D, Cellular CDK12).
Importantly, these residues are conserved among several spe-
cies (Fig. 1E). Three-dimensional structure modeling provided
by AlphaFold showed that these residues are located in disor-
dered regions rather than the kinase domain (Fig. 1F). Collec-
tively, we successfully identified autophosphorylation sites of
the CDK12 protein (Supplemental Fig. 1).

Impact of Phosphorylation at Ser423 on CDK12 Pro-
tein Stability Since the Ser423 and Ser1083 on CDK12 were
identified as autophosphorylation sites (Fig. 1D), we assessed
the half-life of wild type-CDK12 (WT), mutants with Ser423
replaced by Alanine (S423A), Ser1083 replaced by Alanine
(S1083A), and both (S423A/S1083A) by cycloheximide treat-
ment to investigate the impact of these phosphorylation on
CDK12. As shown in Fig. 2A and 2B, the half-life of CDK12
S423A and S423A/S1083A was shortened compared to WT
or S1083A, indicating that phosphorylation at S423 plays
a role in maintaining CDK 12 protein stability. To clarify the
mechanism of stabilization by phosphorylation on Ser423,
we evaluated the association of CDK12 with DDB1, known
as a regulator of CDK12 degradation; however, no change
in the interaction between DDB1 and CDK12 was observed
(Fig. 2C, Supplemental Fig. 2). Additionally, the localiza-
tion of these CDK 12 mutants was not altered (Supplemental
Fig. 3).
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Fig. 1. Identification of Autophosphorylation Sites on CDK12
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(A) Left: Coomassie Brilliant Blue (CBB) staining of purified CDK12 protein with Cyclin K. Right: Experimental procedure for identifying autophosphorylated amino acids
of purified proteins using LC-MS/MS. (B) Chemical structure of CDK12i, a novel compound that selectively inhibits CDK12. (C) Enzymatic kinase selectivity of CDK12i over
CDK12, CDK2, CDK7, CDKS8, and CDK9 recombinant proteins. ICy, values for each kinase are shown. (D) Summary of the identified phosphorylated amino acids from the exper-
iments in (A) and the identified phosphorylated sites of cellular CDK12 following treatment with CDK12i inhibitor in A2780 cell lysate by LC-MS analysis. The detected peptide
sequence, start and end amino acid numbers, and phosphorylation sites are shown. For recombinant CDK 12, the basal ratio of phosphate is calculated using the formula 'O-P/total
detected phosphorylated peptide (1%0O-P + 8O-P). Additional uptake is calculated using the formula '8O-P/total detected phosphorylated peptide ('°O-P + '8O-P). ND: peptide was
not detected in this assay. (E) Alignment of the one-dimensional sequence surrounding Ser423 and Ser1083 among several species. (F) AlphaFold-based structural modeling and

representation of two amino acids: Ser423 and Ser1083.
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Fig. 2. Impact of Phosphorylation at Ser423 on CDK12 Protein Stability

(A) Half-life analysis by cycloheximide chase, monitoring the expression of exogenous CDK12-wild type (WT), S423A mutant, SI083A mutant, and S423A/S1083A double
mutant. (B) Quantitative analysis of the results in (A). (C) Interaction between CDK12 and DDBI. Overexpressed CDK12-WT and S423 A mutant were immunoprecipitated and

subjected to WB by indicated antibodies.

CDK7- or CDK9-mediated Phosphorylation of CDK12
at Ser423 and Other Autophosphorylation Sites Most of
the identified autophosphorylation sites on the CDK12 pro-
tein were located within consensus sequences targeted by
CDKs, which include serine or threonine at the -1 position
of proline.32:10 This suggested that CDK7 or CDK9 might
also phosphorylate these residues on CDK12. To clarify the
functional interconnection among transcriptional CDK7 and
CDKO9 (Fig. 3A), a comprehensive phosphoproteomic anal-
ysis focusing on the CDK12 protein was conducted. Pri-
or to the experiment, we determined the appropriate con-
centrations for each inhibitor: the CDK?7 inhibitor CT7001
(Samuraciclib) and CDK9 inhibitor BAY-1251152 (Enito-
ciclib) effectively inhibited their respective targets, Ser5 or
Ser2 of Pol II (Fig. 3B) and confirmed anti-growth activity
(Fig. 3C). Based on these results, we concluded that optimal
inhibition of CDK7 or CDK9 occurs at 3 uM for CT7001 and
1 uM for BAY-1251152 in cells. Following immunoprecipi-
tation and MS analysis of endogenous CDK12 proteins treat-
ed with these inhibitors for 6 h, the phosphorylation levels
of detected residues on CDK12 were assessed (Fig. 3D). As
shown in Fig. 3E, ten phosphorylated peptides were detected,
several of which decreased following CDK7 or CDK9 inhib-
itor treatment. Notably, the autophosphorylation at Ser423

on cellular CDK12 was affected by CT7001 (64%), but was
largely unaffected by BAY-1251152 (107%). Additional-
ly, Thr514, identified in recombinant CDK12, was inhibited
by both CT7001 and BAY-1251152 (20% or 49% relative to
DMSO, respectively). Although the biological significance of
phosphorylation at Thr514 of CDK12 remains unclear, these
data indicate that CDK7 and CDK9 modulate CDK12 by influ-
encing its autophosphorylation and other phosphorylation sites
on the CDK12 protein (Fig. 3F).

Comprehensive Analysis of the Interactome Between
CDK12 and Phosphorylated Proteins Following Treatment
with CDK7 or CDK9 Inhibitors In Fig. 3, we demonstrat-
ed the different effect of CDK7 and CDK9 on several phos-
phorylation of CDK12 were demonstrated. Next, we conduct-
ed a comprehensive interactome analysis between CDK12 and
phosphorylated proteins by CDK12 following treatment with
CDK7 or CDKO inhibitors under the same experimental condi-
tions as Fig. 3D. As a result, we identified 29 down-regulated
(log2 fold change < -0.5 and Q-value < 0.3) and 19 up-regulat-
ed (log2 fold change > 0.5 and Q-value < 0.3) phosphorylation
sites following 6 h of treatment with CT7001 at 3 uM (Fig. 4A).
Additionally, we identified 26 down-regulated and 36 up-reg-
ulated phosphorylation sites following 6 h of treatment with
BAY-1251152 at 1 uM (Fig. 4B).
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Fig. 3. CDK7- or CDK9-mediated Phosphorylation of CDK12 at Ser423 and Other Autophosphorylation Sites

(A) Concept of this research: elucidation of the interconnection among CDK7, CDK®9, and CDK12. Previous studies have reported CDK7-mediated phosphorylation of CDK9
and CDK12.» (B) Dose-response analysis of CDK?7 inhibitor (CDK7i), CT7001 and CDK9 inhibitor (CDK9i), BAY-1251152 in SUM149PT cells. After 8 h of treatment, WB
was conducted using the indicated antibodies. (C) In vitro growth assay of SUM149PT cells treated with CT7001 and BAY-1251152 for 72 h. Cell viability was measured using
CellTiter-Glo, and the percentage of survival (% of DMSO) was calculated to assess growth inhibition (adjusted to day 0 for all points). (D) Experimental procedure for (E): Fol-
lowing treatment with CT7001 and BAY-1251152 for 6 h, endogenous CDK 12 was immunoprecipitated and further purified using titanium beads to concentrate phosphopeptides.
The samples were then subjected to LC-MS analysis. (E) The fold change in phosphorylation at each amino acid under CDK7i or CDKJ9i treatment conditions was calculated rela-
tive to the untreated condition (DMSO). (F) Summary of the identified phosphorylated amino acids on CDK12. Upper circle flags indicate the phosphorylation sites identified in
purified protein and cell-based experiments (Fig. 1D), while the lower circle flags indicate the phosphorylation sites identified after treatment with CDK12 inhibitor (CDK12i) and
CDKU7i, as shown in Fig. 1D and 3E, respectively.
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Fig. 4. Comprehensive Analysis of the Interactome Between CDK 12 and Phosphorylated Proteins Following Treatment with CDK7 or CDK9 Inhibitors

(A, B) Log2(fold change) volcano plots of differentially phosphorylated sites in A2780 cells treated with CT7001 (A) or BAY-1251152 (B) for 6 h, relative to dimethyl sulfoxide
(DMSO) treatment. Highlighted points represent phosphorylation sites with a Q-value of <0.3 and Log2(fold change) > 0.5 compared to DMSO treatment. The numbers of up-
regulated and down-regulated sites are indicated. (C, D) Venn diagrams showing the overlap of down-regulated phosphorylation sites (C) or up-regulated phosphorylation sites (D)
following treatment with CDK?7 inhibitor CT7001 or CDK9 inhibitor BAY-1251152, in comparison with the 42 immunoprecipitated CDK 12 phosphorylation sites. (E) Heatmap
analysis of the down-regulated and up-regulated CDK12 phosphorylation sites following treatment with CT7001 or BAY-1251152 based on the average of triplicate data.
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In the down-regulated (Fig. 4C) and up-regulated (Fig. 4D)
proteins, some phosphorylation amino acid residues were
shared in both CDK7 and CDK9 inhibitor treatment, while
several independent sites were also detected. This result is
consistent with their various effects on the phosphorylation
sites of CDK12 (Fig. 3E). Indeed, viewing the overall heat
map, CT7001 suppressed phosphorylation of the RNA mod-
ulation proteins, which are concentrated at upper part of the
heat map (Fig. 4E, purple), while BAY-1251152 increased
or weakly repressed them. This observation supports the dis-
tinct effects of CDK7 and CDK9 on the CDK12 interactome.
Interestingly, a common action of CDK7 and CDK9 inhibi-
tors was to enhance the phosphorylation of the splicing factors
SRRM?2, PPAN, HNRNPU and RBM39, which are concentrat-
ed at the bottom of the heatmap (Fig. 4E, red).

DISCUSSION

The interconnection among transcriptional processes has
been proposed, yet understanding this connection in the con-
text of mRNA transcription remains underexplored. Previous
studies have identified CDK7-mediated phosphorylation of
CDK12 and discussed overlapping substrates among CDK?7,
CDK9, and CDK12.3%10 However, the regulation of CDK12
by other transcription-associated kinases, such as CDK7 and
CDKDJ, is not fully understood. Beyond its fundamental role
in mRNA synthesis, research on CDK12 has gained momen-
tum due to the development of novel therapeutic agents target-
ing this kinase.

In this study, we first identified the autophosphorylation
sites of CDK12 (Fig. 1D). While previous reports suggested
CDK 12 autophosphorylation, the specific amino acids had not
been analyzed.!'» We identified and validated numerous phos-
phorylation sites, which were located not only in the T-loop
but also in disordered regions (Supplemental Fig. 2A). How-
ever, not all phosphorylation sites identified in the recombi-
nant CDK12 protein were confirmed in cells (Fig. 1C); this
is possibly due to slow turnover influenced by phosphatase
activity in cell. Although Protein Phosphatase 1 Binding
Protein (PPP1R10) was identified as an interacting protein
(Fig. 4E), the specific phosphatases for CDK 12 remain uniden-
tified. Determining these phosphatases might provide further
insights into the regulation of CDK12.213 Interestingly, sev-
eral sites including Ser249, Ser334, and Ser343/345 showed
increased phosphorylation following CDK12i treatment
(Fig. 1D), thereby indicating a compensatory mechanism sup-
porting transcriptional activity under CDK12 inhibition might
exist. Among these, the feedback response to Ser334 tended to
be a target of CDK7 and CDKJ9, although other transcription-
associated kinases may also be involved (Fig. 3E).'

Secondly, the half-life of CDK12 was shortened by dis-
rupting Ser423 phosphorylation, and the exact function of
this phosphorylation remains unclear despite being identi-
fied as an autophosphorylation site. Known factors affect-
ing CDK12 protein stabilization are limited, with the DDB1-
CUL4-RBX1 E3 ubiquitin ligase being one known factor.!
However, our experiments did not show differences in interac-
tion with DDBI1, thereby suggesting other factors might affect
stability via Ser423 phosphorylation (Fig. 2C). Since E3 ligase
RBBP6 and SUMO ligase CBX4 were identified as interact-
ing proteins with CDK12 and they were also targets of CDK7
or CDKO9 (Fig. 4E), their interaction status might affect the
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half-life of the CDK12 protein. At least, Ser423 appears to be
a crucial point for CDK 12 stability regulated by autophospho-
rylation and CDK7-mediated modifications. The unique post-
translational modification of Ser423, which is not conserved
between CDK12 and CDK13, indicates a specific regulatory
mechanism for CDK12.19

Most importantly, as shown in Fig. 3E, a crosstalk among
CDK?7, CDK9, and CDK12 in terms of phosphorylation on
CDK12 could be proposed. Additionally, the interactome of
CDK12 with phosphorylated proteins displayed distinct pat-
terns of disruption and stimulation between CDK7 and CDK9
inhibition. Although some aspects remain unclear, it was sug-
gested that CDK12 is coordinately activated by CDK7 and
CDKO, respectively.

In summary, through comprehensive analysis focusing on
CDK12 phosphorylation, we suggest a significant intercon-
nection among transcriptional processes. Recent studies have
shown that the abnormal activity of these CDKs contributes to
the proliferation and survival of cancer cells, thereby leading
to advancements in the development of cancer therapies tar-
geting each transcriptional CDKs. Further analysis will illumi-
nate the details of the relationship among these CDKs, which
will be useful in the development of new drugs targeting them.
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