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CDK12 phosphorylates 4E-BP1
to enable mTORC1-dependent
translation and mitotic genome stability

Seung H. Choi,! Thomas F. Martinez,” Seongjae Kim,> Cynthia Donaldson,> Maxim N. Shokhirev,*
Alan Saghatelian,” and Katherine A. Jones'

'Regulatory Biology Laboratory, 2Clayton Foundation Laboratory for Peptide Biology, *Molecular Neurobiology Laboratory,
“Razavi Newman Integrative Genomics and Bioinformatics Core, The Salk Institute for Biological Studies, La Jolla, California
92037, USA

The RNA polymerase II (RNAPII) C-terminal domain kinase, CDK12, regulates genome stability, expression of
DNA repair genes, and cancer cell resistance to chemotherapy and immunotherapy. In addition to its role in
mRNA biosynthesis of DNA repair genes, we show here that CDK12 phosphorylates the mRNA 5’ cap-binding
repressor, 4E-BP1, to promote translation of mTORC1-dependent mRNAs. In particular, we found that phos-
phorylation of 4E-BP1 by mTORCI1 (T37 and T46) facilitates subsequent CDK12 phosphorylation at two Ser-Pro
sites (S65 and T70) that control the exchange of 4E-BP1 with eIFAG at the 5 cap of CHK1 and other target
mRNAs. RNA immunoprecipitation coupled with deep sequencing (RIP-seq) revealed that CDK12 regulates
release of 4E-BP1, and binding of eIF4G, to many mTORCI1 target mRNAs, including those needed for MYC
transformation. Genome-wide ribosome profiling (Ribo-seq) further identified specific CDK12 “translation-only”
target mRNAs, including many mTORCI1 target mRNAs as well as many subunits of mitotic and centromere/
centrosome complexes. Accordingly, confocal imaging analyses revealed severe chromosome misalignment,
bridging, and segregation defects in cells deprived of CDK12 or CCNK. We conclude that the nuclear RNAPII-
CTD kinase CDK12 cooperates with mTORCI, and controls a specialized translation network that is essential

for mitotic chromosome stability.
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The nuclear cyclin-dependent kinases CDK7, CDKS,
CDK9, and CDKI12 function to integrate transcription
with changes in phosphorylation of the RNA polymerase
II (RNAPII) C-terminal domain (CTD)] heptad repeats
(Y1SoP3T4S5P¢S7) throughout the transcription cycle
(Eick and Geyer 2013; Jonkers and Lis 2015; Harlen and
Churchman 2017). Phosphorylation of the RNAPII CTD
at the Ser-5 position by CDK?7 is linked to promoter-prox-
imal transcriptional pausing, and declines during the
transition to active elongation, accompanied by an in-
crease in Ser-2 phosphorylation mediated by CDK9 and
CDK12 (Bartkowiak et al. 2010; Blazek et al. 2011; Cheng
et al. 2012). Through phosphorylation of RNAPII and as-
sociated transcription factors, the nuclear RNAPII CTD
kinases coordinate multiple cotranscriptional events im-
portant for gene expression, including mRNA splicing
and surveillance, termination/cleavage, and export of
nascent mRNAs (Bowman and Kelly 2014; Davidson

Corresponding author: jones@salk.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.322339.118.

et al. 2014; Greenleaf 2018). However, it is unclear wheth-
er or how the metazoan RNAPII-CTD kinases could also
affect more distal steps in gene expression, such as
the translation efficiency of nascent mRNAs in the
cytoplasm.

CDK12 plays a unique role among the CTD kinases in
regulating genome stability and cancer cell drug resis-
tance (Blazek et al. 2011; Joshi et al. 2014). Levels of
CDK12 and its partner cyclin, Cyclin K (CCNK), are unaf-
fected by the cell cycle, but are frequently elevated in pro-
liferating stem cells and cancer cells. CDK12 affects the
steady state mRNA levels of a relatively small set of
genes, many of which, such as BRCA1 and ATR, are need-
ed for DNA repair and homologous recombination (Blazek
et al. 2011; Joshi et al. 2014; Liang et al. 2015). Other
CDK12 targets include the c¢-FOS gene (Eifler et al.

© 2019 Choi et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After
six months, it is available under a Creative Commons License (Attribu-
tion-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.
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2015), NRF2 target genes induced by oxidative stress (Li
et al. 2016b), superenhancer linked oncogenes (Mertins
et al. 2016), and genes critical for early embryonic devel-
opment (Juan et al. 2016) and embryonic stem cell self-re-
newal (Dai et al. 2012). CTD-Ser2 phosphorylation by
CDKI12 has been shown to facilitate the loading of
mRNA splicing and polyadenylation factors to RNAPII
at the 3’ end of target genes (Hsin and Manley 2012; David-
son et al. 2014). Most interestingly, CDK12 profoundly
suppresses intronic polyadenylation at BRCA1 and other
target mRNAs (Dubbury et al. 2018). Consequently, loss
or inactivation of CDK12 in cancer leads to the formation
of truncated mRNAs, which may be unstable or encode
aberrant proteins. In addition to the RNAPII CTD,
CDK12 can phosphorylate and inactivate Cyclin E to
stimulate the assembly of prereplicative DNA complexes
(Lei et al. 2018).

Consistent with its role in genome stability, loss or
mutation of CDK12 is associated with progression and me-
tastasis of a subset of serous ovarian, breast, and prostate
cancers (Ekumi et al. 2015; Popova et al. 2016; Menghi
et al. 2018; Viswanathan et al. 2018). Inactivation of
CDK12 strongly sensitizes cancer cells to undergo apopto-
sis in response to DNA damage agents and PARP1/2 inhib-
itors (Bajrami et al. 2014, Joshi et al. 2014; Ekumi et al.
2015).In addition, CDK12 is overexpressed in certain other
cancers, including many HER2-positive breast cancers and
a subset of ER-positive breast and prostate cancers (Mer-
tins etal. 2016). Consequently, small-molecule CDK12 in-
hibitors are of great interest for use as targeted therapy fora
variety of solid tumors (Mertins et al. 2016). Moreover, the
subset of metastatic prostate cancers that lack CDK12 is
also highly immunogenic (Wu et al. 2018), suggesting
that CDK12 inhibition might also sensitize tumors to
checkpoint inhibitor-based immunotherapies.

Here we report that, in addition to its role is mRNA bio-
synthesis, nuclear CDK12 cooperates with the mechanis-
tic target of rapamycin (mTORCI1) kinase to control the
translation of a specific subset of mRNAs (Saxton and Sa-
batini 2017; Thoreen 2017). Using RNA-seq and ribosome
profiling approaches, we show that CDK12 exclusively
controls the translation of mRNAs encoding DNA repair
factors, ribosome and translation factors, and many sub-
units of key centrosome, centromere, and kinetochore
complexes. Surprisingly, we found that CDKI12 affects
the translation of these mRNAs directly by phosphorylat-
ing the translation repressor 4E-BP1 at two Ser-Pro sites
(S65, T70) critical for its release from eIF4E at the cap of
target mRNAs. These findings uncover a new mechanism
through which an RNAPII-CTD kinase remodels the
5" cap complex of nascent target mRNAs to facilitate
gene-specific translation in the cytoplasm. Consistent
with these findings, we show that cells deprived of
CDK12 or CCNK display profound mitotic defects, includ-
ing abnormal spindle poles, and chromosome segregation
and bridging problems that trigger the spindle assembly
checkpoint (SAC). We conclude that CDK12 controls a
gene-specific translation network that includes many
mTORC]1-regulated genes and ensures the coordinate ex-
pression of many mitotic regulators.

CDK12 controls mRNA-specific translation

Results

CDK12 regulates translation of the DNA damage
response checkpoint kinase 1, CHK1

Based on the observation that CDK12 targets DNA repair
genes (Blazek et al. 2011), we wondered whether it is also
needed for the p53-regulated response to DNA damage
(Matt and Hofmann 2016). Strikingly, depletion of either
CDK12 or CCNK effectively blocked p53 induction in
U20S osteosarcoma cells treated with the DNA damage
agent, etoposide (Fig. 1A). In contrast, basal p53 expres-
sion in the absence of etoposide was elevated in CDK12
knockdown cells, as has been observed previously (Dub-
bury et al. 2018). Protein half-life measurements carried
out in the presence of etoposide (Supplemental Fig. S1A)
revealed that p53 is less stable in CDK12-depleted cells
(ti/o=~16 min) than in cells expressing a control siRNA
(tijp=~67 min). Consequently, we asked whether
CDK12 regulates the expression of the CHK1 kinase or
the HDM2 E3 ubiquitin ligase, which are known to con-
trol p53 stability. Interestingly, the levels of total and cat-
alytically active (P-S317) CHKI1 kinase were significantly
reduced in cells deprived of either CDK12 or CCNK, irre-
spective of DNA damage (Fig. 1A). In contrast, CDK12
knockdown did not affect expression of the HDM2 E3 li-
gase or the CHKI-related kinase, CHK2. Similar results
were obtained in U20S cells treated with a different gen-
otoxic agent, hydroxyurea (HU) ( Fig. 1B), indicating that
the requirement for CDK12 is independent of the type of
DNA damage. Of note, CDK12 knockdown also reduced
CCNK expression, and vice-versa, indicating that both
subunits are required for complex integrity in vivo. Con-
trol experiments verified that CHK1 knockdown is suffi-
cient to block p53 induction by DNA damage in U20S
cells (Supplemental Fig. S1B). We conclude that CDK12
acts indirectly, through CHKI, to control p53 stability
in response to DNA damage.

We next asked whether CDK12 affects CHKI mRNA
synthesis, as has been observed for other DNA damage re-
sponse genes (Blazek et al. 2011). Unexpectedly, knock-
down of either CDK12 or CCNK had little effect on
steady-state CHK1 mRNA levels, regardless of etoposide
treatment (Fig. 1C; Supplemental Fig. S1C). Further stud-
ies showed that CDK12 had little or no effect on CHK1 pro-
tein stability (Fig. 1D; Supplemental Fig. SID), mRNA
accumulation in the cytoplasm, or mRNA 3’ end process-
ing (Supplemental Fig. S1E F). The effect on CHK1 expres-
sion was specific for CDK12 and was not seen in cells
depleted of CDK9 or CDK13 (Supplemental Fig. S2A-C).
We conclude that CDK12 affects CHK1 kinase expression
through an unexpected mechanism that does not involve
transcription, mRNA processing, or protein stability.

To examine whether CDK12 affects de novo CHK1 pro-
tein biosynthesis, pulse-chase metabolic labeling experi-
ments were carried out in CDK12 knockdown cells.
Immunoblot analysis revealed that nascent CHK1 protein
synthesis was strongly reduced in cells deprived of CDK12
(Fig. 1E, top panel), whereas de novo global protein synthe-
sis was unaffected (Fig. 1E, bottom panel). To determine
whether CDK12 affects the binding of CHK1 mRNA to
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Figure 1. CDKI12 selectively regulates CHK1 mRNA translation. (A) Immunoblot analysis of p53 and CHK1 kinase expression in etopo-
side-treated U20S cells. Where indicated, CDK12 or CCNK expression was down-regulated using gene-specific siRNAs, and compared
with cells expressing a control (CTL) siRNA. Immunoblot analysis confirmed the siRNA selectivity, and GAPDH was monitored as a
loading control. (B) Immunoblot analysis as in A, except that DNA damage was induced by HU. The role of CHK1 in the phosphorylation
and stabilization of p53 upon DNA damage is shown in the schematic at the right. (C) Analysis of mRNA levels by quantitative RT-PCR
(QRT-PCR) at the indicated genes in cells depleted of CDK12 or CCNK or treated with a control siRNA (siCTL). mRNA levels were nor-
malized to GAPDH mRNA. (D) Measurement of CHK1 protein half-life in cycloheximide (CHX)-treated U20S cells. The quantification of
CHKI1 protein levels for this experiment is shown in Supplemental Figure S1D. (E) Analysis of de novo protein synthesis analysis in U20S
cells depleted of CDK12 or CCNK or treated with a control siRNA (CTL). (Lanes 1-3) Cells were pulse-labeled with L-azidohomoalanine
(Biotin-AHA), and CHK1 synthesis was monitored by immunoblot of anti-CHK1 immunoprecipitates. (Lanes 4-6) Bulk protein biosyn-
thesis was monitored by immunoblot of total protein input in extracts from control, CDK12-, or CCNK knockdown U20S cells. (F) Anal-
ysis of the polysome distribution of CHK1 and GAPDH mRNAs in control and CDK12 knockdown U20S cells. The relative distribution
of the CHK1 or GAPDH mRNA levels across the sucrose gradient was determined by qRT-PCR of the indicated fractions. For comparison,
the sedimentation positions of bulk tRNA and rRNA in denaturing gel are shown at the bottom.
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translating ribosomes, we next analyzed mRNA distribu-
tion on polysomes fractionated by sucrose gradients. Im-
portantly, knockdown of CDKI12 greatly reduced the
amount of CHKI mRNA cosedimenting with 80S and
larger polysome fractions (Fig. 1F; Supplemental Fig.
S2D). In contrast, the association of GAPDH mRNA
with translating polysomes was unaffected in CDK12-
depleted cells (Fig. 1F, bottom panel), and GAPDH protein
levels were similarly unchanged (Fig. 1A,B). Based on these
findings, we conclude that CDK12 selectively controls the
loading of CHK1 mRNA onto translating ribosomes.

CDK12 phosphorylates 4E-BP1 in vivo and in vitro

How does CDK12 affect the binding of CHKI mRNA to
polysomes? We next considered the possibility that it

CDK12 controls mRNA-specific translation

might control the binding of translation factors onto the
5" end cap of CHKI mRNA (Qin et al. 2016). Serum and
growth factors activate the mTORCI kinase, which phos-
phorylates and releases the 4E-BP1 translation repressor
from the 5’ cap complex of target mRNAs to stimulate can-
cer cell growth (Morita et al. 2015). In particular, mTORC1
phosphorylation of 4E-BP1 at T37 and T46 facilitatesits re-
lease from the mRNA 5" end cap (Fig. 2A; Gingras et al.
1999, 2001). However, mTORC1 phosphorylation is not
sufficient to regulate translation, and additional 4E-BP1
phosphorylation at two Ser-Pro sites (S65 and T70) by an
unknown Ser-Pro kinase is also critical (Qin et al. 2016).
Consequently, we used 4E-BP1 phosphospecific antibod-
ies to ask whether CDK12 might phosphorylate these spe-
cific Ser-Pro sites in vivo. Interestingly, knockdown of
either CDK12 or CCNK significantly reduced 4E-BP1
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Figure 2. CDKI12 phosphorylates 4E-BP1 at S65 and T70 in vivo. (A) Schematic of translation initiation complex assembly at 5’ cap of 4E-
BP1 target mRNAs. Phosphorylation of 4E-BP1 at T37/T46 by mTORCI1 facilitates subsequent phosphorylation at S65 and T70 for release
of 4E-BP1 from the cap complex. (B) Immunoblot analysis of 4E-BP1 phosphorylation using phosphospecific antibodies in U20S cells de-
prived of CDK12 or CCNK. Arrows indicate hyperphosphorylated forms of 4E-BP1. GAPDH was used as loading control. (C) Immunoblot
analysis of 4E-BP1 phosphorylation in U20S cells depleted of CDK9 or CCNT1 (P-TEFb), or CDK12 and CCNK. (D) Ectopic expression of
an RNAi-resistant form of CDK12 rescues CHK1 expression and 4E-BP1 hyperphosphorylation in CDK12 knockdown cells. Following
treatment with an siRNA targeting the noncoding region of CDK12, cells were transfected with vectors encoding the wild-type (WT)
CDKI12 or a CDKI12 kinase-dead (KD) mutant (D859A). Native 4E-BP1 phosphorylation was measured by immunoblot as described in
B. (E) Dose-dependent inhibition of CDK12 by the small molecule kinase inhibitor THZ531 was carried out in U20S cells, and CHK1
expression and endogenous 4E-BP1 hyperphosphorylation was analyzed by immunoblot as described in B.
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phosphorylation at both S65 and T70, and also decreased
bulk 4E-BP1 hyperphosphorylation in vivo, as evident by
its changed mobility in the SDS-PAGE (Fig. 2B). In con-
trast, ablation of CDK12 or CCNK did not affect phosphor-
ylation of 4E-BP1 at the mTORC1-specific sites (T37 and
T46). Of note, no changes in the 4E-BP1 phosphorylation
or SDS-PAGE migration pattern were observed in cells
depleted of the related P-TEFb CTD kinase (CDK9 or
CCNT1) (Fig. 2C). As expected, re-expression of wild-
type CDK12 in U20S cells depleted of CDK12 effectively
rescued endogenous 4E-BP1 phosphorylation at S65 and
T70, and restored the migration profile of the bulk protein
without affecting phosphorylation at T37 or T46 (Fig. 2D).
Importantly, neither the phosphorylation nor the migra-
tion pattern of endogenous 4E-BP1 was altered in cells
expressing a catalytically inactive mutant CDK12 protein
(kinase-dead), indicating that the kinase activity of CDK12
is essential for those changes. We conclude that CDK12
controls CHK1 protein expression via phosphorylation
and release of 4E-BP1 from target mRNAs, which enables
loading of additional translation factors onto the mRNA 5
cap that are needed for association with polysomes and ef-
ficient translation.

To validate these results, we addressed whether 4E-BP1
phosphorylation is affected in cells exposed to THZ531, a
small molecule kinase inhibitor specific to CDK12 (Mer-
tins et al. 2016). As shown in Figure 2E, THZ531 treatment
resulted in a dose-dependent inhibition of 4E-BP1 phos-
phorylation at S65 and T70 and decreased levels of hyper-
phosphorylated 4E-BP1 but did not affect phosphorylation
at the mTORCI sites (T37 and T46). Consistent with our
results, CDK12 inhibition by THZ531 also reduced
CHKI1 protein expression and global RNAPII CTD-Ser2
phosphorylation. We conclude that CDK12 can control
translation of select target mRNAs by regulating 4E-BP1
phosphorylation at S65 and T70 in vivo.

To determine whether CDKI12 cooperates with
mTORC1 to phosphorylate 4E-BP1, we next carried
out cell-free kinase assays wusing affinity-purified
CDK12 and mTORCI (Raptor) kinase complexes. As
shown in Figure 3A, CDK12 alone weakly phosphorylat-
ed recombinant 4E-BP1 at all sites tested in vitro, where-
as the mTORC1/Raptor complex readily phosphorylated
4E-BP1 at T37 and T46, but only weakly phosphorylated
S65, and failed to phosphorylate T70. Of note, coincuba-
tion of CDK12 with mTORCI1 strongly increased 4E-BP1
phosphorylation at S65 and T70 in vitro, without affect-
ing phosphorylation at T37 or T46 (Fig. 3A). The ability
of CDKI12 to cooperate with mTORC] strongly supports
the two-step mechanism of 4E-BP1 phosphorylation
originally proposed by Gingras et al. (1999, 2001). To
validate the mechanism, we purified and analyzed a se-
ries of 4E-BP1 point mutant proteins in reconstituted ki-
nase reactions containing both CDK12 and mTORC1/
Raptor complexes. As shown in Figure 3B, immunoblot
analysis with phosphospecific antisera revealed that ala-
nine substitution at either T37 or T46 was sufficient to
block 4E-BP1 phosphorylation at the mutated site and
also effectively reduced phosphorylation at S65 and
T70 (lanes 2,3), suggesting that phosphorylation by
mTORCI1 primes 4E-BP1 for subsequent phosphoryla-
tion by CDKI12. In contrast, mutation of S65 or T70
had no effect on phosphorylation at T37 and T46, sug-
gesting that mTORCI acts independently of CDK12. Fi-
nally, the catalytically inactive (kinase-dead) CDK12
failed to phosphorylate 4E-BP1 in vitro, either alone or
in combination with mTORCI1 (Fig. 3C), ruling out
any kinase-independent activity of CDK12 on S65 and
T70 phosphorylation. In summary, these data strong-
ly suggest that CDK12 cooperates with mTORCI1 to
phosphorylate and release 4E-BP1 from target mRNAs
(Fig. 3D).

Figure 3. mTORC1 phosphorylation primes
4E-BP1 for CDKI12 phosphorylation in vitro.
(A) In vitro kinase assay using affinity-purified
Raptor (MTORC1) and CDK12 kinase complexes.
Cellfree kinase assays were reconstituted with
purified recombinant 4E-BP1 protein and ATP, as
indicated. Immunoblot analysis was carried out
as in Figure 2B. (B) Cell-free kinase assays with re-
combinant wild-type and phosphorylation site
point mutant 4E-BP1 proteins. Reactions con-
tained affinity purified CDK12 and Raptor
(mTORCI1 | kinases, as describedin A. (C) Analysis
of 4E-BP1 phosphorylation in reactions containing
affinity-purified wild-type (WT) or kinase-dead
(KD) form CDKI12 complexes, as described in A.
(D) A schematic of the two-step phosphorylation
model for 4E-BP1, where mTORCI1 facilitates sub-
sequent CDK12 phosphorylation at two consen-
sus Ser-Pro sites (S65 and T70).
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RNA immunoprecipitation coupled with deep
sequencing (RIP-seq) identification of mRNAs that bind
elF4G in a CDK12-dependent manner

To address whether CDK12 controls the binding of trans-
lation initiation factors to target mRNAs, RIP experiments
were carried out using antisera specific to e[F4E and eIF4G
in extracts from CDK12 knockdown cells. As shown in
Figure 4A, lowered levels of CDK12 did not affect binding
of eIF4E to CHKI mRNA, indicating that the capping of
CHK1 mRNA was unaffected. In contrast, CDK12 deple-
tion significantly reduced CHKI mRNA binding to
elF4G. Of note, translation factor binding to GAPDH
mRNA was unaffected by CDK12 knockdown, as expect-
ed, and CDK12 had no effect on expression of eIF4E or
elF4G (Supplemental Fig. S3A). We conclude that the in-
ability of CHKI mRNA to associate with eIF4G is due to
a failure to phosphorylate and release 4E-BP1 from the
cap structure, and this underlies its failure to associate
with translating polysomes in CDK12-deficient cells.

To identify other mRNAs that rely on CDK12 for bind-
ing to elF4G, we carried out a RIP-seq analysis of eIF4G-
immunoprecipitates in extracts from U20S cells. For com-
parison, a RIP-seq analysis was also carried out in extracts
from cells treated with the mTORCI inhibitor Rapamy-
cin. To identify genes that depend on CDK12 for mRNA
biosynthesis we also carried out RNA-seq experiments,
and genes that showed a difference in steady-state
mRNA levels in CDK12 knockdown or rapamycin-treated
cells (log, fold change > 1; 561 and 640 genes, respectively)
(Supplemental Fig. S3B) were excluded from further con-
sideration. Above this threshold, 2780 Rapamycin-sensi-
tive mRNAs were identified that bind efficiently to
elF4G (log, fold change>0.5) in a manner that depends
on the mTORCI kinase. This experiment also identified
1033 “translation-only” mRNAs that depend on CDK12
to associate with eIF4G (log, fold change > 0.4). As shown
in the Venn diagram in Figure 4B, ~39% (391 among
1033) of the CDK12-dependent mRNAs were also sensi-
tive to Rapamycin. Further analysis of these genes (Fig.
4C; Supplemental Fig. S3C) revealed that 32 of the top
50 CDK12-dependent mRNAs were among the top 100
Rapamycin-sensitive genes, and, vice versa, 29 of the top
50 Rapamycin-sensitive genes were among the top
100 CDK12-dependent mRNAs (Fig. 4D). Consequently,
most of the highly ranked mRNAs in each group require
both CDK12 and mTORCI1. Consistent with this finding,
gene ontology (GO) analysis of the RIP-seq results revealed
that many of the CDK12-dependent mRNAs encode fac-
tors required for ribosome biogenesis, translation, and
mRNA processing (Fig. 4E; Supplemental Fig. S3D,E).
Most importantly, these data show that a large number
of mRNAS are jointly regulated by CDK12 and mTORC1
(Rapamycin-sensitive).

We also noted that some of the mRNAs identified in the
RIP-seq database were regulated by CDK12 or mTORC1
(Rapamycin) but not both kinases. To verify the RIP-seq
data, a subset of genes representative of each of the three
categories (Supplemental Fig. S3F) was analyzed by RIP
for binding to eIlF4G in cells treated with control or

CDK12 controls mRNA-specific translation

CDK12-siRNAs. As shown in Figure 4F, the tested genes
confirmed that different subsets of mRNAs depend on
CDK12, mTORCI1 (Rapamycin), or both kinases for effi-
cient binding to eIF4G. Because Rapamycin does not uni-
formly block all 4E-BP1 phosphorylation (Kang et al.
2013), these data may underestimate the number of
bona fide mTORCI substrates that also require CDK12.
Alternatively, CDK12 or mTORCI1 may cooperate with
distinct 4E-BP1 kinases to regulate access of elF4G to
some mRNAs. We conclude that CDK12 regulates bind-
ing of elF4G to a specific subset of mRNAs, including
many mTORCI targets.

Activation of oncogenic pathways often leads to hyper-
phosphorylation and inactivation of 4E-BP1 (Biffo et al.
2018). Independent of its role in transcription, MYC can
drive oncogenic transformation by regulating ribosome
biogenesis, translation, and creation of the mRNA 5’ end
cap (van Riggelen et al. 2010). Because inactivation of 4E-
BP1 is crucial for MYC transformation (Pourdehnad et al.
2013), it was important to assess whether CDK12 is also
required for this process. However, CDK12 inhibition
by knockdown or chemicals significantly reduced cell via-
bility in long-term culture (4 d or longer). Consequently,
we sought to identify a dominant-negative inhibitor of
CDKI12 that could be used instead to assess its role in
MYC transformation. As shown in Supplemental Figure
S4A, we determined that an N-terminal fragment of
CDK12 (amino acids 1-787), lacking the kinase domain,
was sufficient to bind CCNK in vivo, and reasoned that
overexpression of this fragment should inactivate CDK12
kinase activity by sequestering CCNK into inactive com-
plexes. As anticipated, ectopic expression of the CDK12
(amino acids 1-787) dominant-negative mutant signifi-
cantly reduced p53 induction in etoposide-treated U20S
cells (Supplemental Fig. S4B). Moreover, the CDK12 mu-
tant was not cytotoxic to cell growth over the time frame
of this experiment. In contrast, expression of either full-
length CDK12 or a large CTD fragment (amino acids
148-1490) that spans the kinase and CCNK-binding do-
mains, enhanced p53 induction by etoposide. We conclude
that CDK12 is a limiting factor for the p53 response to
DNA damage.

To assess whether the dominant-negative CDK12 pro-
tein affects MYC transformation, Ratla cell lines that sta-
bly express MYC were isolated and used to examine the
role of CDK12 in anchorage-independent cell growth. As
shown in Figure 5A, Ratla cells expressing either the vec-
tor control or CDK12 (amino acids 1-787) alone were un-
able to proliferate in the solid matrix, whereas cells that
express MYC readily formed colonies over a 15-d span of
the experiment, as expected. Notably, stable coexpression
of the CDK12 (amino acids 1-787) mutant in MYC-ex-
pressing Ratla cells significantly reduced the number of
colonies formed in soft agar (Fig. 5B). Of interest, expres-
sion of wild-type CDK12 did not change the total colony
number (>50 uym diameter; Fig. 5B), but greatly increased
the number of large colonies formed (>200 pm diameter;
Fig. 5C), indicating that CDK12 stimulates the rate of an-
chorage-independent growth initiated by MYC. To assess
whether the CDK12 cooperates with MYC to enhance
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Figure 4. CDKI12 regulates binding of eIF4G to a subset of mMTORCI1-dependent mRNAs. (A) RIP analysis of U20S cells depleted of
CDK12. Protein complexes were immunoprecipitated from siRNA-treated cells using indicated antibodies, and mRNAs were assessed
by qRT-PCR and normalized to input. Asterisks indicate statistically significant changes (*) P <0.05; (**) P <0.01; (n.s) nonsignificant dif-
ferences (P>0.05). All values represent the mean +SD from n=3. The results are representative of three independent experiments.
(B) Venn diagram summarizing the number of mRNAs that depend on CDK12, mTORCI1 (Rapamycin-sensitive), or both to bind
elF4G in U20S cells, as determined by RIP-seq analysis. (C) Identification of the top 50 mRNA species that associate with eIF4G in a
CDK12-dependent or Rapamycin-sensitive manner, as identified by RIP-seq analysis from B. For comparison, changes in total mRNA
abundance are also shown in log, scale. (D) Summary of the extent to which the top 100 CDK12-dependent mRNAs are also sensitive
to Rapamycin (mTORC1-dependent) for binding to eIF4G, and vice versa. (E) Linkage analysis of top CDK12-dependent genes identified
by RIP-seq (in B). A complete gene ontology (GO) analysis of CDK12-regulated mRNAs is shown in Supplemental Figure S3D. The
mRNAs in the yellow box are coregulated by CDK12 and mTORC1 (Rapamycin-sensitive). (F) Validation of the RIP-seq results for a sub-
set of mRNAs. Binding of eIF4G to selected mRNAs was assessed by RIP experiments for dependence on CDK12 or mTORC], or both, as
indicated, based on the top genes in each category shown in Supplemental Figure S3F.
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translation, RIP analysis was carried out to examine bind-
ing of elF4G to known mTORC]1-dependent mRNAs re-
quired for transformation. As predicted, expression of
the dominant-negative CDK12 (amino acids 1-787) mu-
tant strongly decreased binding of eIF4G to these mRNAs
(Fig. 5D). Taken together, these data indicate that CDK12
can facilitate MYC transformation by promoting the
translation of mTORCI1 target mRNAs, many of which
encode oncogenic factors.

Ribosome profiling identifies specific mRNAs that
are translated in a CDK12-dependent manner

To define the role of CDK12 in selecting mRNAs for ac-
tive translation, we used ribosome profiling (Ingolia

2016) to measure mRNA translation efficiency genome-
wide. RNA deep-sequencing (Ribo-seq) analysis of ribo-
some-protected mRNA fragments (RPFs), derived from
control or CDK12 knockdown U20S cells, was used to
survey the differential ribosome occupancy of individual
mRNA species. Metagene analysis revealed that a high
fraction (>75%) of reads occurred in-frame with the coding
regions of the annotated genes (Supplemental Fig. S5A),
demonstrating the high resolution of the Ribo-seq data.
In parallel, mRNA levels in each sample were quantified
by high-throughput RNA sequencing (RNA-seq) to con-
trol for the change in RPF abundance due to altered copy
number derived from mRNA biosynthesis. Through this
approach, it was possible to differentiate between
CDK12 transcription and translation candidates. After
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establishing probability distributions for log, fold changes
of mRNA and RPF using the Xtail method (Xiao et al.
2016), we accurately assessed the differential translation
efficiency created by genome-wide depletion of CDKI12
(Fig. 6A). The Xtail analysis also provided the statistical
significance of differential translation for each gene, as
shown in the volcano plot listing of fold changes (Supple-
mental Fig. S5B).

To define the most extreme set of translation-controlled
mRNAs, we excluded transcripts with weak changes (i.e.,
both transcriptional and translational differences of less
than twofold), or with low statistical significance (adjust-
ed P-value >0.1). This approach yielded a list of 410 genes
for which the translation efficiency was severely affected
upon depletion of CDK12 (Supplemental Figs. S5C, S6A).
We further ruled out potential transcriptional effects by
eliminating genes that were categorized as “transcrip-
tion-only” or “homodirectional” as well as genes with
up-regulated translation efficiency in CDK12 knockdown
cells. This refinement resulted in a list of 172 “transla-
tion-only” target genes (Supplemental Table S3), which
showed an impaired translation efficiency in cells de-
prived of CDK12 (Fig. 6B). Consistent with our earlier
findings, CHK1 was included among the list of genes
that depend on CDK12 for translation.

Read coverage plots of the Ribo-seq and RNA-seq data
for several of the 172 translationally down-regulated
genes showed a dramatic decrease in ribosome occupancy
without significant changes to mRNA levels in CDK12-
depleted cells (Fig. 6C; Supplemental Fig. S6A). Under
these conditions, differential RNA-seq analysis identified
1516 genes that were regulated by CDK12 at the level
of mRNA abundance and not translation efficiency, and
these were not evaluated further. To examine how
CDK12 controls the translation of the set of targets identi-
fied by Ribo-seq, several candidate mRNAs were analyzed
in greater detail (Supplemental Fig. S5D). First, we con-
firmed that CDKI12 had no effect on the steady-state
mRNA levels of the these putative “translation-only” tar-
get genes (Fig. 6D, top panel). Consistent with the genome-
wide Ribo-seq data, RIP analysis confirmed strongly
reduced binding to elF4G to these target mRNAs in
CDK12 knockdown cells (Fig. 6D, bottom panel). Immu-
noblot analysis was used to validate that CDK12 regulates
the protein expression of each of the tested genes (Fig. 6E).
We conclude that CDK12 facilitates translation of the test-
ed mRNAs through the same mechanism used to regulate
CHK1 expression; namely, by promoting the phosphoryla-
tion of 4E-BP1 to enable loading of the eIF4G translation
initiation complex onto the mRNA 5’ cap.

CDK12 translation targets include many chromosome
and centromere family proteins

The Ribo-seq data set identified 126 up-regulated and 172
down-regulated “translation-only” target genes in U20S
cells (Supplemental Fig. S6A). GO enrichment analyses re-
vealed that many of the down-regulated genes from the
“translation-only” group are involved in mRNA process-
ing, as was also observed in the RIP-seq analysis (Supple-
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mental Fig. S6B). Most interestingly, the most prominent
CDK12-dependent translation target genes included
many families of proteins that reside in complexes critical
for centromere—kinetochore architecture, mitotic spindle
regulation, and chromosome segregation. These CDK12
translation targets include a majority of subunits of the
CENP, CEP, and SMC complexes as well as NDC80,
NUF2, MIS12, and other well-established mitotic regula-
tors (Supplemental Fig. S6C). To validate these results,
we confirmed strongly reduced protein levels for several
of these mitotic regulators in CDK12 and CCNK knock-
down cells (Supplemental Fig. S6D).

To further investigate whether CDK12 is important for
mitotic progression, we carried out a series of confocal
imaging experiments in cells deprived of CDK12 or CCNK.
As shown in Figure 7A, severe chromosome mis-
alignments were readily apparent in CDKI12-depleted
metaphase cells, many of which constituted defective
spindle-kinetochore attachments (Zhang et al. 2018). To
determine the degree of chromosome misalignment,
metaphase chromosomes were quantitatively assessed
by immunostaining for CENP-B foci at centromeres (Fig.
7B; Supplemental Fig. S7A). Importantly, this approach
revealed significant misalignments involving multiple
chromosomes within a given cell. Because misaligned
chromosomes at metaphase directly activate the spindle
SAC, which ensures that chromosome kinetochores are
properly attached to the mitotic spindle for segregation pri-
or to the onset of anaphase (Musacchio 2015), we also eval-
uated whether CDK12 knockdown activates the SAC. A
key step in the active SAC is the recruitment of BubR1,
an essential component of the mitotic checkpoint com-
plex (MCC) (Kapanidou et al. 2015), to the unattached
kinetochores. BubR1 is prominently localized to chromo-
somes in prometaphase, when the majority of chromo-
somes are not aligned to the metaphase plate. As shown
in Figure 7C (top and middle panels), BubR1 levels were
dramatically reduced at metaphase in cells treated with a
control siRNA, as expected, whereas BubR1 was retained
on misaligned chromosomes at each spindle pole side dur-
ing metaphase in the CDK12-depleted cells. These data
strongly suggest an unsatisfied status of the SAC and a sig-
nificantly impaired transition to anaphase in CDK12-
deprived cells. To assess whether the activated SAC de-
layed mitosis by preventing the onset of anaphase, we
quantified the mitotic cell population in these cells. Tile-
scanning image analysis revealed a doubling (~8 %) of the
number of total mitotic cells in CDK12 knockdown cells,
as compared with cells expressing a control siRNA (Fig.
7D, left panel; Supplemental Fig. S7B). Further inspection
of the mitotic subpopulation revealed a dramatic increase
in metaphase-arrested cell population among cells ex-
posed to the CDK12 siRNA (Fig. 7D, right panel). Taken to-
gether, these data indicate that CDK12-deficient cells are
severely impaired for mitotic progression due to activation
of the SAC. Moreover, chromosome misalignments were
frequently accompanied by asymmetric spindles or spin-
dle pole detachment during mitosis (Tame et al. 2016). Im-
portantly, these spindle pole defects were also observed in
CCNK-deficient cells and frequently resulted in a severe
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Figure 6. Genome-wide ribosome profiling identifies CDK12-dependent translation target genes, including mRNAs encoding critical
centromere and kinetochore complexes. (A) Scatter plot representation of the genome-wide fold-changes of RPFs and mRNA abundance
in U20S cells depleted of CDK12. The differential translation efficiency (log, fold change > 1 and <—1; false discovery rate [FDR] < 0.1) was
plotted for mRNAs subject to transcriptional regulation (“transcription-only”; blue points), translational regulation (“translation-only”;
red points), and homodirectional changes in both processes (“homodirectional; green points). The CHK1 gene was identified in the down-
regulated group of “translation-only” CDK12 targets. (B) Venn diagram displays the number of genes down-regulated at the level of tran-
scription (green), translation (blue), or both (overlapping) from A. Note that CHK1 was present in the group of “translation-only” target
genes. (C)BedGraphs of total mRNA levels (RNA-seq) and RPFs (Ribo-seq) for the RPL5, CHEK1, EIF1, IFT88, and RPL30 genes in U20S
cells treated with control (CTL) or CDK12-specific siRNAs. The five genes shown fall in the category of “translation-only” targets of
CDKI12. Scales represent the genomic DNA size and structure of the coding region of the individual genes. (D) RIP analysis of selected
candidate “translation-only” CDK12 target mRNAs that were identified by Ribo-seq. The top panel shows total steady-state mRNA levels
in cells transfected with control (CTL) or CDK12-siRNAs by qRT-PCR, and the bottom panel displays the mRNAs bound to eI[F4G in each
condition, as determined by RIP. All values represent the mean = SD from three independent experiments (11 = 3). (E) Immunoblot analysis
of protein expression for select CDK12 “translation-only” target genes. Several genes from D were tested by immunoblot to monitor pro-
tein expression using the indicated antisera.
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Figure 7. CDK12 is critical for proper chromosome alignment and progression through mitosis. (A) Confocal imaging reveals chromo-
some misalignments during metaphase in U20S cells depleted of CDK12. Cells were immunostained for y-Tubulin (red), a-Tubulin
(green), and DNA (DAPI; gray) after transfection with control (CTL) or CDK12-specific siRNAs. The magnified insets show chromosome
misalignments at each spindle pole (P1 and P2). The graph at the right displays the number of metaphase cells containing misaligned chro-
mosomes from experiments done in triplicate (>100 cells each) for control or CDK12 knockdown cells. (B) Quantification of misaligned
chromosomes in CDK12-depleted cells. Confocal image analysis was carried out as in A with immunostaining for CENP-B (red), a-Tubu-
lin (green), and DNA (DAPI; gray). Magnified insets show CENP-B foci at the metaphase plate (MP) or the spindle pole (SP). The number of
misaligned chromosomes at the spindle poles was scored by counting CENP-B foci. The results were divided into three groups, based on
the number of misaligned chromosomes per cell (0, 1-4, and >4), and the results were graphed from experiments carried out in triplicate
(>100 cells each). (C) Analysis of SAC activity (BubR1 level at chromosomes) in metaphase cells. BubR1 (green) was detected by immu-
nostaining and confocal microscopy, as described in A. The magnified insets highlight misaligned chromosomes (MC) and aligned chro-
mosomes (AC), respectively. (D) Inhibition of mitotic progression in cells depleted of CDK12. The bar graph at the left plots the percentiles
of mitotic cells from total cell populations treated with the indicated siRNAs shown in tile scan analysis (Supplemental Fig. S7C). The
graph at the right quantifies the subpopulations in mitotic cells in cells treated with control (CTL) or CDK12-specific siRNAs. (E) Frequent
spindle pole detachments are observed in CDK12-deficient cells. Confocal imaging was analyzed as described in A. The bar graph shows
the percentile of cells containing abnormal spindle pole detachments, as quantified from total mitotic populations analyzed in triplicate
(>100 cells each). For A-E, asterisks indicate the statistically significant changes determined by unpaired t-test. (*) P<0.1; (**) P<0.01; (***)
P<0.001. Bars, 10 pm. Error bars indicate +SD.
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disorientation of the mitotic division axis (Fig. 7E; Supple-
mental Fig. S7B). Taken together, these results uncover a
new set of target genes regulated by CDK12:CCNK, which
leads to the concerted translation of mRNAs encoding fac-
tors that govern chromosome alignment and mitotic
fidelity.

Discussion

Here wereport that, inaddition toitsrolein mRNA biosyn-
thesis for DNA repair genes, CDK12 plays a unique role in
the regulated translation of a specific subset of mRNAs.
The observation that CDK12 regulates CHK1 protein ex-
pression at the level of translation, led to the discovery
that CDK12 directly phosphorylates the 4E-BP1 transla-
tion repressor at S65 and T70 in vivo and in vitro and con-
trols the exchange of 4E-BP1 with eIF4G at CHK1 and other
target mRNAs. Our data strongly indicate that CDK12 co-
operates with mTORCI1 to phosphorylate 4E-BP1 and sup-
port an earlier model in which phosphorylation by
mTORCI1 was proposed to prime 4E-BP1 for subsequent
phosphorylation by an unknown Ser-Pro kinase (Gingras
et al. 1999, 2001). Using RIP-seq analysis, we show that
CDK12 controls binding of eIlF4G to ~1000 mRNAs,
many of which are known targets of mTORCI and are sen-
sitive to Rapamycin. The genome-wide ribosome profiling
data further revealed a critical role for CDK12 in the trans-
lation of mMRNAs encoding CENP, CEP, and SMC subunits
as well as other key subunits of centrosome, centromere,
and kinetochore complexes. Confocal imaging studies
revealed CDK12 depletion causes severe mitotic defects,
including chromosome misalignments, spindle pole
detachment that leads to activation of the SAC. Loss of
these functions likely contributes to the distinctive geno-
type and aggressive properties of metastatic cancers that
harbor CDK12-inactivating mutations.

The discovery that CDK12 has arole in translation is in-
teresting in light of earlier reports that the Saccharomyces
cerevisiae ortholog of CDK12, the Ctk1/CTDK-I CTD ki-
nase complex (Bartkowiak et al. 2010; Bowman and Kelly
2014) stimulates mRNA translation globally (Réther and
Strafler 2007; Coordes et al. 2015). Unlike CDK12, howev-
er, the yeast CTDK-Istimulates mRNA translation global-
ly, affecting both general initiation and elongation steps in
the process. In contrast, we found that CDK12 controls
only a specific subset of mRNAs that are sensitive to
CDK12-dependent phosphorylation and inactivation of
the 4E-BP1 translation repressor. These mRNAs include
TOP motif-containing targets of mMTORC1 as well as genes
involved in cell proliferation, DNA repair, mitochondria
function, and mitosis. These distinct actions of CDK12
and Ctkl may reflect the absence of a 4E-BP1 homolog in
yeast, and the greater diversity and regulation of mRNA
cap complex assemblies in metazoans.

Given that CDK12 is an RNAPII-associated kinase pre-
dominantly localized in the nucleus, how does it cooperate
with mTORCI to regulate translation? Many mTORCI1
subunits, including Raptor, are partly localized to the nu-
cleus, as are 4E-BP1 and eIF4E, the latter of which can con-
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trol the nuclear export of specific mRNAs (Osborne and
Borden 2015; Borden 2016). Consequently, CDK12 may
phosphorylate 4E-BP1 in the nucleus, and, indeed, could
even act cotranscriptionally to remodel 5’ cap complex of
nascent target mRNAs. Consistent with our findings, pre-
vious work has established that eIF4GI is especially im-
portant for cell growth and metastasis of prostate and
serous ovarian cancers (Li et al. 2016a; Jaiswal et al.
2018) and selectively controls the translation of a subset
of mRNAs encoding DNA repair and cell survival factors
(Badura et al. 2012). Moreover, the abnormally elevated
levels of eIF4E found in cancer cells were shown to regulate
translation of a select set of mRNAs critical for transfor-
mation and cancer cell survival, acting through mRNAs
with a unique 5 leader sequence (Truitt et al. 2016). Re-
cent studies have characterized alternative translation
pathways that do not depend on mTORC]1 or eIF4E (Lee
etal. 2016; Shaw et al. 2016). Interestingly, CDK12 expres-
sion is regulated by eIF3D rather than eIF4E (de la Parra et
al. 2018), which raises the possibility of direct cross-talk
between these two translation pathways.

Unexpectedly, genome-wide ribosome profiling also re-
vealed that CDK12 selectively regulates the translation of
many critical mitotic regulatory complexes. Consistent
with this, CDK12-depleted cells display multiple mitotic
defects, including frequent severe chromosome misalign-
ments. CDK12 controls the loading of eIF4G to the mitotic
regulatory mRNAs we tested, strongly suggesting that the
mechanism involves the phosphorylation and release of
4E-BP1. Moreover, the CDK12 target CHK]1 is an impor-
tant component of the SAC, acting through the Aurora B
kinase to prevent formation of lagging chromosomes
(Kabeche et al. 2018). Of note, 4E-BP1 proteins phosphory-
lated at T70 and S65 localize to the mitotic spindle and
control spindle assembly in murine oocytes (Cormier
2017; Jansova et al. 2017), which raises the possibility
that CDK12 might also act directly at mitotic chromo-
somes. Consistent with our findings, knockdown of
CCNK in prostate cancer cells was previously shown to
lead to an Aurora B kinase-dependent mitotic catastrophe,
characterized by spindle multipolarity and multinuclea-
tion (Schecher et al. 2017). Therefore, the catalytic activity
of the CCNK:CDKI12 complex is required for multiple
steps in mitosis, the loss of which can lead to severe mitot-
ic defects and cancer cell apoptosis.

In summary, we show that CDK12 is the predominant
complex responsible for 4E-BP1 phosphorylation at S65
and T70, and acts in concert with mTORCI to control
the release of 4E-BP1 and enable binding of eIF4G to a sub-
set of responsive mRNAs required for mitosis, protein bio-
synthesis, and the response to DNA damage. These
findings highlight a new set of target genes for CDK12, dis-
tinct from the BRCA1 and related DNA repair factors that
require CDK12 for mRNA biosynthesis (Greenleaf 2018)
and intronic polyadenylation (Dubbury et al. 2018). Most
strikingly, CDK12 is a part of a novel translation network
that ensures the coordinate expression of key factors in
centrosome, centromere, and kinetochore proteins to di-
rect mitotic progression. The action of SAC proteins are in-
tegrated with the overall response to DNA damage, and
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loss of these factors can lead to defective DNA repair, an-
euploidy, and profound genome instability (Janssen et al.
2011; Crasta et al. 2012; Lawrence et al. 2015). Therefore,
disruption of the CDK12 translation network likely con-
tributes to the profound genomic instability phenotype
that is a hallmark of CDK12 mutant cancers (Chila et al.
2016; Popova et al. 2016; Menghi et al. 2018; Viswanathan
et al. 2018).

Materials and methods

Cell culture, transfections, DNA damage, immunoblots, and antisera

U20S cells were obtained from American Type Culture Collec-
tion. Cells were confirmed to be free of Mycoplasma infection
and cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 2 mM L-glutamine and 10% fetal bovine serum in
a 5% CO, incubator at 37°C. The specific siRNAs used in these
studies are listed in the Supplemental Material. Following siRNA
transfection, DNA damage was induced by incubating the cells in
20 pM etoposide or 2 mM HU for 12 h, as indicated in Figure 1.
Factor-specific siRNAs were obtained from Life Technologies
and were transfected into cells using the Lipofectamine™ RNAI-
MAX. Experimental analyses were performed 48 h after transfec-
tion. For negative control siRNA, the Silencer negative control #1
siRNA was used (Life Technologies).

For immunoblots, cells were lysed in RIPA buffer (50 mM
Tris-Cl at pH 7.7, 150 mM NaCl, 1 mM EDTA, 1% [v/v] NP-
40, 0.1% [w/v] SDS, 0.1% [w/v] NaDeoxycholate), and extracts
were cleared by centrifugation at 12,000g for 15 min at 4°C.
The supernatants were treated with SDS sample buffer and an-
alyzed by SDS-PAGE and immunoblot. The sources of commer-
cial antisera used for this study are listed in the Supplemental
Material.

Reverse transcription and quantitative RT-PCR (qRT-PCR)

Total RNA was isolated using Trizol (Life Technologies), and re-
verse transcription was performed using 3 pg of total RNA ex-
tracted using SuperScript III (Life Technologies) with oligo-dT.
PCR measurements of cDNA were performed in triplicate using
Power SYBR Green master mixes (Life Technologies). Amplifi-
cation was carried out in the ABI7300 (Applied Biosystems)
with a 10-min DNA denaturation step at 95°C followed by 40 cy-
cles of 15 sec at 95°C and 60 sec at 60°C. The average of the
technical replicates was normalized to GAPDH levels using
the comparative CT method. Averages and standard deviation
are the result of at least three independent experiments. The
qRT-PCR primers used in this manuscript are listed in Supple-
mental Table S5.

Protein half-life measurements

To measure the half-life of endogenous Chk1 and p53 proteins,
U208 cells (5x10°) in a six-well dish were transfected with
siRNAs, as indicated in Supplemental Figures S1A,D. After
48 h, cycloheximide (CHX; 50 pg/mL final) was directly added
to cells and incubated for the times described in the figure leg-
ends. Cells were washed twice with PBS and lysed in RIPA buffer
to prepare cell extracts. After centrifugation at 14,000g for 15 min
at 4°C, the soluble fraction was subject to SDS-PAGE and immu-
noblot analysis. The immunoblot signals were analyzed and
quantified by ImageJ to obtain the half-life.
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Cytosolic mRNA extraction for gRT-PCR

Subcellular fractionation was carried out at 4°C after siRNA
transfection for 48 h. Cells were washed and scraped in 1 mL of
ice-cold PBS, centrifuged at centrifugation at 500g for 5 min,
and resuspended in 1 mL of buffer A (10 mM Tris-HCI at pH
8.0, 10 mM KCl, 1.5 mM MgCl,, protease inhibitors) for 10 min
onice. After centrifugation at 1500¢ for 5 min, pellets were resus-
pended in 200 pL of buffer B (buffer A plus 0.2% [v/v] NP-40) and
incubated for 5 min on ice before centrifugation at 5000g for
5 min. A supernatant containing the cytosolic fraction and
RNA was extracted using acid-—phenol:chloroform (pH 4.5) (Invi-
trogen, AM9720) followed by ethanol precipitation for qRT-PCR.

Analysis of CHK1 mRNA termination efficiency

For the experiment in Supplemental Figure S1F, U20S cells (5 x
10%) in a six-well dish were transfected with the indicated
siRNAs. After 48 h, total RNA was extracted. The total RNA
from each sample (1 pg) was subjected to cDNA synthesis with
CHK1-specific primers (GSP1; 5-ACTTCATGAGGCAATTTC
TG-3' and GSP2: 5-AGTGCATGTTAAAGAAGATC-3') using
SuperScript Il (Life Technologies). qPCR measurements of
CHKI mRNA were performed in triplicate using the SYBR Green
master mix (Life Technologies), and the average of the technical
replicates was normalized to GAPDH levels using the compara-
tive CT method. The pass-through (PT) ratio represents the per-
centile of uncleaved mRNA relative to total CHKI mRNA.
Averages and standard deviation are the result of at least three in-
dependent experiments.

Metabolic labeling and de novo Chk1 protein synthesis

Rapidly growing U20S cells were incubated in methionine-free
DMEM for 2 h. L-aziohomoalanine (Click-IT AHA, Thermo Fish-
er, C10102) was added directly to the medium at a final concen-
tration of 5 mM. The cells were incubated for 1 h to incorporate
AHA into newly synthesized proteins. For detection of newly
synthesized Chk1 protein from the metabolic labeling, immuno-
precipitation was carried out with Chk1 antibody (Santa Cruz
Biotechnology, sc-8404) for 12 h. After washing, immunoprecipi-
tates were coupled to biotin conjugates (biotin alkyne; Thermo
Fisher, B10185) using the Click-IT protein reaction buffer kit
(Thermo Fisher, C10276), and total labeled proteins and immuno-
precipitates were detected using the NeutrAvidin horseradish
peroxidase conjugate kit (Thermo Fisher, A2664).

Sucrose density gradient sedimentation of polysomes

To isolate polysomes and associated mRNAs, siRNA-transfected
U20S cells were treated with 100 pg/mL cycloheximide (EMD
Millipore) for 10 min on ice in PBS. Cells were pelleted and lysed
in 400 U/mL fractionation buffer (10 mM Tris-HCl at pH 8.0, 150
mM NaCl, 1.5 mM MgCl,, 0.25% [v/v] NP-40, 0.1% Triton-X
100, 10 mM DTT, 100 pg/mL cycloheximide, RNasin Plus RNase
inhibitor) for 20 min on ice. Lysates were cleared by centrifuga-
tion at 10,000g for 10 min, and supernatants were loaded onto
the top of stepwise sucrose gradient solutions (1 mL of each RN-
ase-free 15%, 20%, 25% sucrose solution; 0.5 mL of each 30%,
35%, 40% sucrose solution). The samples were centrifuged in a
swinging bucket rotor SW55 Ti (Beckman) at 40,000 rpm for 4 h
at 4°C with an acceleration profile of 5 and a deceleration profile
of 5. High-molecular-weight polysome fractions were collected
from the bottom of the tube and subjected to denaturing RNA
agarose gel analysis or acid phenol/chloroform extraction
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followed by qRT-PCR analysis using the primer sets listed in
Supplemental Table S5.

Affinity purification of protein kinase complexes and cell-free kinase
experiments

Stable HEK293 cell lines that express HA-tagged full-length hu-
man CDKI12 or Flag-tagged Raptor were established following
transfection of expression vectors under puromycin selection at
1 mg/mL or G418 selection at a final concentration of 500 pg/
mlL, respectively. Cells from five 150-mm dishes were extracted
using immunoprecipitation buffer (50 mM HEPES-NaOH at pH
7.9, 300 mM NaCl, 1% NP-40, 10 mM MgCl,, 15% glycerol)
with protease inhibitors to a final volume of 15 mL and dounce-
homogenized. Extracts were clarified by centrifugation at
14,000g for 15 min at 4°C. Flag-M2 beads (Sigma) or EZview
Red anti-HA affinity gel (Sigma) were incubated with the super-
natant in a ratio of 80 uL of slurry (50% beads in slurry) to 6 mg
of total protein for 4 h with rotation at 4°C. The beads were
washed in immunoprecipitation-wash buffer (25 mM HEPES-
NaOH at pH 7.9, 300 mM NaCl, 0.2% NP-40) a total of four times
for 3 min at 4°C and then washed twice in Flag-elution buffer (25
mM Tris-HCI at pH 7.5, 50 mM NaCl). Finally, the sample was
incubated with 200 pg/mL Flag or HA peptides (Sigma) in 200
pL of elution buffer for 30 min at room temperature with rotation.

To prepare substrates for the in vitro kinase experiments, the N
terminus of human 4E-BP1 was fused to a GST expression vector
to generate a recombinant GST-4E-BP1 protein. After transforma-
tion of this vector into Escherichia coli BL21, recombinant 4E-
BP1 protein was induced by treatment of IPTG (0.8 uM final),
and the soluble protein was purified using glutathione-agarose
beads (Thermo Scientific). The purified 4E-BP1 protein was equil-
ibrated in the kinase reaction buffer (25 mM Tris-HCI at pH 7.5,
25 mM KCl, 5 mM MgCl,) to remove any excess glutathione. In
vitro phosphorylation reactions contained 50 ng of GST-4E-BP1,
10 ng of CDK12 or Raptor (mTORCI1) kinase complex (15 uL of
eluate from the affinity purification), or both kinase complexes
where indicated in the presence of 100 pM ATP, 1 mM DTT,
and 5 pg/uL BSA in a 50-uL final volume of kinase buffer. The re-
action was carried out for 30 min at 25°C, immediately denatured
by boiling with SDS sample buffer, and subjected to immunoblot
analysis. To generate point mutations in the GST-4E-BP1 pro-
teins (T37A, T46A, S65A, and T70A) or the kinase-dead full-
length CDK12 (D859A), we used the QuikChange site-directed
mutagenesis kit (Agilent), and vectors harboring these mutations
were verified by DNA sequencing of individual clones obtained
following mutagenesis.

RIP experiments

All steps were conducted at 4°C in RNase-free conditions. U20S
cells (5x10%) were transfected with the indicated siRNAs and
washed twice with cold PBS. Cells were collected in 1.5 mL of
RNA lysis buffer (25 mM Tris-HCI at pH 7.5, 150 mM KCl,
5 mM EDTA, 1% [v/v] NP-40) with freshly added 0.5 mM DTT
and 400 U/mL RNase inhibitor (New England Biolabs) and ho-
mogenized by dounce. After centrifugation at 13,000g for
20 min, 0.7 mL of clear lysate was transferred to new tubes in ad-
dition with antisera (5 pg per immunoprecipitation) for immuno-
precipitation. Antibody and lysate mixtures were incubated
overnight with rotation. Aliquots of 60 uL of protein A or G
(50% slurry) were added in the mixture and incubated for an ad-
ditional 2 h. The agarose slurry was collected and washed three
times in 1 mL of RNA lysis buffer followed by centrifugation at
1000g for 2 min. After the final wash, 1 mL of Trizol was used
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to extract captured RNAs from the immune complexes. After
DNA digestion by RNase-free DNase I (New England Biolabs),
RNA was precipitated by isopropyl alcohol or concentrated using
the RNA Clean and Concentrator kit (Zymo Research). Reverse
transcription and qRT-PCR for quantitative RNA analysis was
carried out as described above.

RNA-seq and RIP-seq analyses

High-throughput sequencing was performed at the Next-Genera-
tion Sequencing Core at The Salk Institute, and statistical
analyses were carried out in The Razavi Newman Integrative Ge-
nomics and Bioinformatics Core at The Salk Institute. Sequenced
reads were quality tested using FASTQC and aligned to the hgl19
human genome using the STAR Aligner version 2.4.0 k (Dobin
et al. 2013). Mapping was carried out using default parameters
(up to 10 mismatches per read and up to nine multimapping loca-
tions per read). The genome index was constructed using the gene
annotation supplied with the hgl9 Illumina iGenomes collection
and an overhang value of 100. Raw gene expression was quantified
acrossall gene exons (RNA-seq) or across gene bodies (RIP-seq), us-
ing the top-expressed isoform as proxy for gene expression, and dif-
ferential gene expression was carried out using the edgeR package
version 3.6.8 (Robinson et al. 2010) using biological replicates to
compute within-group dispersion. Differentially expressed genes
were defined as having a false discovery rate (FDR)<0.05 and a
log, fold change of >0.5 (>1.4-fold or >0.71-fold) when comparing
two experimental conditions. Genes showing mTOR-specific
binding and CDK12-specific binding were defined as those signifi-
cantly down-regulated in the Rapamycin RIP or siCDK12 RIP
compared with the control RIP, while genes that showed mTOR-
specific or CDK12-specific transcription were defined as those
that were significantly altered between control and Rapamycin
or siCDK12 total mRNA-seq conditions. The complete list of
genes identified by RIP-seq analysis is in Supplemental Table S1.

Annotation and enrichment analyses

GO term and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis and annotation were carried out on
gene sets using the HOMER analysis package (Heinz et al. 2010)
and the Benjamini and Yekutieli (2001) general correction for
multiple testing. Specifically, pathway enrichment analysis was
carried out by checking for significant overlap in KEGG, Wiki-
pathways, Reactome, and GO Biological Process databases (data-
base annotations updated November 18, 2015). Motif enrichment
analysis was carried out for the region —50 to 150 bp around gene
TSS, searching for motif lengths of 8, 10, and 12 or using a set of
all vertebrate motifs known to HOMER. Those annotation and
enrichment analysis from each RIP-seq and Ribo-seq are summa-
rized in Supplemental Tables S2 and S4, respectively.

Ribo-seq analyses

Preparation of ribosome footprints for Ribo-seq experiments was
performed as described Ingolia et al. (2012), with the following
modifications. U20S cells were grown to ~80% confluency in
15-cm diameter tissue culture dishes. The media was removed,
and cells were washed with 5 mL of ice-cold phosphate-buffered
saline (PBS) with 100 pg/mL CHX. Immediately after removing
PBS, 400 pL of ice-cold lysis buffer (20 mM Tris-HCl at pH 7.4,
150 mM NacCl, 5 mM MgCl,, 1% Triton X-100) supplemented
with 1 mM DTT, 25 U/mL Turbo DNase (Thermo Fisher,
AM2238), and 100 pg/mL CHX was dripped onto the plate. Cells
were incubated on ice in lysis buffer for 10 min with periodic
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vortexing and pipetting to disperse the cells. The lysate was then
clarified by centrifugation at 15,000g for 10 min. Cell lysates were
flash-frozen in liquid nitrogen and stored for up to 5 d at —80°C
prior to ribosome footprinting. The RNA concentrations in lysate
were measured using the Qubit broad-range RNA detection assay
with 1 pL of lysate. For ribosome footprinting, 15 U of TruSeq Nu-
clease (Illumina) was incubated with 40 pg of RNA in 400 pL of
lysis buffer for 50 min at room temperature and quenched with
100 U Superase-In RNase I inhibitor (Thermo Fisher) on ice. Fol-
lowing digestion, RPFs were purified from small RNA fragments
using MicroSpin S-400 HR columns (GE Life Sciences) according
to the lumina TruSeq Ribo profile kit. RPFs were purified by
acid phenol:chloroform extraction followed by isopropanol pre-
cipitation. Unfragmented total RNA was extracted from 50 pL
of cell lysate by acid phenol:chloroform and used to prepare a
short read RNA library in parallel with RPF libraries. Ribosomal
RNAs were depleted from RPF fragments and total RNA using
the Ribo-Zero mammalian kit (Illumina) following the manufac-
turer’s protocol. cDNA sequencing libraries were then prepared
using the TruSeq Ribo profile kit (llumina) following the manu-
facturer’s protocol. Single-end 50 base reads were collected for
each library on an Illumina HiSeq2500 with four samples se-
quenced on a single lane. Two replicates were analyzed for the
si-control and si-CDK12-treated U20S cells.

Ribo-seq and RNA-seq read processing and differential translation
analysis by Xtail

Ribo-seq and accompanying total RNA-seq reads were first
trimmed of excess 3’ adaptor sequences as described (Ingolia
et al. 2012) using the FASTX toolkit. Trimmed Ribo-seq reads
aligning to tRNA and rRNA sequences were then removed using
STAR version 2.5.2b (Dobin et al. 2013) as described (Wang et al.
2016). Next, the remaining Ribo-seq reads were aligned to the
UCSC hgl9 human genome assembly containing chromosomes
1-22, X, and Y using the hgl9 refGene annotation by STAR. The
parameters used for alignment can be found in Calviello et al.
(2016). Up to two mismatches were allowed during alignment,
and only uniquely mapped reads were kept. Metagene analysis
to assess overall Ribo-seq resolution was performed using RibORF
(Ji et al. 2015).

Differential translation analysis was conducted using the R
package Xtail version 1.1.5 (Xiao et al. 2016). First, HTSeq-count
(Anders et al. 2015) in intersection-strict mode was used to calcu-
late total RNA read counts for hgl9 refGene annotations. RPF
read counts for the same annotations were calculated using the
custom python script in Xiao et al. (2016), which retains only
uniquely mapped reads occurring within the middle of the CDS
region. Xtail was used to calculate the log, fold-changes in trans-
lation efficiency (TE) between siCDK12 and sicontrol-treated
cells from the read count tables. Genes not considered “stable”
by Xtail and with a log, fold change >1 or <—1 were assigned as
either “homodirectional,” “transcription-only,” or “translation-
only” category of differential translation. DESeq2 (Love et al.
2014) was also run in parallel with Xtail to calculate differential
mRNA expression for hgl9 refGene annotations. Plots summa-
rizing the results from both analyses were generated in R. The
Ribo-seq results are listed in Supplemental Table S3.

Anchorage-independent colony growth measurement

Ratla fibroblasts were engineered to express wild-type MYC or
vector control with either CDK12 wild-type or CDK12 domi-
nant-negative stable coexpression using G418 and puromycin
double selection, as previously described (Cowling et al. 2006).
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After 14 d of plating (1000 cells per well), all colonies (>50 pm)
or larger colonies (>200 pm) in each well were measured and
counted using a reticule. Assays were repeated in triplicate wells.
Significance was determined using Student’s t-test.

Immunocytochemistry and image processing

U20S cells were grown on 12-mm coverslips. Following 48 h of
siRNA transfection, cells were fixed with cold methanol at
—20°C for 10 min. Cells were washed with PBS, blocked with
3% bovine serum albumin (BSA) in 0.1% PBST (0.1% Triton X-
100 in PBS) for 20 min, and incubated with indicated antibodies
for 1.5 h. The cells were washed three times with 0.1% PBST
and then subsequently incubated with Alexa fluor 488 (Invitro-
gen) or Cy3 conjugate secondary antibodies (Jackson) for 45 min.
The cells were washed three times with 0.1% PBST. The antibod-
ies used in this study were anti-a-Tubulin (Sigma, T9026), anti-y-
Tubulin (Santa Cruz Biotechnology, sc-7396), anti-BubR1 (BD,
612502), and anti-CenpB (Abcam, ab25734). Nuclei were stained
with DAPI (Sigma, D9542). The sample coverslips were mounted
with Fluoromount-G (Southern Biotech, 0100-01) and imaged in a
confocal fluorescence microscope (Zeiss, LSM710) with 0.2 ~ 0.4-
um thickness of z-stack and processed by using ZEN software
(Zeiss, ZEN2011) or Image]J (Fiji, National Institutes of Health)
software. The DAPI channel of confocal images was pseudocol-
ored with gray or red for legible chromosome visualization. The
tile scanning was performed for objective quantification of mitot-
ic cells with randomly selected 1-mm x 1-mm square areas and 8-
um z-stack thickness with 0.5-um intervals that covered >1000
cells in one image from the siRNA transfected U20S cells.

Quantification and statistics

Results are presented as mean + SD unless indicated otherwise.
Differences were deemed significant when P <0.05 in an unpaired
Student t-test using Prism software (Graphpad Software). At least
three independent experiments were performed for imaging anal-
ysis followed by quantification or statistical analyses, unless indi-
cated otherwise in the legend.
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