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ABSTRACT

The general transcription factor P-TEFb, a master
regulator of RNA polymerase (Pol) II elongation,
phosphorylates the C-terminal domain (CTD) of Pol
II and negative elongation factors to release Pol II
from promoter-proximal pausing. We show here that
P-TEFb surprisingly inhibits the myoblast differen-
tiation into myotubes, and that P-TEFb and its two
positive complexes are eliminated in this process.
In contrast, DYRK1A, another CTD kinase known to
control transcription of a subset of genes important
for development and tissue homeostasis, is found
to activate transcription of key myogenic genes. We
show that active DYRK1A exists in a complex with
the WD40-repeat protein DCAF7 that stabilizes and
tethers DYRK1A to Pol II, so that DYRK1A–DCAF7
can co-migrate with and phosphorylate Pol II along
the myogenic gene loci. Thus, DCAF7 modulates the
kinase signaling output of DYRK1A on Pol II to stimu-
late myogenic transcription after active P-TEFb func-
tion is shut off.

INTRODUCTION

The phosphorylation of the C-terminal domain (CTD) of
the largest subunit of RNA polymerase (Pol) II is essen-
tial for the proper control of gene transcription and co-
transcriptional pre-mRNA processing in metazoans (1,2).
Several kinases are known to phosphorylate the CTD at dif-
ferent stages of the transcription cycle or in a gene-specific
manner (3). CDK9, which partners with cyclin T (CycT)
to form P-TEFb, is one of the best characterized CTD ki-
nases (4,5). P-TEFb acts at the transcription elongation
stage by promoting the transition of Pol II from promoter-
proximal pausing to productive elongation to generate long

transcripts. Because the inhibition of CDK9 blocks elon-
gation and causes widespread Pol II pausing at numerous
gene promoters (6,7), P-TEFb is considered a general tran-
scription factor required for efficient Pol II elongation on
the vast majority of genes (4,5,8).

P-TEFb can associate with a number of regulators to
form a network of complexes that regulate its biogenesis,
activity, gene-target specificity and homeostasis (5,9). For
example, the binding of P-TEFb to the bromodomain pro-
tein BRD4, a chromatin adapter that recognizes the acety-
lated histone tails, recruits P-TEFb to primary response
genes for transactivation (10–12). Furthermore, the assem-
bly of P-TEFb and another well-known elongation stimu-
latory factor ELL1/2 into the multi-subunit Super Elonga-
tion Complex (SEC) by the scaffolding protein AFF1/4 en-
ables highly efficient elongation of Pol II along the HIV-1
proviral DNA as well as cellular genes involved in leuke-
mogenesis (13,14).

Recently, the Down’s syndrome-associated protein kinase
DYRK1A has also been reported as a Pol II CTD kinase
(15). However, unlike P-TEFb, DYRK1A controls the tran-
scription of only a subset of genes that are key for develop-
ment and tissue homeostasis (15). Despite this difference,
DYRK1A and P-TEFb demonstrate remarkable similari-
ties in two additional aspects besides their hyperphospho-
rylation of the CTD. First, our earlier work shows that
among the >400 human kinases evaluated, DYRK1A and
its homolog DYRK1B are the two next best targets of a
highly selective CDK9 inhibitor called iCDK9 (6), suggest-
ing that the structure of at least the catalytic site and/or
the substrate specificity of DYRK1A/B resemble those of
CDK9 to a significant degree. Furthermore, we recently
found that both DYRK1A and the CycT1 subunit of P-
TEFb contain an evolutionarily conserved histidine-rich re-
gion (HRD) that promotes the hyperphosphorylation of Pol
II CTD through a phase separation mechanism (16).
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Despite these similarities, comparatively little is known
up till now about how the DYRK1A transcriptional ac-
tivity is regulated and how it can recognize Pol II dur-
ing transcription. Furthermore, it is unclear whether P-
TEFb is also important for the genes whose transcription
is upregulated by DYRK1A. Here, we show that the WD-
repeats family member DCAF7, which can bind to Pol II
independently of DYRK1A, forms a stable complex with
DYRK1A. Through this interaction, DCAF7 stabilizes and
also enables DYRK1A to recognize and hyperphosphory-
late the Pol II CTD and activate transcription.

Myogenesis, a multistage process that causes proliferat-
ing myoblasts to terminally differentiate into myotubes and
then the contractile skeletal muscle fibers (17), is governed
by a set of master sequence-specific transcription factors,
chromatin modifiers and a core promoter recognition com-
plex (18–21). An irreversible loss of proliferative potential
coupled with selective silencing of certain genes and activa-
tion of others occur during this transformation.

In C2C12 cells, a widely used mouse myoblast cell line
for studying myogenesis (22), we found that the DYRK1A–
DCAF7 complex, but not DYRK1A alone, is able to pro-
mote the differentiation into myotubes by co-occupying
with and phosphorylating Pol II at several key myogenic
gene loci to stimulate transcription. Surprisingly, unlike
DYRK1A, CDK9 is found to be inhibitory to myoblast
differentiation and myogenic gene expression. In fact, con-
trary to the conventional view of P-TEFb as an essential
general transcription factor, the CDK9-CycT1 heterodimer
as well as two positive P-TEFb complexes, the BRD4-P-
TEFb and the SEC, were eliminated in differentiating cells
to likely enable robust myogenic transcriptional activation
by DYRK1A–DCAF7.

MATERIALS AND METHODS

Plasmids and antibodies

Plasmids for expressing Flag-tagged F-DYRK1A (754
amino acids form) and F-DCAF7 were constructed by lig-
ating the corresponding cDNAs into the pcDNA3 vec-
tor (Thermo Fisher Scientific). Mutations or deletions in
DYRK1A and DCAF7 were generated by using the KAPA
HiFi PCR kit (KR0368, Roche). The 6 × Gal4 UAS-HIV-
1 LTR-luciferase reporter construct was constructed previ-
ously (16). All Gal4 fusion proteins containing the DNA-
binding domain (DBD) of Gal4 (aa1–147) attached to the
N-termini of the various DYRK1A and DYRK1B pro-
teins were expressed from the pcDNA3 expression vector.
PCR primers used in the plasmid constructions are listed in
Supplemental Table S1. The MyoD construct and MYOG
promoter-luciferase reporter construct were a gift from Drs
Tapscott and Nissen (23,24).

Antibodies used in this study are listed as follows. Cy-
clinT1 (sc-10750, Santa Cruz Biotechnology); Anti-RNA
polymerase II subunit B1 (phospho CTD Ser-5) clone
3E8 (04-1572-I, Millipore); Anti-RNA polymerase II sub-
unit B1 (phospho CTD Ser-2) clone 3E10 (04-1571-I, Mil-
lipore); Anti-RNA polymerase II subunit B1 (sc-56767,
Santa Cruz Biotechnology); Anti-DYRK1A (A303-802A,
Bethyl Laboratories); Anti-DCAF7 (ab138490, Abcam);
Anti-MYH2 (Santa Cruz Biotechnology); normal rabbit

IgG (sc-2027, Santa Cruz Biotechnology); Anti-BRD4,
HEXIM1, LARP7 and CDK9 were made and stored in our
own lab as previously described (25).

C2C12 cell culture and differentiation

The C2C12 myoblast cell line was obtained from Robert
Tjian’s laboratory at the University of California, Berkeley
and cultured at low density in DMEM + 10% fetal bovine
serum as the growth medium (GM). For induction of dif-
ferentiation, the cells were first grown to ∼90% confluency
and then shifted to the differentiation medium (DM), which
is DMEM plus 2% horse serum for the indicated number of
days.

Affinity-purification and mass spectrometry analysis of F-
DYRK1A and associated proteins

Eight 15 cm dishes of HeLa cells were transfected with ei-
ther an empty vector or the F-DYRK1A-expressing plas-
mid. Nuclei were collected and extracted with 0.35 M NaCl
for 2 h at 4◦C, which was followed by centrifugation three
times at 14 000 rpm for 10 min each. The nuclear extracts
(NE; 1000 �l) containing 0.2% NP-40 were added to 45 �l
anti-Flag mAb beads (Sigma) and incubated overnight with
constant rotation. The immunoprecipitates were washed
with buffer D [20 mM HEPES (pH 7.9), 15% Glycerol, 0.2
mM EDTA, 0.4% NP-40] plus 0.5 M NaCl for three times
and eluted with Flag peptide (60 �l; 0.5 mg/ml) at room
temperature for 0.5 h. Then, the eluted products were sub-
jected to Western-blotting analysis to confirm the expres-
sion of F-DYRK1A and SDS-PAGE/silver staining to ex-
amine the purity. The samples were digested with trypsin
and submitted to the Berkeley QB3 Mass Spectrometry Fa-
cility for further analysis.

In vitro kinase assay

F-DYRK1A and its associated DCAF7 were immunopre-
cipitated with the anti-Flag beads under high salt plus de-
tergent (0.6 M KCl + 0.3% NP-40) conditions as described
above. The purified proteins from 4 × 15-cm plates cells still
attached to the beads were incubated for 30 min with 100
ng recombinant GST-CTD containing all 52 repeats of the
Pol II CTD at 30◦C in a 25 �l reaction that also contained
50 mM HEPES (pH 7.4), 50 mM NaCl, 1 mM DTT, 10
mM MgCl2, 10 mM MnCl2 and 0.1 mM ATP. The reaction
products were analyzed by Western-blotting as indicated.

For reactions containing GST-DYRK1A and F-DCAF7,
the recombinant GST-DYRK1A was purchased from Life
technologies (PV3785) and F-DCAF7 was purified from the
DYRK1A KO 293T cells. GST-DYRK1A (40 ng) was first
incubated with 40 ng F-DCAF7 at room temperature for 10
min to form the complex. The kinase buffer containing 50
mM HEPES (pH 7.4), 50 mM NaCl, 1 mM DTT, 10 mM
MgCl2, 10 mM MnCl2 with or without 100 ng GST-CTD
was then added to start the kinase reactions. The total vol-
ume of the reaction was 30 �l. The reactions were stopped
at different time points by adding 10 �l of the SDS-PAGE
sample-loading buffer. After heating at 95◦C for 10 min, the
samples were analyzed by SDS-PAGE and Western-blotting
with the indicated antibodies.
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Lentiviral vector production and infection

The procedures for shRNA-mediated gene knockdown
have been described previously (25) with some modifica-
tions. The shRNA sequences are listed in Supplemental Ta-
ble S1. To produce lentiviral particles expressing the spe-
cific shRNA in a well of a six-well dish, the lentiviral vec-
tor pLKO.1 (Life Technologies) with the inserted shRNA-
expressing cassette (0.5 �g), together with the pCMV-VSV-
G envelope (0.5 �g; Addgene #8454) and the psPAX2
packaging (0.5 �g; Addgene #12260) plasmids, were co-
transfected into 293T cells. Sixteen hrs later, cells were
changed into fresh medium (DMEM + 20% FBS) and cul-
tured for additional 24 h. The virus-containing medium
was then collected, filtered through a 0.45 micron filter and
added to the cells to be infected. Spin-infection was per-
formed by incubation of the virus-containing medium with
the cells at 25◦C for 1.5 h at 1200 rpm. The infected cell pool
was obtained after the selection with puromycin (2 �g/ml)
for 5 days for C2C12 cells and 3 days for Hela and 293T
cells.

DYRK1A and DCAF7 knockout by CRISPR–Cas9

The 293T-based DYRK1A or DCAF7 KO cell line was
generated by using CRISPR–Cas9 with a single guide
RNA (sgRNA) 5′- GCCAAACATAAGTGACCAAC-
3′ that targets exon 1 of DYRK1A and 5′-
GCCAAGCGAAAGCGCTTATC-3′ that targets exon 1
of DCAF7. The plasmid vector pSpCas9(BB)-2A-Puro
(PX459), which expresses Cas9 and sgRNA, was from
Addgene (Plasmid #48139). Two days after transfection,
cells were challenged with 2 �g/ml puromycin. The drug-
resistant cells were diluted and allowed to grow into single
colonies, which were subsequently examined for the loss of
DYRK1A or DCAF7 expression by Western-blotting. The
positive KO clones were verified by Sanger sequencing of
the genomic amplicons obtained with the TA cloning kit
(Life Technologies).

Quantitative RT-PCR analyses

qRT-PCR reactions were performed as described previously
(25). All reactions were run in triplicates. The primers used
for the analyses are listed in Supplemental Table S1.

Immunofluorescence staining

The procedure was performed as described previously (26)
with some modifications. Briefly, C2C12 cells grown on the
surface of a cover glass in a six-well plate were fixed in 4%
paraformaldehyde (PFA)/PBS for 10 min at room tempera-
ture and permeabilized in 0.5% Triton X-100/PBS solution
for 5 min at room temperature. The cells were blocked in 5%
BSA/PBS blocking solution, after which primary antibod-
ies (0.5 �g/ml) prepared in blocking solution were added
and incubated at 4◦C overnight. This was followed by three
washes in PBS and incubation with Alexa fluor-conjugated
antibodies (0.5 �g/ml; Life Technologies) in blocking so-
lution for 1 h at room temperature. After another three
washes in PBS, the slides were mounted with a coverslip and
VECTASHIELD mounting medium for fluorescence with

DAPI (VECTOR Laboratories, H-1200). Immunofluores-
cent signals from stained cells were captured by using a Zeiss
AxioImager M1 fluorescence microscope equipped with a
high-resolution digital CCD camera (Hamamatsu Orca 03)
and analyzed with the imaging software iVision.

Co-immunoprecipitation (Co-IP)

The co-IP assay was performed as described previously
(27) with minor changes. Briefly, for co-IP of endogenous
proteins, 4 �g of a specific antibody were added to 700
�l nuclear extracts (NE) from 293T cells and incubated
overnight. Then, 20 �l protein A agarose beads (15918-014,
Sigma-Aldrich) were added to the mixture for another 7 h to
collect the immunoprecipitated complex. For anti-Flag IP
to precipitate F-DYRK1A or F-DCAF7, 20 �g expression
plasmids were transfected into HeLa or 293T cells. 20 �l
Flag beads (Sigma) were used to collect the IP products. Af-
ter washing and elution, the denatured protein lysates were
analyzed by SDS-PAGE and Western-blotting with the in-
dicated antibodies.

ChIP-qPCR assay

The assay conditions were described previously (11) with
some modifications. Briefly, one 15 cm dish of C2C12 cells
grown in GM at 90% confluency or DM at 100% confluency
was harvested and subjected to the ChIP procedure. Cells
were lysed and sonicated by using a Covaris-S2 sonicator
(Covaris, Inc., Woburn, MA, USA) for a total processing
time of 30 min (30 s on and 30 s off). For each IP, 5 �g
anti-DYRK1A antibody, 5 �g anti-DCAF7 antibody, 5 �g
anti-Pol II antibody, 5 �g anti-BRD4 antibody or 5 �g to-
tal rabbit IgG were incubated with the diluted sheared chro-
matin DNA. 20 �l of protein G Dynabeads (10003D, Life
Technologies) or protein A Dynabeads (10002D, Life Tech-
nologies) were added to each tube and incubated at 4◦C for
3 h. After washing and elution, DNA was purified by using
the PCR purification kit (Qiagen) and analyzed by quanti-
tative PCR.

RESULTS

DYRK1A and DCAF7 form a nuclear complex that promotes
stability of both proteins

To investigate the factor(s) and mechanism that regulate the
transcriptional activity of DYRK1A, we performed anti-
Flag immunoprecipitation (IP) followed by mass spectrom-
etry to identify proteins that are specifically associated with
the Flag-tagged DYRK1A (F-DYRK1A) in HeLa nuclear
extract (NE). Among the few proteins that were present in
the anti-Flag IP but not the control sample derived from
non-F-DYRK1A-expressing cells, we discovered DCAF7,
two Hsp70 isoforms (HSPA1A and HSPA8) and two hn-
RNP proteins (HNRNPH1 and HNRNPF) as potential
DYRK1A-binding partners (Figure 1A). While the func-
tion and significance of the bindings of DYRK1A to the
latter two groups of proteins are still under investigation
and may be a subject of a future report, we decided to focus
on DCAF7 in the current study because this protein has al-
ready been reported as a partner of DYRK1A but its role
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Figure 1. DYRK1A and DCAF7 form a nuclear complex that promotes stability of both proteins. (A) Analysis by mass spectrometry of proteins co-
immunoprecipitated with F-DYRK1A from HeLa nucleus extracts (NE) with anti-Flag mAb beads. Only the proteins specifically isolated from the F-
DYRK1A-expressing cells but not the cells containing an empty vector were shown. (B) NE of HeLa cells were subjected to immunoprecipitation (IP) with
either the anti-DYRK1A antibody or non-specific rabbit total IgG as a negative control. The precipitates and the NE were examined by Western-blotting
(WB) for the indicated proteins. (C) NE from Hela cells expressing F-DYRK1A were adjusted to the indicated NaCl concentrations and subjected to
anti-Flag IP followed by WB. (D) NE from Hela cells expressing WT or �84–95 F-DYRK1A were analyzed by IP/WB as in B. All IP experiments were
repeated at least three times and representatives are shown. (E, F) HeLa cells expressing WT or �84–95 F-DYRK1A were analyzed for the presence of the
indicated proteins in whole cell extracts (WCE) by WB (E) or the indicated mRNAs by qRT-PCR (F), with the signals from the empty vector (Ctl.) cells
set to 1. (G) HeLa cells co-transfected with F-DCAF7 plus WT or �84–95 F-DYRK1A were cultured for 40 hours and then treated with cycloheximide
(CHX; 50 �g/ml) for the indicated hours. WCE were analyzed by WB for the indicated proteins. (H, I) WT 293T or the 293T-based DCAF7 KO clones
were analyzed by WB (H) and qRT-PCR (I) as in E and F. Error bars in F and I represent mean ± standard deviations (SD).

in DYRK1A’s transcriptional regulation remains unknown
(28,29).

The specific interaction between endogenous DYRK1A
and DCAF7 in HeLa nuclei was confirmed by perform-
ing anti-DYRK1A IP followed by Western-blotting (Fig-
ure 1B). The interaction was found to be very stable and no
obvious decrease was detected even when 1.0 M NaCl was
present in NE during the IP (Figure 1C). Consistent with
the previous demonstrations that the DYRK1A N-terminal
region between amino acids 84 and 95 is required for the
DYRK1A–DCAF7 binding (29), the F-DYRK1A �84–95
mutant lacking this region failed to bind DCAF7 (Figure
1D).

Interestingly, the overexpression of WT but not the �84–
95 form of DYRK1A significantly elevated the protein but
not mRNA level of endogenous DCAF7 (Figure 1E and F).
Furthermore, pre-treating cells with cycloheximide (CHX)
for various durations to inhibit new protein synthesis al-
lowed WT but not �84–95 DYRK1A to prevent the degra-

dation of existing DCAF7 (Figure 1G). On the other hand,
when the DCAF7 gene in HEK293T cells was knocked out
by CRISPR–Cas9 (Supplemental Figure S1), the protein
(Figure 1H) but not mRNA level of DYRK1A (Figure 1I)
significantly decreased. Together, these results reveal a sta-
ble interaction between DYRK1A and DCAF7, which is
required to maintain stability of both binding partners.

DCAF7 is required for optimal kinase and transcriptional ac-
tivities of DYRK1A

To determine whether the association with DCAF7 could
affect DYRK1A’s transcriptional activity, we adopted the
Gal4-tethering luciferase system used by Di Vona et al.
(15) to investigate the abilities of Gal4-fused WT and �84–
95 DYRK1A to activate transcription of an HIV-1 LTR-
luciferase reporter gene containing upstream Gal4-binding
sites. While WT DYRK1A robustly activated luciferase ex-
pression, �84–95 was largely inactive in this assay (Fig-
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ure 2A). Correlating with this difference, affinity-purified
WT but not �84–95 F-DYRK1A efficiently phosphory-
lated GST-CTD containing all 52 repeats of the Pol II CTD
on both the Ser2 and Ser5 positions as revealed by Western-
blotting with the epitope-specific antibodies (Figure 2B).

To further investigate the role of DCAF7 in pro-
moting DYRK1A’s activity, we created two HeLa-based
doxycycline (Dox)-inducible DCAF7 knockdown (KD)
clones expressing short hairpin (sh)RNAs (shDCAF7-1
and shDCAF7-2) that target two separate regions of the
DCAF7 mRNA. Compared to the Dox(-) conditions, Gal4-
DYRK1A displayed decreased transcriptional activity once
the KD of DCAF7 was induced in both clones (Figure
2C). Correlating with this decrease, F-DYRK1A immuno-
precipitated from shDCAF7-2 cells showed significantly
lower CTD kinase activity compared to the precipitate de-
rived from normal, non-KD cells (Figure 2D; 50% more
DYRK1A-expressing plasmid was transfected into the KD
cells to make up for the reduced stability of DYRK1A
in the absence of DCAF7). Similarly, recombinant GST-
DYRK1A displayed relatively low CTD kinase activity un-
less F-DCAF7 affinity-purified from the DYRK1A KO
cells (Supplemental Figure S2) was also present in the re-
action, which resulted in a marked enhancement of CTD
phosphorylation (Figure 2E). Together, these results con-
firmed from multiple angles that DCAF7 is required for
the efficient CTD-kinase and transcriptional activities of
DYRK1A.

DCAF7 binds to RNA Pol II independently of DYRK1A and
promotes DYRK1A-Pol II interaction

To test the hypothesis that DCAF7 promotes the DYRK1A
activities through facilitating the interaction of DYRK1A
with Pol II, we first performed a co-IP followed by West-
ern analysis and found that in addition to DYRK1A, trans-
fected F-DCAF7 also pulled down Pol II but not the P-
TEFb subunits CDK9 and CycT1 or the P-TEFb regula-
tor HEXIM1 (Figure 3A). The interaction between endoge-
nous DCAF7 and Pol II was also confirmed by performing
anti-DCAF7 or anti-Pol II co-IP/Western analyses (Figure
3B and C). Importantly, the DCAF7-Pol II interaction was
independent of DYRK1A as the CRISPR–Cas9-mediated
DYRK1A KO did not affect the interaction (Figure 3D).

Another piece of information that could be deduced
from the above data is that the DCAF7-DYRK1A com-
plex is physically separate from any CDK9-containing com-
plexes. This notion was further supported by the anti-F-
DYRK1A co-IP/Western analysis, which shows that F-
DYRK1A pulled down DCAF7 and Pol II but not CDK9
and CycT1 (Supplemental Figure S3A).

Given the salt-resistant binding between DCAF7 and
DYRK1A (Figure 1C) and the above observations that
DCAF7 could also interact with Pol II independently of
DYRK1A, we next asked whether DCAF7 promotes the
interaction of DYRK1A with Pol II. Indeed, compared to
WT DYRK1A, DYRK1A �84–95, which failed to bind to
DCAF7, displayed a markedly decreased interaction with
Pol II (Figure 3E). Furthermore, upon the Dox-induced
KD of DCAF7, less Pol II was found to co-precipitate with
F-DYRK1A (Figure 3F). In vitro, Flag-DYRK1A affinity-

purified from DCAF7 KO cells pulled down only 37% of
GST-CTD compared to 100% bound to Flag-DYRK1A
isolated from WT cells (Supplemental Figure S3B). To-
gether, these results indicate that DCAF7, a WD-repeats-
containing protein, promoted DYRK1A’s kinase and tran-
scriptional activities likely through serving as a scaffold to
tether DYRK1A to its substrate Pol II.

Notably, the above data reveal that the absence of
DCAF7 decreased but not completely eliminated the
DYRK1A-Pol II binding. Given our recent finding that
the DYRK1A histidine-rich region (HRD) also contributes
to the binding (16), we created a double deletion mutant,
F-DYRK1A �84–95&�566-621, which removes both the
DCAF7-binding and the HRD regions, and investigated its
Pol II-binding ability by co-IP/Western. The result shows
that the combined deletions indeed further disrupted bind-
ing of DYRK1A to Pol II (Figure 3G). Notably, the dou-
ble deletion mutant likely still retained folding in the ki-
nase domain as indicated by its nearly WT ability to auto-
phosphorylate to produce an ATP-dependent upshift (Fig-
ure 3H). Together, these results indicate that the DYRK1A-
Pol II binding through the HRD alone is weak and that
DCAF7 greatly enhances this binding.

DYRK1A and DCAF7 are required for optimal myoblast dif-
ferentiation and expression of key myogenic genes

With the above demonstrations that DCAF7 promoted
DYRK1A’s activities in vitro and in HeLa and 293T cells,
we would like to extend the analysis to a different cell system
that can display induced and well-coordinated physiological
changes. Previously, DCAF7 and DYRK1B, a DYRK1A
homologue, have been separately reported as required for
the expression of key genes essential for the differentiation
of C2C12 myoblast cells into myotubes. In light of these
findings, we set out to determine whether DYRK1A exerts a
similar control in this process and whether DCAF7 also up-
regulates DYRK1A’s activities as it does in HeLa and 293T
cells.

We first examined by Western-blotting and qRT-PCR the
expression of DYRK1A, DCAF7 and MYH2, a key my-
oblast differentiation marker gene that encodes the mo-
tor protein myosin heavy chain 2, in C2C12 cells before
and after the induction of differentiation (Materials and
Methods). Comparing to undifferentiated cells kept in the
growth medium (GM), both the protein and mRNA levels
of DYRK1A and MYH2 gradually increased in cells cul-
tured in the differentiation medium (DM) for various days
(Figure 4A–C). In contrast, only the protein but not mRNA
level of DCAF7 showed a significant increase in this pro-
cess (Figure 4A and B), while the expressions of two con-
trol proteins CDK9 and �-Tubulin remained unchanged.
It was shown earlier that the interaction with DYRK1A
markedly stabilized DCAF7 (Figure 1). Thus, the elevated
DYRK1A protein level in differentiated C2C12 cells likely
allowed more DCAF7 to become protected once the two
formed a stable complex (confirmed by anti-DCAF7 IP fol-
lowed by Western blotting in Figure 4D), which can explain
the increased protein but not mRNA level of DCAF7.

Next, the requirement of DYRK1A and DCAF7 for
optimal myogenesis was investigated first by immunofluo-
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Figure 2. DCAF7 is required for optimal kinase and transcriptional activities of DYRK1A. (A) HeLa cells were co-transfected with the HIV-1 LTR-
luciferase reporter construct containing six copies of the Gal4 upstream activation sequence (UAS) and the plasmid expressing the indicated Gal4-
DYRK1A fusion. Luciferase activities in cell extracts were measured. Error bars represent mean ± SD from three independent experiments. (B) Flag-
tagged WT and �84–95 DYRK1A were affinity-purified from NE of transfected 293T cells and analyzed in kinase reactions containing GST-CTD as
the substrate. The reaction products were examined by WB for the Ser2- and Ser5-phosphorylated CTD. (C) Two independent and doxycycline (Dox)-
inducible DCAF7 KD clones expressing the indicated shRNAs were co-transfected with the F-Gal4-DYRK1A-expressing plasmid (50% more was used
for the Dox-plus conditions) and the 6× Gal4 UAS-HIV-1 LTR-luciferase reporter construct. Luciferase activities were measured and analyzed as in A. (D)
WT F-DYRK1A affinity-purified from either the parental HeLa cells or the HeLa-based shDCAF7-2 KD cells were tested in kinase reactions as in B. (E)
Recombinant GST-DYRK1A (Life Technologies) was incubated with or without F-DCAF7, which was affinity-purified from the 293T-based DYRK1A
KO cells, in kinase reactions containing GST-CTD as the substrate. The reaction products were analyzed as in B. All in vitro kinase assays were repeated
at least three times and representatives are shown.

rescence staining of MYH2 in engineered C2C12 cells, in
which the expression of DYRK1A or DCAF7 was silenced
by two different shRNAs that target separate regions of the
relevant genes. Compared to the control cells expressing a
scrambled shRNA, silencing either DYRK1A or DCAF7
with the specific shRNAs largely prevented the cells from
forming fused and elongated myotubes containing multiple
nuclei (Figure 4E and F) and at the same time decreased the
number of MYH2(+) cells in the population (Figure 4G and
H). Furthermore, the Western-blotting and qRT-PCR anal-
yses indicate that the KD markedly decreased the MYH2
expression at both the protein (Figure 4I and J) and mRNA
levels (Supplemental Figure S4).

In addition to MYH2, the differentiation-induced
mRNA production from two other myogenic genes
MYOG (Myogenin), which encodes a muscle-specific tran-
scription factor involved in the coordination of myogenesis
(30), and CAV3 (Caveolin 3), which encodes the principal
structural protein component of caveolae membrane
domains in skeletal muscle cells (31), also depended on
DYRK1A and DCAF7 (Supplemental Figure S4). Finally,
by measuring the luciferase gene expression driven by
the MYOG promoter and activated by the master tran-

scriptional regulator of skeletal myogenesis MYOD (32),
DYRK1A and DCAF7 were also found to be essential
for the MYOD-dependent MYOG promoter activity in
DM (Figure 4K and L). Collectively, these data indicate
that both DYRK1A and DCAF7 are required for proper
myoblast differentiation and expression of key myogenic
genes.

DYRK1A–DCAF7 interaction is required for efficient ex-
pression of key myogenic genes

To determine whether the specific interaction between
DYRK1A and DCAF7 is required for the efficient ex-
pression of the three myogenic genes analyzed above,
we tested the abilities of ectopically expressed WT and
DYRK1A �84–95, which failed to bind to DCAF7, to res-
cue the expression of these genes in the DYRK1A KD cells.
When expressed to a similar level (Figure 5A), only WT
but not �84–95 DYRK1A was able to enhance the MYH2,
CAV3 and MYOG mRNA production in DM to levels that
were significantly above those in control KD cells contain-
ing an empty vector (Figure 5B–D). Furthermore, the sim-
ple overexpression of DYRK1A �84–95 in normal C2C12
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Figure 3. DCAF7 interacts with RNA Pol II independently of DYRK1A and is required for the DYRK1A-Pol II interaction. (A–C) NE and anti-Flag
(A), anti-DCAF7 (B) or anti-Pol II (C) immuneprecipitates (IP) derived from NE of normal 293T cells (B, C) or 293T cells transfected with F-DCAF7 (A)
were analyzed by WB to detect the indicated proteins. (D) WT 293T or the 293T-based DYRK1A KO cells were transfected with the F-DCAF7-expressing
plasmid. Anti-Flag IP from NE of these cells were analyzed by WB as in A. (E) NE and the anti-Flag IP from 293T cells transfected with the WT or
�84–95 F-DYRK1A-expressing plasmid were analyzed by WB as in A. (F) The 293T-based inducible DCAF7 KD cells expressing F-DYRK1A were
treated with DMSO or Dox to induce the KD. NE and anti-Flag IP derived from NE were examined by WB as in A. (G) NE and anti-Flag IP from 293T
cells transfected with WT or �84–95 F-DYRK1A, or �84–95&�566-621 F-DYRK1A-expressing plasmid were analyzed by WB. All IP experiments were
repeated at least three times. (H) The anti-Flag IP examined in G were incubated with or without ATP in kinase reactions and analyzed by SDS-PAGE
followed by WB.

cells to a level about 7-fold higher than that of endogenous
DYRK1A (Figure 5E) also produced a dominant-negative
effect on the expression of the three myogenic genes (Fig-
ure 5F–H). Together, these results indicate that optimal my-
oblast differentiation and expression of key myogenic genes
not only require DYRK1A and DCAF7 but also their sta-
ble interaction.

DYRK1A–DCAF7 complex exerts direct transcriptional con-
trol of key myogenic genes through binding and phosphorylat-
ing Pol II at the gene loci

Having established that the DYRK1A–DCAF7 complex
acts as a Pol II CTD kinase and promotes mRNA produc-
tion from key myogenic genes, we hypothesized that this
complex is directly involved in the transcriptional control of
these genes. Indeed, in cells kept in DM, our ChIP-qPCR
analysis detected robust DCAF7 (from 38.1- to 61-fold
enrichment) and DYRK1A (from 5.3- to 7.3-fold enrich-
ment) signals at the promoter regions of MYH2, CAV3 and
MYOG that showed a significant enrichment over the sig-
nals obtained with a control, non-specific IgG (Figure 6A
and B). In contrast, <2.5-fold enrichment was observed for

the control genes SOX2 and IgH under the same conditions.
We also noticed that in undifferentiated C2C12 cells in GM,
even though the expression of the three myogenic genes was
very low compared to that in DM (Supplemental Figure S4
and Figure 4I–J), substantial levels of DCAF7 (from 21.8-
to 28-fold enrichment), and to a lesser degree, DYRK1A
(1.7- to 3.0-fold enrichment) were already present at the
gene promoters (Figure 6A & B), suggesting that their mere
presence was insufficient to induce robust transcription in
GM.

Consistent with our earlier observations that DCAF7
was required for DYRK1A to interact with Pol II and stim-
ulate transcription, a significant reduction in the DYRK1A
ChIP signals was detected at the three myogenic gene pro-
moters after DCAF7 expression was knocked down by
the specific shRNA (Figure 6C). Furthermore, the Ser5-
phosphorylated Pol II (pSer5) also displayed a marked de-
crease at the promoters in the DCAF7 KD cells (Figure
6D), correlating with the reduced myogenic gene transcrip-
tion under these conditions (Supplemental Figure S4E–H).
Finally, by conducting ChIP-qPCR analysis with multiple
pairs of primers across the MYH2 gene locus (Figure 6E),
we noticed that DYRK1A, DCAF7, as well as the target
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Figure 4. DYRK1A and DCAF7 are required for optimal myoblast differentiation and expression of key myogenic genes. (A) The levels of the indicated
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of the DYRK1A–DCAF7 complex, RNA Pol II, displayed
nearly identical binding profiles (Figure 6F–H). In compar-
ison, the unrelated BRD4 protein showed a very different
distribution (Figure 6I). Taken together, these results im-
plicate a direct control of the myogenic gene transcription
by the DYRK1A–DCAF7 complex through binding and
phosphorylating Pol II at these gene loci.

CDK9 is inhibitory to myoblast differentiation and expression
of key myogenic genes

Given that DYRK1A and CDK9 are both CTD kinases
that display striking similarities as revealed in our recent
studies (6,16), we next asked whether CDK9, a well-known
master regulator of eukaryotic transcriptional elongation

(5), could play a role similar to that of DYRK1A dur-
ing myoblast differentiation. We first determined whether
the shRNA-mediated KD of CDK9 would affect the abil-
ity of C2C12 to differentiate into myotubes and express
key myogenic genes. Surprisingly, the KD by using either
of the two shRNAs that target different regions of CDK9
(KD efficiency analyzed at the protein and mRNA level in
Figure 7B and Supplemental Figure S5, respectively) pro-
duced a stimulatory effect to promote differentiation and
production of the MYH2 protein (Figure 7A and B) and
mRNA (Figure 7D) in DM. Furthermore, the KD also in-
creased the MYOG promoter-driven luciferase expression
especially under the MYOD(+) conditions (Figure 7C). Fi-
nally, the KD was found to enhance the mRNA produc-
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tion from two additional myogenic genes CAV3 and MYOG
(Figure 7E and F).

Loss of P-TEFb and two positive P-TEFb complexes dur-
ing myoblast differentiation causes myogenic genes to rely on
DYRK1A–DCAF7 for transcription

If CDK9 inhibits the myogenic gene expression, how does
myoblast differentiation proceed in the presence of the in-
terfering P-TEFb? To answer this question, we first per-
formed an IP/Western analysis to examine the abilities of
CDK9 to pair with its cyclin partner CycT1 to form P-
TEFb as well as to bind to several well-known P-TEFb reg-
ulators before and after C2C12 cells were induced to differ-
entiate. Unexpectedly, as the cells spent progressively longer
time in DM, there was a gradual but significant decrease in
the amount of CycT1 bound to CDK9, although the total
CycT1 level in the whole cell extracts (WCE) did not show
much change during this process (Figure 7G). Consistent
with the loss of the CDK9-CycT1 heterodimer in the differ-
entiated cells, CDK9 immunoprecipitated from WCE dis-
played a markedly decreased kinase activity toward GST-
CTD (Figure 7H).

In addition to the loss of P-TEFb, the level of BRD4,
a bromodomain protein that binds and recruits P-TEFb

to chromatin templates through recognizing the acetylated
histone tails (10,11), also gradually decreased in WCE af-
ter cells were shifted into DM, leading to a lower level of
the BRD4-P-TEFb complex in differentiated cells (Figure
7G). Furthermore, AFF4, the scaffolding subunit that as-
sembles P-TEFb and other proteins into the multisubunit
Super Elongation Complex (SEC) (33), also showed a sub-
stantially decreased binding to P-TEFb upon differentia-
tion (Figure 7G). In contrast to CycT1, BRD4 and AFF4,
the associations with CDK9 by HEXIM1 and LARP7, two
components of the 7SK snRNP that sequesters the cellular
excess P-TEFb into an inactive form (5), were little affected
by the differentiation process (Figure 7G). Together, these
data indicate that during myoblast differentiation, there was
a substantial reduction in the cellular levels of P-TEFb and
the two positive P-TEFb-containing complexes, the BRD4-
P-TEFb and the SEC.

Consistent with the above observations, robust CDK9
signals were detected by ChIP-qPCR at the MKI67 gene lo-
cus, which is strongly associated with cell proliferation, only
when C2C12 cells were cultured in GM but not DM (Fig-
ure 7I). On the other hand, even though the three myogenic
genes MYH2, CAV3 and MYOG were highly expressed un-
der the DM conditions, only low levels of CDK9 were de-
tected at these gene loci irrespective of the differentiation
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status of the cells. In addition, for a gene that is not nor-
mally expressed in a non-immune cell type such as C2C12,
low levels of CDK9 were detected at the IgH locus both
before and after the induction of myoblast differentiation
(Figure 7I).

Lending further support to the notion that P-TEFb
is more important in undifferentiated, highly proliferative
C2C12 cells, whereas DYRK1A–DCAF7 is critical after the
induction of differentiation, the shRNA-mediated KD of
CDK9 but not DYRK1A significantly inhibited the growth
of C2C12 cells in GM as indicated by the decreased dou-
bling time of the CDK9 KD but not DYRK1A KD cells
(Figure 7J and K). Taken together, these results suggest that
CDK9 inhibits myoblast differentiation, which must be sup-
pressed through the disruption of P-TEFb and positive P-
TEFb complexes in differentiated cells. This in turn likely

allows the DYRK1A–DCAF7 complex to take over and ac-
tivate myogenic gene transcription through hyperphospho-
rylating the Pol II CTD.

DISCUSSION

The interaction between DYRK1A and DCAF7 was first
reported in 2011, and its then proposed function was to
facilitate the nuclear entry of DCAF7 by the associated
DYRK1A (28). A subsequent study in 2016 showed that
DCAF7 can also serve to recruit DYRK1A and another
protein kinase HIPK2 to their substrate the adenovirus
E1A protein (29). In the current study, we provide ad-
ditional evidence in support of DCAF7’s substrate re-
cruitment function by demonstrating that this protein is
also required for DYRK1A to target RNA Pol II so that
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DYRK1A can hyperphosphorylate the CTD and stimulate
transcription of key myogenic genes. In addition, we have
identified another function of the DYRK1A–DCAF7 in-
teraction in promoting the stability of the two binding part-
ners.

DCAF7 is a WD40-repeat protein and members of this
family often use the WD domain to fold into a �-propeller
structure that serves as a molecular scaffold to assemble var-
ious components into multi-subunit complexes for diverse
regulations (34). The demonstrated substrate recruitment
function of DCAF7 that enables DYRK1A to target Pol II
and E1A, as well as the previously revealed role of DCAF7
in tethering several kinases together (35), are in agreement
with the predicted function of a WD40-repeat protein.

It is worth noting that DCAF7 has previously been spec-
ulated to play a role in transcription, although the pre-
cise manner by which it contributes to this process was un-
known (24). The present discovery that DCAF7 is essen-
tial for DYRK1A to bind and phosphorylate Pol II reveals
the mechanism used by this protein to regulate transcrip-
tion and also explains the purpose of DCAF7’s nuclear en-
try that is mediated by DYRK1A (28).

The genome-wide analysis conducted by Di Vona et al.
(15) in T98G and HeLa cells reveal that the genes tar-
geted by DYRK1A usually contain a promoter-proximal
TCTCGCGAGA motif required for transcriptional acti-
vation. In the present study, we have presented multiple
lines of evidence indicating that the three myogenic genes,
MYH2, CAV3 and MYOG, are likely directly controlled at
the transcription level by DYRK1A–DCAF7 in differenti-
ating C2C12 cells. However, examination of the promoter-
proximal sequences and upstream regions up to 3000-bp
away from the transcription start site (TSS) indicates that
the three genes lack the reported consensus motif, sug-
gesting that they are likely targeted by DYRK1A–DCAF7
through a different mechanism or a yet-to-be-determined
myogenic specific factor.

Indeed, the lack of a distinctive and prominent DYRK1A
enrichment peak at the MYH2 promoter (Figure 6F-I), the
co-localization of DYRK1A–DCAF7 with Pol II across the
MYH2 gene locus (Figure 6F-I), and the dependence on
DCAF7 for DYRK1A to occupy the three myogenic gene
loci (Figure 6C) agree with the model that the association of
DYRK1A with the three genes is mediated by the binding
of DCAF7 to the elongating Pol II. The idea that DYRK1A
may use different gene-targeting modes to regulate tran-
scription in different cell types and/or in response to dis-
tinct signals is further supported by a very recent study
showing that DYRK1A interacts with histone acetyl trans-
ferases P300 and CBP to localize to gene enhancers and in-
fluence transcription in T98G cells (36).

The transcriptional control of myogenesis has been stud-
ied extensively with an initial main focus on the central
roles of MYOD and other members of the MYOD fam-
ily (MYF5, MRF4 and MYOG) that serve as master reg-
ulators of this process (19,20,32). Subsequent studies have
revealed a far more complicated regulatory network and
mechanism that involve additional key transcription fac-
tors, chromatin-modifying activities, microRNAs and non-
coding RNAs acting upstream and/or in conjunction with
the MYOD family of proteins to further control the myo-

genic transcriptional program (18). Although the present
data have implicated a critical role of the DYRK1A–
DCAF7 complex in the transcriptional control of myoge-
nesis, the mere association of this complex with a myogenic
gene locus is not enough to turn on transcription of the gene
(see Figure 6A and B). It is likely that the complex occu-
pies a fairly downstream position to interpret and integrate
the signals sent out by the upstream network of regulators
so that the signals can be properly executed to result in ro-
bust Pol II phosphorylation and transcriptional activation.
Future studies are necessary to reveal the functional rela-
tionship and interactions between DYRK1A–DCAF7 and
the rest of the myogenic transcription network to better un-
derstand how the signals can be accurately and efficiently
transduced during myogenesis.

The general transcription factor P-TEFb is considered a
master regulator of Pol II elongation. However, our data
show that it plays an inhibitory role during myoblast differ-
entiation, and that likely due to this inhibition, the level of
the CDK9-CycT1 heterodimer as well as the two positive
P-TEFb complexes, the Brd4-P-TEFb and the SEC, were
found to be reduced in differentiated cells to enable strong
myogenic transcriptional activation by DYRK1A–DCAF7.
Our findings are consistent with a recent report showing
that CDK9 is involved in epigenetic silencing of tumor sup-
pressor genes and that CDK9 inhibition restores expression
of these genes and promotes differentiation of cancer cells
(37), suggesting that CDK9 likely plays an inhibitory role
during cell differentiation.

Notably, an earlier report that relied almost exclusively
on transient overexpression and in vitro experiments has
come to the opposite conclusion by showing that the
CDK9–CycT2a heterodimer binds to and phosphorylates
MyoD to promote myogenesis (38). Contrary to these find-
ings, we failed to detect a stable interaction between CDK9
and MyoD in vivo, and moreover, we found that the endoge-
nous T2a levels were undetectable by standard Western-
blotting both before and after the differentiation (data not
shown).

Although much is yet to be learnt about how CycT1 is
downregulated during C2C12 differentiation and whether
CDK9 may gain a new partner in this process, our re-
sults are consistent with a model that a switch from a gen-
eral CTD kinase functioning in proliferative myoblast to
a myogenesis-specific CTD kinase working in terminally
differentiated myotubes likely occurs during myoblast dif-
ferentiation. This is reminiscent of the switch from the
canonical core promoter recognition complexes and chro-
matin remodelers to specialized transcription machineries
during several differentiation processes (PMID: 23326641,
24082143, 15774719, 17920018). Switching of core tran-
scriptional machinery is thus probably used more frequently
by organisms as a simple yet effective mechanism to control
cell type- and developmental stage-specific gene expression
than previously thought.
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