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More than 30% of genes in higher eukaryotes are regulated by
RNA polymerase II (Pol II) promoter proximal pausing. Pausing is
released by the positive transcription elongation factor complex
(P-TEFb). However, the exact mechanism by which this occurs and
whether phosphorylation of the carboxyl-terminal domain of Pol II
is involved in the process remains unknown. We previously
reported that JMJD5 could generate tailless nucleosomes at posi-
tion +1 from transcription start sites (TSS), thus perhaps enable
progression of Pol II. Here we find that knockout of JMJD5 leads
to accumulation of nucleosomes at position +1. Absence of JMJD5
also results in loss of or lowered transcription of a large number of
genes. Interestingly, we found that phosphorylation, by CDK9, of
Ser2 within two neighboring heptad repeats in the carboxyl-
terminal domain of Pol II, together with phosphorylation of Ser5
within the second repeat, HR-Ser2p (1, 2)-Ser5p (2) for short, al-
lows Pol II to bind JMJD5 via engagement of the N-terminal do-
main of JMJD5. We suggest that these events bring JMJD5 near
the nucleosome at position +1, thus allowing JMJD5 to clip his-
tones on this nucleosome, a phenomenon that may contribute to
release of Pol II pausing.
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Pausing of RNA polymerase II (Pol II) at promoter regions is
a unique transcription regulation mechanism seen in higher

eukaryotes (1–7). It is well established that the positive transcription
elongation factor P-TEFb, a protein complex that includes Cyclin T1
and CDK9, is essential for the release of paused Pol II (4, 8–10).
P-TEFb is thought to act in this regard because the catalytic subunit
of P-TEFb, CDK9, phosphorylates negative elongation factor
(NELF) and 5,6-Dichloro-1-β-d-ribofuranosylbenzimidazole (DRB)-
sensitivity-induced factor (DSIF), thus releasing Pol II from inhibi-
tion by these proteins (11–15). CDK9 has also been found to activate
Pol II by phosphorylating Ser2 residues in the repeating heptad se-
quences in the C-terminal domain (CTD) of Pol II (16–24), but how
this improves transcription progression by Pol II is controversial
(25–28).
To search for mechanisms that might be involved in the re-

lease of Pol II from pausing, we investigated whether a member
of the JmjC family of proteins; for example, JMJD5, might play a
role. JMJD5 is a potential candidate because its knockout in
mice leads to early embryonic death just before the onset of
organogenesis (29, 30) and growth arrest of mouse fibroblasts
(29, 31). JMJD5 is highly expressed in breast cancer cells and
knockdown of JMJD5 leads to growth arrest of such cells (32). A
role for JMJD5 in cell cycle regulation is also suggested by the
fact that G1 is prolonged in human embryonic stem cells upon
deletion of JMJD5 (29, 31).

In studies of JMJD5, we recently found that it has both en-
dopeptidase and exopeptidase activities, with specificity for
peptides containing methylated arginines in the amino terminal
tails of histones H2A, H3, and H4. In line with this observation,
we found that H3, H4, and their arginine methylated isoforms
are greatly increased in cell lines with deficiency of JMJD5
in vivo (31). Binding studies showed that JMJD5 specifically
recognizes peptides containing methylated arginine H3R2(me2s)
with high affinity (∼110 nM) and has lower affinity for the
nonmethylated form of, or the lysine-methylated form of, the
same H3 peptide (∼7 μM or ∼4 μM, respectively) (31, 33).
Others have shown that artificial tailless or mock acetylated
nucleosomes are less of a mechanical barrier to Pol II (34). Thus,
based on these discoveries, we hypothesized that JMJD5 could
cleave the arginine methylated histone tails of nucleosomes at
transcription start sites (TSSs), particularly at the +1 position
(31, 33, 35), thereby reducing the barrier for Pol II progression
past the +1 nucleosome (36, 37).
In support of the hypothesis, here we report that the pro-

moters of many genes become less open in the absence of
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JMJD5. We show that the N-terminal domain of JMJD5 binds
with highest affinity to the CTD of Pol II in which neighboring
Ser2 residues and a Ser5 residue in the CTD have been phos-
phorylated and that this phosphorylation is catalyzed by CDK9.
We therefore suggest that engagement of JMJD5 to the Pol II
complex via its binding to the CTD may bring JMJD5 close to
the +1 nucleosome, a location that would facilitate JMJD5
cleavage of the nucleosome’s histone tails, creation of relative
tailless nucleosomes, and alleviation of the blockage to Pol II’s
transcriptional progression.

Results
JMJD5 KO Impairs Promoter Accessibility Globally. To ask if JMJD5
influenced the promoter accessibility of expressed genes, we
performed ATAC-seq (Assay for Transposase-Accessible Chro-
matin using sequencing) on mouse wildtype (WT) and JMJD5
knockout (KO) male mouse embryonic fibroblasts (male MEF).
ATAC-seq measures chromatin accessibility based on the extent
of transposition after treating nuclei with Tn5 transposase. Tn5
acts preferentially at regions of open chromatin like promoters
and enhancers as they present naked DNA for transposition at a
higher rate compared to the rest of the genome. The ATAC-seq
for the wildtype and JMJD5 KO was analyzed as previously
described (38). Briefly, the density of ATAC-seq reads over a
given position was divided by the mean number of ATAC-seq
reads over TSS ± 2,000 bp to yield an enrichment over mean
signal at each position of the TSS ± 2,000 bp region. This nor-
malization enabled comparison of the “openness” of promoters

of different genes. We then clustered ATAC-seq enrichment
patterns around TSS using k-means method in R (https://www.R-
project.org) into six clusters and observed clusters with high
ATAC-seq signal at the TSS and just upstream and downstream
of the TSS in WT cells (Fig. 1A). When we plotted ATAC-seq
enrichment for KO cells with the same order of genes as WT, we
observed similar patterns of ATAC-seq signals in each cluster.
However, we observed a significantly decreased enrichment of
such signals in KO cells compared to WT cells (Fig. 1B). This is
evident from the global weakened accessibility at TSS in JMJD5
KO cells by comparison with WT when the ATAC-seq enrich-
ment averaged over all expressed genes relative to the TSS was
plotted (Fig. 1C). Next, to determine the extent of loss of ac-
cessibility in JMJD5 KO at an individual gene level, we calcu-
lated the average ATAC-seq enrichment in the interval TSS ±
150 bp for each gene. We then plotted these scores from WT
against similar scores from JMJD5 KO. We found significant
correlation in the scores (r2 = 0.91). However, the slope was 0.77
(95% confidence interval: 0.766 to 0.775), indicating a significant
decrease in accessibility globally in JMJD5 KO (Fig. 1D), with a
median Log2 fold change of −0.2 (13% reduction). In summary,
absence of JMJD5 results in a global loss of accessibility at
promoters, indicating that JMJD5 might function in maintaining
accessibility at expressed promoters genome-wide.
A drop in accessibility at promoter regions could cause low-

ered overall transcription of the relevant gene body. To find out
if this was true, we combined four ATAC-seq data sets and
performed ATAC-seq analyses alongside the RNA-seq data

Fig. 1. Loss of promoter accessibility in JMJD5 KO cells. (A) ATAC-seq enrichment of WT cells relative to TSS is plotted as a heatmap. Genes (n = 11,056) are
ordered based on clusters generated using k-means method. (B) ATAC-seq enrichment of JMJD5 KO cells is plotted as a heatmap. The order of genes is the
same as WT. The number of genes in each cluster is indicated in the middle between the two heatmaps. (C) Average of ATAC-seq enrichment relative to TSS
for all expressed genes (n = 11,056) is plotted for WT and JMJD5 KO cells. SE of mean calculated from four replicates of the ATAC-seq data are plotted as the
shaded region around each line. The difference in accessibility at the promoter is significant (paired t test P value = 0.025). (D) ATAC-seq enrichment score in
the interval TSS ± 150 bp was calculated for each gene for WT and JMJD5 KO cells and then plotted as a two-dimensional (2D) histogram with hexagonal
binning. The line of best fit (solid black line) has a slope (0.77) significantly lower than the x = y line (gray dashed line), indicating a global decrease in
accessibility at promoters upon JMJD5 KO. (E) The ratio of promoter enrichment scores of JMJD5 KO to WT are plotted as a boxplot.
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(transcription activities). We first found drastic changes of ac-
cessibility in a group of genes were coupled with a drastic drop of
messenger RNA (mRNA). One example that stands out is the
locus around Kdm5d with JMJD5 knockout on Y chromosome
and some other genes (SI Appendix, Figs. S1–S3). This result is
consistent with the early role of JMJD5, knockout of which leads
to the severe lethal phenotype of embryo at E8 in mice (30).

JMJD5 Is Recruited by a Combinational Form of Ser2 Phosphorylated
Pol II. The data shown above suggest that JMJD5 affects pro-
gression of Pol II past the +1 nucleosome and it also leads to
some questions. How is JMJD5 recruited to the transcription
machine complex and how is this event coupled to release of the
paused Pol II? Besides the catalytic C-terminal domain, JMJD5
contains a structurally and functionally unknown N-terminal
domain (N-JMJD5) between residues 1 to 165 (Fig. 2A). Does
N-JMJD5 make contacts with the transcription complex, thus
promoting recruitment of JMJD5 to the Pol II complex? To
answer this question, we expressed, in Escherichia coli, N-JMJD5
fused to maltose binding protein (MBP), purified the protein,
and incubated it with nuclear extracts from HEK293 cells. MBP
alone was used as control. After pulldown of MBP, the MBP or
MBP-N-JMJD5 and their associated components were subjected
to blotting analysis. The membrane was blotted with a polyclonal
rabbit antibody against Ser2p-CTD with double Ser2p heptad
repeats (39) or a mouse monoclonal anti-MBP antibody. Pull
downs of MBP alone revealed MBP but no bands staining with
antibody to Ser2p-CTD (Fig. 2B, lane 1). Pulldown of MBP-N-
JMJD5 revealed a 55 kD band stained with anti-MBP, the mo-
lecular weight of MBP-N-JMJD5. This pull down also revealed a
band of Pol II molecular weight (∼250 kD) stained with the
antibody against Ser2p-CTD with double Ser2p heptad repeats
(39) (a gift from Dr. David Bentley’s group) (Fig. 2B and SI
Appendix, Fig. S3), the size of which is well consistent with the
pol II in cell lysate as shown in the 5% input lane. Interestingly, a
polyclonal antibody (ab5131, Abcam) against Ser5p-CTD also
leads to the detection of a similar band (Lane 1, Fig. 2C).
However, the pulldown component was barely recognized by a
monoclonal antibody against Ser2p-CTD with a single Ser2p
heptad. This antibody is widely used to detect the active

elongating Pol II (3E10, ref. 40) (Lane 3, Fig. 2C and SI Ap-
pendix, Fig. 3). Hence, it is possible that the MBP-N-JMJD5
pulldown product contains both a site for Ser5p-CTD antibody
recognition and a site for the double Ser2p-CTD antibody. Of
note, a unique phosphorylation composition on CTD heptad
repeats of this type has not been previously described.

N-JMJD5 Specifically Recognizes Dual Phosphorylated Ser2-CTD of Pol
II. No structural or functional studies of N-JMJD5 have been
published. From secondary structural prediction, using Jpred
(41) as well as three-dimensional (3D) prediction using Raptor X
(42), we propose a tentative model for N-JMJD5 that contains
seven alpha-helices and potentially has an overall structure that
is similar to those of the Pol II CTD binding domains (CIDs)
from proteins such as NRD1, PCF11, Ritt103, SCAF8, and
RPRD1A/B. (SI Appendix, Fig. S4) (43–47). This similarity
suggests that N-JMJD5 might bind to some forms of the CTD of
Pol II.
There are 52 heptad repeats (-YSPTSPS-) within the human or

mouse Pol II CTD and countless patterns of posttranslational
modifications of this region (25), so it is not feasible to screen all of
the potential forms of the Pol II CTD. A report from Dirk Eick and
his colleagues showed a drastic divergence in the patterns of Ser2p
modifications of the Pol II-CTD of human versus that of yeast. For
example, frequent double Ser2p signals from two neighbored hep-
tad repeats occurred in human but not in yeast Pol II (22). Since Pol
II pausing is absent in yeast, we hypothesized that the dual Ser2p-
CTD of Pol II could be the target ofN-JMJD5. To test this hypothesis,
several forms of CTD heptad repeats were synthesized: native CTD
peptide (-YSPTSPSYSPTSPS -); single Ser2p (-YSPTSPSYS(p)PTSPS-);
dual Ser2p (-YS(p)PTSPSYS(p)PTSPS-); dual Ser5p
(-YSPTS(p)PSYSPTS(p)PS-); dual Ser2p with a Ser5p in first
repeat (-YS(p)PTS(p)PSYS(p)PTSPS-); and dual Ser2p with a
Ser5p in the second repeat (-YS(p)PTSPSYS(p)PTS(p)PS-), HR-Ser2p
(1, 2)-Ser5p (2) for short. These peptides were each subjected to binding
analysis by MBP-N-JMJD5 using Microscale Thermophoresis
(MST) (48, 49). MBP-N-JMJD5 showed some affinity for the
native CTD peptide (∼1.22 μM) or the dual Ser5p-CTD
peptide (∼1.41 μM) (Fig. 3 A and B) and had a similar bind-
ing affinity for the single Ser2p-CTD peptide (∼1.98 μM)

Fig. 2. N-JMJD5 pulls down a combinational specie of Ser2p-CTD of Pol II. (A) Domain structures of JMJD5, N-terminal Pol II binding and C-terminal catalytic
core. (B) Upon incubation with human cell extract, MBP-N-JMJD5 pulls down a species of Ser2p-CTD of Pol II, recognized by a rabbit polyclonal antibody raised
with Ser2p within each heptad repeat CTD of Pol II (Lane 2, Top). (C) The Ser2-CTD of Pol II pulled down by MBP-N-JMJD5 could be recognized by a rabbit
Ser5p-CTD of Pol II polyclonal antibody (Lane 1) but not by a rat monoclonal antibody (3E10) raised by a single Ser2p-CTD peptide (lane 3).
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(Fig. 3C). However, MBP-N-JMJD5 bound more strongly to
the dual Ser2p CTD peptide (∼0.48 μM) (Fig. 3D) and had an
even higher affinity for the dual Ser2p peptide containing a Ser5p
in the first heptad repeat (∼0.12 μM) (Fig. 3E). The highest affinity
binding was seen for MBP-N-JMJD5 binding to the dual Serp2
CTD in which the Ser5p was located in the second heptad repeat
(∼9 nM) (Fig. 3F). This is ∼100 times stronger affinity than those of
MBP-N-JMJD5 for native, Ser5p, or single Ser2p repeats of CTD
and the highest binding affinity among CTD of Pol II and binding
partners ever reported (43–47). This suggests that JMJD5 prefer-
entially recognizes dual Ser2 phosphorylated CTD of Pol II with a
Ser5p in vivo.
We did a control for the accuracy of our measurements by

assessing, with the same methods, the affinity of RPRD1A for
dual Serp2 CTD (SI Appendix, Fig. S5). We found the affinity is
∼7.2 μM, a value that is very close to the ∼8 μM affinity for this
reaction measured previously by others (47).
The fact that N-JMJD5 binds to dual Ser2p plus Ser5p with

the highest affinity of all of the peptides we tested may explain
the results shown Fig. 2C in which Pol II CTD pulldown by
JMJD5 was recognized by a rabbit polyclonal anti-CTD peptide
with Ser2p in the neighboring heptad repeat (39) but not by a
monoclonal antibody against a CTD peptide with a single Ser2p
(40). Furthermore, the fact that the addition of Ser5p in the
Ser2p repeat drastically increases the binding affinity is consis-
tent with the positive staining of the pulldown of MBP-N-JMJD5
by the polyclonal Ser5p antibody (Lane 1, Fig. 2C).

CDK9 Phosphorylates the Ser2 of Pol II. The results derived so far
suggest that JMJD5 is recruited to the Pol II complex by reaction
with the dual Ser2p plus Ser5p of the CTD of Pol II. This raises
the issue of which kinase is responsible for generating the
phosphorylated CTD target. Many reports by others suggest that
CDK9 is the most likely enzyme to perform this function

(16–23). However, there is some controversy over this idea (27).
Firstly, CDK9 was reported to phosphorylate Ser5 instead of
Ser2 (28), confusing the issue. Secondly, CDK9 has been sug-
gested to be the homolog of BUR1 in yeast, an enzyme that is
thought to play only a minor role in Pol II CTD Ser2 phos-
phorylation but instead phosphorylates the yeast Pol II rpb1
linker (50, 51). Thirdly, experiments have indicated that, in yeast,
CTK1, a homolog of CDK12 and CDK13 in higher eukaryotes,
produces Ser2p-CTD of Pol II (52). Fourthly, chromatin im-
munoprecipitation DNA sequencing (ChIP-seq) data indicate
that the Ser2p-CTD of Pol II is found at high levels at the
transcription end sites (TESs) of genes but is barely detected at
TSSs either in yeast (53–56) or mammals (57, 58), suggesting
loose connection to Pol II pausing regulation at promoter re-
gions. Finally, Ser2p-CTD of modifications of Pol II exist both in
yeast and higher eukaryotes but Pol II pausing exists only in
higher eukaryotes (53, 55, 59). Because of this continuing con-
troversy, we thought it was worthwhile to retest the idea that
CDK9 is one of the major kinases that phosphorylates Pol II
CTD Ser2 in mammals.
To address this question, the most straightforward experiment

would be to examine changes in the level of dual Ser2p-CTD of
Pol II in cells that do versus do not express CDK9. However,
examination using cells which contain a complete knockout of
CDK9 through CRISPR/CAS9 is not possible in our hands, cells
without CDK9 are difficult to survive. Therefore, instead we
treated human cells with an inhibitor of CDK9, flavopiridol, and
evaluated changes in dual Ser2p-CTD of Pol II, which is rec-
ognized by JMJD5. The amount of dual Ser2p-CTD of Pol II
detected (Fig. 4 A, Top) or pulled down (Fig. 4 A, Lower) by
JMJD5 in the flavopiridol-treated cells was drastically reduced
even though overall Pol II and CDK9 levels were unaffected by
the inhibitor. This was true in two cell lines, A375 and 293.
(Fig. 4B). In a different approach to the same subject, we treated

Fig. 3. N-JMJD5 binds to dual Ser2p-CTD of Pol II with high affinity. (A) MicroScale Thermophoresis measurement of the binding of MBP-N-JMJD5 to native
CTD peptide. (B) The binding of MBP-N-JMJD5 to dual Ser5p-CTD peptide. (C) The binding of MBP-N-JMJD5 to single Ser2p-CTD peptide. (D) The binding of
MBP-N-JMJD5 to dual Ser2p-CTD peptide. (E) The binding of MBP-N-JMJD5 to dual Ser2p-CTD peptide with Ser5p within the first repeat. (F) The binding of
MBP-N-JMJD5 to dual Ser2p-CTD peptide with Ser5p within the second repeat.
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A375 cells with THAL-SNS-032, a CDK9-binding inhibitor SNS-
032 conjugated to a thalidomide derivative for E3 ubiquitin li-
gase (24). This drug binds CDK9 and causes degradation of the
protein. Application of this ligand for 4 h to A375 cells led to a
drastic drop of CDK9 and a concurrent drop of Ser2p-Ser5p-
CTD of Pol II (Fig. 4 C, Top) as well as that pulled down by
MBP-N-JMJD5 (Fig. 4 C, Lower). Again, the results could be
repeated in HEK293 cells (Fig. 4D).
These data suggest that, in mammals, CDK9 phosphorylates

Ser2 of the CTD of Pol II and produces dual Ser2p of the CTD,
which may be different from the Ser2p-CTD generated by
CDK12/13 (or CTK1 in yeast), thereby generating a docking site
for JMJD5 on Pol II and consequent release of paused Pol II.
However, our data do not exclude the possibility that CDK9
might phosphorylate other components of the Pol II machinery,
such as NELF and DSIF, which may also play a role in release of
paused Pol II.

Discussion
Pol II pausing at promoter regions is a common mechanism of
regulation in metazoans (3, 4, 60, 61). Such pausing does not
happen in yeast or bacteria. In such organisms, Pol II activity is
instead mostly regulated through recruitment of the polymerase
to the promoter (62, 63). It is also well known that nucleosomes
at +1 play dominant roles in the pause and release of Pol II (36,
37, 64, 65). However, the precise way in which Pol II pausing is
relieved is not completely understood, although there may be a
role for DSIF and NELF (66, 67). In the experiments here, we

investigated a possible role for another mechanism, involving the
proteolytic enzyme, JMJD5.
Our early discoveries showed that JMJD5 specifically recog-

nizes argininemethylated histone tails and from these can gen-
erate, via its endopeptidase and exopeptidase activities, relative
tailless nucleosomes. Since tailless nucleosomes are thought to
present less of barrier to the progression of RNA polymerases
through the gene body (34, 68), we proposed that JMJD5 may
work at the +1 nucleosome to promote Pol II elongation of
RNA (31, 33, 35). We therefore searched for a mechanism that
would promote JMJD5 recruitment to paused Pol II, thus giving
JMJD5 access to the nucleosome at +1 and reducing the nu-
cleosomal barrier to Pol II.
To test whether JMJD5 might play a role in release of Pol II

pausing, we first analyzed the consequences for cells absent of
JMJD5. We found that nucleosomes accumulated at the +1
position in cells lacking JMJD5 and that this was coupled with
down-regulation of transcription of a large number of genes
(Fig. 1) including, interestingly, all encoded by the Y chromo-
some, a phenomenon that we will follow up in future studies (SI
Appendix, Figs. S1–S3). Searching for a mechanism that might
concentrate JMJD5 on the +1 nucleosome, we focused on the
previously uncharacterized N-terminal domain of JMJD5
(N-JMJD5). Sequence comparisons predicted that this domain
might be structurally similar to domains in other proteins that
bind the CTD of Pol II (43–47). To follow up this idea, we
performed coprecipitation studies with N-JMJD5. These
revealed that the N-terminal domain of JMJD5 pulled down a

Fig. 4. The dual Ser2p-CTD of Pol II is generated by CDK9. (A) A375 cells treated with Flavopiridol at 0.0 μM, 0.3 μM, and 1 μM for 24 h, (Top) shows cell
extract blot. (Lower) Ser2p-CTD blot of MBP-N-JMJD5 pulldown from the above three groups. (B) HEK293 cells treated with Flavopiridol at 0.0 μM, 0.1 μM, and
0.3 μM for 24 h. (Top) shows cell extract blot. (Lower) Ser2p-CTD blot of MBP-N-JMJD5 pulldown from the above three groups. (C) A375 cells treated with
Thal-SNS-032 at 0 nM, 100 nM, and 300 nM, respectively, for 4 h. (Top) shows cell extract blot. (Lower) Ser2p-CTD blot of MBP-N-JMJD5 pulldown from the
0 nM and 300 nM Thal-SNS-032 group. (D) HEK293 cells treated with Thal-SNS-032 at 0 nM, 30 nM, and 100 nM, respectively, for 4 h. (Top) shows cell extract
blot. (Lower) Ser2p-CTD blot of MBP-N-JMJD5 pulldown from the 0 nM and 100 nM Thal-SNS-032 group.
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particular species of Pol II, a species that was recognized by a
rabbit polyclonal antibody raised against a dual Ser2p CTD of
Pol II, but not recognized by a monoclonal antibody specific for
CTD peptide that contained only one Ser2p. We used affinity
measurements to show that N-JMJD5 bound with highest affinity
to CTD with dual Ser2p within neighboring heptad repeats plus
an additional phosphorylation at Ser5-CTD within the second
heptad repeat. Furthermore, we found that the dual Ser2p spe-
cies of Pol II is specifically generated by CDK9 since inhibition
or depletion of CDK9 in A375 or HEK293 cells resulted in a
drastic loss of the dual Ser2p-CTD derivative of Pol II and lack
of engagement of N-JMJD5. These data suggest not only that
CDK9 works directly upstream of JMJD5, but also demonstrate
that CDK9 is responsible for the generation of this unique
Ser2p-CTD of Pol II. As for the additional modification, Ser5p,
of Pol II’s CTD that increases further its affinity for N-JMJD5,
we hypothesize that this modification is performed by another,
quite likely CDK7 or CDK8, kinase and generated at initiation
before action of CDK9. This speculation needs further
investigation.
As demonstrated recently by us, the release of CDK9 from

7SK snRNP is controlled by JMJD6, which is unique in higher
eukaryotes (69). Interestingly, along this line, the regulation of
Pol II pausing, the 7SK small nuclear ribonucleoprotein
(snRNP) complex (which includes CDK9), and JMJD5 only exist
in higher eukaryotes, suggesting the possibility that these three
have a related function, in agreement with the results discussed
above. However, as mentioned in the Results section of this
manuscript, there is preexisting evidence that CDK9 does not
phosphorylate Pol II’s CTD. For example, CDK9 is thought to
be the analog of yeast Bur1, an enzyme that, in yeast phos-
phorylates the linker region of Rbp of Pol II, a modification that
recruits Spt6 (50). We speculate, therefore, that some other ki-
nase is the analog in higher eukaryotes, of Bur1. A question
raised here is how to discriminate Ser2p generated by CDK9
from Ser2p generated by CDK12/13, CTK1 in yeast, which are
required to modify Pol IIs CTD to stimulate functions such as
transcription termination, polyadenylation, and recruitment of
spliceosomes (70). We speculate that there are two forms of
Ser2p coexisting in higher eukaryotes; this idea is consistent with
the report showing that the patterns of Ser2p-CTD Pol II are
different between humans and yeast (22).
Finally, the above data and data published earlier by our group

(31, 33) suggest that the phosphorylation of Ser2-CTD of Pol II
by CDK9, Pol II pausing regulation, the high turnover rate of
histone in nonproliferating cells, and the generation of tailless
nucleosomes by JMJD5, are closely coupled. Based on these
accumulating results, a simple transcription elongation model for
paused Pol II could be derived (Fig. 5). Upon stimulating signals,
with the help of BRD4 and JMJD6 (35, 69), CDK9 is recruited
to paused Pol II coupled with super elongation complex and
phosphorylates neighboring Ser2-CTD of Pol II. This, together
with Ser5p-CTD of Pol II generated at initiation, creates a high
affinity ligand for JMJD5. Once the complex of Pol II and
JMJD5 is formed, JMJD5 is now ideally placed to cleave the
histone tails of the barrier nucleosomes at +1 of genes, thus
generating relatively tailless nucleosomes and promoting pro-
gression of Pol II down the gene body. However, questions re-
main. For example, how does Pol II overcome the barriers of
other nucleosomes further down the gene body? How is Pol II
transcription of housekeeping genes in higher eukaryotes or all
genes in yeast controlled? These are puzzles that remain to be
addressed.

Materials and Methods
Antibodies. A full list of antibodies can be found in the SI Appendix, Table S1.

Cells. The JMJD5 knockout cell line was generated by Dr. Ralf Janknecht’s
laboratory. The representative image of wildtype and JMJD5 knockout MEF
cell can be found in SI Appendix, Fig. S6.

ATAC-Seq. ATAC-seq was performed according to Buenrostro et al., (38) with
50,000 cultured WTMEFs and JMJD5 KOMEF cells. Cells were lysed to extract
nuclei. Nuclei were resuspended in 50 μL 1 × TD (Tagment DNA) buffer
containing 2.5 μL transposase (Nextera, Illumina). The transposase reaction
was conducted for 40 min at 37 °C. Library amplification and barcoding were
performed using Illumina-compatible index primers purchased from IDTdna.
PCR was conducted for 12 to 15 cycles. Library purification was performed
with the MinElute PCR Purification Kit (Qiagen) and size selection was using
AMPureXP beads (Beckman Coulter). Libraries were quantified and size
distribution was assessed using the Bioanalyzer High Sensitivity DNA Kit
(Agilent). Paired-end sequencing was performed on a HiSEq 2500 (Illumina)
with 50 cycles for each read. Raw data from the sequencer was demulti-
plexed and FASTQ files were generated using bcl2fastq Conversion Software
(Illumina). Paired-end reads were aligned to mm10 version of the mouse
genome using bowtie2 with following parameters:–local–very-sensitive-local–
no-unal–no-mixed–no-discordant -I 10 -X 700. The fraction of reads mapped
at each nucleotide was multiplied by the total number of nucleotides mapped
genome-wide, which was arbitrarily chosen as approximate size of the ge-
nome (2.8 × 109), to give a normalized count at that position. The reads were
then aggregated to 25 base pair windows, and only paired-end reads of
length 40 to 120 bp were used in the analysis as they usually represent areas
of transcription factor binding.

RNA-Seq. Total RNA from MEF and JMJD5 knockout cell was extracted with a
TRIzol kit (ThermoFisher Scientific). It was then sent to Quick Biology (Quick
Biology, Pasadena) for further mRNA purification and analysis. Mouse ge-
nome mm10 was used as reference.

MBP-N-JMJD5 and Ser2p-CTD of Pol II Pulldown. N-terminal human JMJD5 (17-
148) was inputted after MBP in pMAL vector. The fused protein was induced
for expression at 18 °C overnight after the optical density (O.D.) of the
transformed bacteria reached 0.8. The fused protein was purified using
Amylose beads and further purified with size exclusion column. Approxi-
mately 2 million human embryonic kidney cell line 293 cells were lysed with

Fig. 5. The transcription elongation model of paused Pol II in higher eu-
karyotes. (A) The phosphorylation of CTD of Pol II on Top of Ser5p-CTD by
CDK9 with the help of super elongation complex. (B) Recruitment of JMJD5
by Ser2 phosphorylated CTD. (C) JMJD5 generates tailless nucleosome by
cleaving arginine methylated histone tails.
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Pierce immunoprecipitation (IP) lysis buffer. For the pulldown assay, equal
molar amounts of MBP protein and MBP-N-JMJD5 were incubated with the
same amount of cell lysate overnight at 4 °C in Hepes buffer (10 mM Hepes,
pH 7.5, 150 mM NaCl) with 5% glycerol. Amylose beads were added and
incubated for another hour. The beads were then spun down and washed
extensively with Hepes buffer. The bound protein was eluted with Hepes
buffer with 10 mM maltose and used for blotting with phosphorylated-
serine2 –Pol II CTD antibody provided by Dr. Bentley and MBP antibody
produced in our laboratory (71).

MST MBP-N-JMJD5 Binding Assays. MBP- N-JMJD5 (17-148) was cloned into
pET-15b vector in order to add a 6*Histidine tag at the N-terminal of MBP
protein. The His-MBP-N-JMJD5 protein was purified in the same way as MBP-
N-JMJD5. The 6*Histidine tag was labeled with a His-tag labeling kit from
NanoTemper technology (NanoTemper, South San Francisco). Labeled
His-MBP-N-JMJD5 (10 nM) was incubated with serial dilution of synthesized
Pol II CTD peptides with different modifications. The affinity was measured
with Monolith NT.115 pico from NanoTemper technology. For each peptide,
three repeats of measurement were done to obtain SD for each data point.
The binding curve and affinity were modeled and analyzed in the MO.
(Monolith) Control software. The original data were exported and the
binding curve was drawn with GraphPad Prism software.

CDK9 Inhibition and Depletion. CDK9-specific cyclin-dependent kinase inhib-
itor SNS-032 with conjugated cereblon E3 ligase ligand, thalidomide

(Thal-SNS-032), was purchased from R&D systems. HEK293 cell or A375 cell
were treated with different concentrations of Thal-SNS-032 (30 nM or
100 nM for HEK293 cell, 100 nM or 300 nM for A375 cell) for 4 h. Cells were
then lysed and an equal amount of cell lysate was used for MBP-N-JMJD5
pulldown. The primary antibody for CDK9 detection was from Santa Cruz
Biotechnology (sc-13130). Flavopiridol treatment was carried out in the same
way except that the drug concentration and incubation time are different.
HEK293 cell was incubated with 0.1 μM or 0.3 μM flavopiridol overnight.
A375 cell was incubated with 0.3 μM or 1 μM flavopiridol overnight.

Data Availability. All data sets of RNA-seq and ATAC-seq have been deposited
to Gene Expression Omnibus with the accession number GSE153322.
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