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Abstract

Release of promoter-proximal paused RNA polymerase II (Pol II) during early elongation is a 

critical step in transcriptional regulation in metazoan cells. Paused Pol II release is thought to 

require the kinase activity of cyclin-dependent kinase 9 (CDK9) for the phosphorylation of 5,6-

dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) sensitivity-inducing factor (DSIF), negative 

elongation factor (NELF), and C-terminal domain (CTD) serine-2 of Pol II. Here we demonstrate 

that Pol II-associated factor 1 (PAF1) is a critical regulator of paused Pol II release, that positive 

transcription elongation factor b (P-TEFb) directly regulates the initial recruitment of PAF1 

complex (PAF1C) to genes, and that the subsequent recruitment of CDK12 is dependent on 

PAF1C. These findings reveal cooperativity between P-TEFb, PAF1C, and CDK12 in pausing 

release and Pol II CTD phosphorylation.

Thousands of developmentally regulated genes in metazoans harbor promoter-proximal 

paused Pol II 30–50 nt downstream of their transcription start sites (TSS) (1–3). Paused Pol 

IIs are usually phosphorylated on CTD serine-5 and are associated with DSIF and NELF. 

Release of paused Pol II into productive elongation is believed to require phosphorylation 

of CTD serine-2, conversion of DSIF into a positive elongation factor by phosphorylation of 

its SPT5 subunit, and disassociation of NELF (1). Although it was long believed that CTD 

serine-2 phosphorylation was catalyzed predominantly by CDK9, the mammalian ortholog 

of yeast Bur1, recent studies have identified CDK12 as the metazoan ortholog of Ctk1, the 

major CTD serine-2 kinase in yeast, and suggested that CDK9 is a CTD serine-5 kinase 

(4, 5). The yeast Paf1 complex and the human PAF1 complex, of interest here, have been 

implicated in transcription elongation on DNA and chromatin templates, recruitment and 
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activation of histone modifiers, mRNA 3’ formation, etc. (6, 7). However, PAF1C has not 

been considered a critical elongation factor because depletions of PAF1C subunits in yeast 

and fly, while reducing the level of CTD serine 2-phosphorylated elongating Pol II (8, 10), 

did not affect the distribution of total Pol II on active genes (8, 9).

To study the function of human PAF1C, we performed ChIP-seq experiments for PAF1C 

subunits PAF1, CDC73, LEO1, and CTR9, as well as total Pol II and CTD serine 2-

phosphorylated (ser-2p) Pol II, in human acute myeloid leukemia THP1 cells. Similar to 

Pol II (ser-2p), the four PAF1C subunits occupy transcribed regions of most active genes, 

and exhibit maximum occupancy downstream of transcription end sites (TESs) (Fig. 1, 

A to C, and fig. S1, A to F). LEO1 (fig. S1B) and CTR9 (fig. S1C) occupancies do 

not generally overlap with the promoter-proximal Pol II peaks, as reported previously (2). 

However, PAF1 and CDC73, the major scaffolding components within human PAF1C (11), 

do overlap with the promoter-proximal Pol II peaks (Fig. 1, B and C, and fig. S1, A, D, 

E, and F). Complementary strand-specific mRNA-seq analyses using RNA from THP1 cells 

identified 19,482 transcripts (RPKM > 1), corresponding to 10,664 genes, of which 9,823 

were bound by PAF1. Notably, the PAF1 binding signals on these genes positively correlated 

with corresponding mRNA levels (Fig. 1C, and fig. S1, A to C), suggesting an involvement 

of PAF1C in Pol II transcription or transcription-coupled events.

In further functional analyses, two lentiviral shRNAs were employed to reduce the level of 

the key PAF1 subunit (8, 11) in THP1 cells (Fig. 2A) and global gene expression changes 

were assessed by RNA-seq. With p < 0.001 and fold-expression change > 1.5, of the 9,823 

genes bound by PAF1, only 1,351 showed changes in expression (table S1). The knockdown 

of PAF1 also resulted in an increased level of promoter-proximal paused Pol II that was 

not limited to genes whose mRNA levels were affected by PAF1 knockdown (Fig. 2, B and 

C). Based on a promoter read count change of > 2, of the 9,823 genes bound by PAF1, 

5,851 exhibited increased Pol II pausing and only 344 exhibited decreased Pol II pausing 

(table S2). The increased Pol II pausing, which led to an average 2-fold increase in Pol II 

occupancy on promoters (Fig 2C), was confirmed by comparison of the traveling ratio of 

total Pol II in control and knockdown cells (Fig. 2D).

The apparent and seemingly paradoxical increase of PAF1 occupancy near promoters in 

PAF1 knockdown cells relative to control cells (Fig 2B) raised the possibility that the 

increased Pol II pausing might not be a direct effect of the decreased PAF1 chromatin 

association. However, normalization of the PAF1 levels to Pol II levels in control and 

knockdown cells revealed a relative decrease in PAF1 chromatin association in knockdown 

cells, suggesting that the increased Pol II pausing is indeed a direct effect of reduced 

PAF1 association at the promoter proximal region (Fig. 2E). In a further validation of the 

ChIP-seq results for total Pol II, ChIP-seq for CTD serine 5-phosphorylated Pol II revealed, 

as expected, a corresponding increase in Pol II (ser-5p) in PAF1 knockdown cells relative to 

control cells (Fig. 2F, and fig. S2, A and B). Thus, PAF1C is a critical elongation factor that 

regulates elongation as early as the Pol II pausing release stage.

To determine whether the facilitation of Pol II pausing release by PAF1C reflects a general 

mechanism that is not cell type-specific, we knocked down PAF1 (by shRNA #2) in human 
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acute lymphoblastic leukemia CCRF-CEM cells and compared PAF1 and Pol II occupancies 

in control and knockdown cells. Surprisingly, and in contrast to the results in THP1 cells, 

PAF1 knockdown in these cells resulted in an increase in Pol II pausing on only 142 genes, 

and a decrease in Pol II pausing on 1,244 genes (fig. S3, A to E and table S3). To rule out 

any off-target effects, the results were validated by PAF1 knockdown using shRNA #1 (fig. 

S3, F and G). With respect to the apparent cell/context-dependent variability in effects of 

PAF1C functions, we note that whereas PAF1C is generally considered a positive effector 

(6, 7), there are earlier (12) and more recent (13) reports of PAF1C function as a negative 

regulator of Pol II pausing release. Therefore, the differential effects of PAF1 knockdown 

on Pol II pausing in THP1 cells (carrying the MLL-AF9 fusion gene) and CCRF-CEM cells 

(bearing TP53 mutations) likely reflect the distinct genetic backgrounds and physiological 

states of the two cell types. Thus, the diverse results in current and published studies (12, 

13) indicate variable context-dependent effects of PAF1C components as either positive 

or negative regulators, as further exemplified by a switch in the CDC73 subunit from 

a positive regulator (oncoprotein) to a negative regulator (tumor suppressor) by tyrosine 

phosphorylation (14).

The effect of PAF1 knockdown on Pol II pausing resembles that of pan-CDK inhibition 

by flavopiridol (2, 15). To determine whether flavopiridol treatment affects Pol II pausing 

in part through PAF1C, we compared the genomic occupancy of Pol II and the LEO1 

subunit of PAF1C in DMSO- and flavopiridol-treated THP1 cells. Flavopiridol significantly 

increased global Pol II pausing (Fig. 2G), and markedly reduced the chromatin occupancy 

of LEO1 (Fig. 2H, and fig. S4, A to B). These results implicate PAF1C as a key factor for 

the release of promoter-proximal paused Pol II. The reduced occupancy of PAF1C as a result 

of flavopiridol treatment suggests that pan-CDK inhibition increases Pol II pausing in part 

through compromising the recruitment of PAF1C.

In yeast, serine-2 and serine-5 phosphorylation of the Pol II CTD, as well as 

phosphorylation of the Spt5 subunit of DSIF by Bur1 (ortholog of metazoan CDK9), are 

critical for the recruitment of PAF1C to target genes (16, 17). To determine whether, as 

in yeast, CDK9 or SPT5 is required for the recruitment of PAF1C in THP1 cells, we 

performed independent SPT5 and CDK9 knockdown analyses and evaluated effects on Pol 

II and PAF1 occupancy. As anticipated (2), SPT5 knockdown reduced the occupancy of 

Pol II and PAF1 (fig. S5, A to D). Like flavopiridol treatment, CDK9 knockdown (~80%, 

Fig. 3, A and B) reduced PAF1 occupancy (Fig. 3C) but, unlike flavopiridol, had little 

effect on Pol II occupancy (Fig. 3D). In addition, and also unexpectedly, CDK9 knockdown 

only moderately increased global Pol II pausing (fig. S6A). However, a comparison of the 

levels of BRD4-associated CDK9 (CDK9-active complex) and LARP7-associated CDK9 

(CDK9-inactive 7SK snRNP complex) (18) in control and CDK9 knockdown THP1 cells 

revealed a preferential reduction of the CDK9 fraction in the 7SK snRNP complex relative 

to the CDK9 fraction in the BRD4 complex (fig. S6B). Thus, the small effect of the CDK9 

knockdown on Pol II pausing may be due to the minimal effect on the kinase-active CDK9 

fraction, and the regulation of PAF1C recruitment by CDK9 is likely independent of the 

CDK9 kinase activity.
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In a further analysis of the role of CDK9 in PAF1C recruitment, a co-immunoprecipitation 

assay revealed strong association of endogenous PAF1 and P-TEFb (a complex of CDK9 

and Cyclin T1) in THP1 cells (Fig. 3E). The much stronger association between PAF1C and 

P-TEFb relative to the reported (19) PAF1-AF9 interaction (Fig. 3E) raised the possibility 

of an AF9-independent interaction between these two complexes. The PAF1 and CDC73 

subunits of PAF1C, as well as Pol II, were reciprocally co-immumoprecipitated with CDK9 

by a CDK9 antibody (Fig. 3F). More importantly, binding assays using purified P-TEFb 

and PAF1C complexes established a direct AF9-independent interaction between these 

two complexes (Fig. 3G), indicating that P-TEFb contributes to the recruitment of PAF1C 

through direct interaction.

These results raised the possibility that PAF1C may regulate promoter-proximal pausing 

release of Pol II in part by facilitation of P-TEFb extraction from 7SK snRNP, but PAF1C 

was unable to release P-TEFb from 7SK snRNP in a release assay (fig. S7). Toward a 

further analysis of the functional consequences of the PAF1C-CDK9 interaction, ChIP-seq 

experiments for CDK9 in control and PAF1 knockdown cells revealed, first, that CDK9 

is mainly associated with both enhancers and promoters (Fig. 3, H and I) (20, 21) and, 

second, consistent with a previous report (19), that PAF1 depletion reduces normalized 

CDK9 occupancy on promoters (Fig. 3, J and K). The enhancer- and promoter-association 

of CDK9, along with Pol II imaging data (21), makes it less likely, as proposed in another 

study (13), that P-TEFb generally travels with Pol II during elongation. Therefore, we 

propose (i) that the interaction between PAF1C and P-TEFb is required mainly for the initial 

recruitment of PAF1C, but may also stabilize the P-TEFb promoter association, and (ii) that 

CDK9 and other kinases subsequently phosphorylate the CTD of Pol II (16) and the CTR of 

SPT5 (17), thus creating PAF1C binding sites on Pol II and the associated DSIF that enable 

PAF1C to facilitate release of paused Pol II into productive elongation.

In agreement with previous studies (8, 10), we observed decreased Pol II CTD serine-2 

phosphorylation, but increased CTD serine-5 phosphorylation, following PAF1 knockdown 

(8, 10) (fig. S8, A to C). Thus, PAF1C may be responsible either for the recruitment of 

CTD serine-2 kinases or for the regulation of their activity. Recent studies have suggested 

that CDK12 is the predominant serine-2 kinase (4) and that bromodomain-containing protein 

4 (BRD4) is an atypical CTD serine-2 kinase (22). A comparison of CDK12 and BRD4 

occupancies on the c-MYC gene by ChIP-qPCR revealed reduced occupancy of CDK12, 

but not BRD4, in PAF1 knockdown cells (fig. S9, A and B). Genomic analysis of the 

effect of PAF1C on CDK12 recruitment revealed a global decrease in CDK12 occupancy, 

especially when normalized to Pol II occupancy, in PAF1 knockdown cells (Fig. 4, A to C). 

These results are consistent with the reduced level of Pol II (ser-2p) and suggest a role for 

PAF1C-dependent recruitment of CDK12 in Pol II CTD ser-2 phosphorylation.

Experiments to determine whether the PAF1C-dependent recruitment of CDK12 is through 

a direct interaction showed that CDK12 and Cyclin K, as well as Pol II (ser-2p) and BRD4, 

were co-immunoprecipitated with an antibody against the CDC73 subunit of PAF1C (Fig. 

4D) and, reciprocally, that the PAF1 and CDC73 subunits of PAF1C, as well as Pol II, 

were coimmunoprecipitated with CDK12/Cyclin K by an antibody against CDK12 (Fig. 

4E). The PAF1C association with BRD4 was significantly weaker than its association with 
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CDK12 (Fig. 4D), partially explaining why the recruitment of BRD4 is less dependent 

on PAF1C (fig. S9B). Analyses with purified recombinant CDK12/Cyclin K and PAF1C 

complexes revealed a robust direct binding of PAF1C to CDK12/Cyclin K under stringent 

conditions (Fig. 4F). A parallel binding assay with purified proteins under similar conditions 

revealed a very weak interaction of CDK12/Cyclin K with Pol II (Fig. 4G) relative to the 

strong interaction with PAF1C (Fig. 4F). These results strongly suggest (i) that PAF1C, in 

addition to regulating the release of paused Pol II, is directly involved in the recruitment of 

CDK12 and (ii) along with the known interaction of human PAF1C with Pol II (11), that the 

association of CDK12/Cyclin K with Pol II is likely mediated by Pol II-bound PAF1C.

We next asked whether CDK12/Cyclin K affects the recruitment of PAF1C by comparing 

PAF1 and Pol II occupancy in control and Cyclin K knockdown cells. Despite effecting 

a globally decreased Pol II (ser-2p) (fig. S8A) and reduced CDK12 occupancy, Cyclin K 

knockdown had little effect on PAF1 or Pol II occupancy (fig. S10, A to D). These results 

are in agreement with previously published data showing that a knockout of yeast Ctk1 

(homologue of CDK12) does not affect Paf1 occupancy (23), and support a model in which 

Pol II-bound PAF1C recruits CDK12.

In summary, we report a critical role for PAF1C in Pol II pausing release, a direct 

role for P-TEFb in PAF1C recruitment, and a PAF1C-CDK12/Cyclin K interaction that 

is important for CTD serine-2 phosphorylation. These findings complement and extend 

previous results demonstrating functions for P-TEFb, DSIF/NELF and Pol II CTD serine-2 

phosphorylationin Pol II pausing release and are summarized in an updated model (fig. S11) 

that will guide further mechanistic studies of both positive and negative functions of PAF1C 

in transcriptional control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PAF1C occupancy positively correlates with gene expression level.
(A) An IGV browser snapshot comparing occupancy of PAF1, CDC73, LEO1, CTR9, Pol 

II (ser-2p), and total Pol II within the CA2 locus in THP1 cells. (B) Occupancy of PAF1, 

total Pol II, and Pol II (ser-2p) on an average gene. (C) Metagene analyses showing positive 

correlation between PAF1 occupancy and the mRNA level of genes.
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Fig. 2. PAF1C is a critical regulator of promoter-proximal pausing release of Pol II.
(A) Comparison of PAF1 level in control and PAF1 knockdown THP1 cells by Western blot. 

(B) and (C) Comparison of the occupancy of PAF1 (B) and Pol II (C) on an average gene. 

(D) Comparison of the traveling ratios of genes bound by Pol II. (E) Comparison of the 

normalized occupancy of PAF1 on an average gene. (F) Comparison of the occupancy of Pol 

II (ser-5p) on an average gene. (G) and (H) Comparison of the occupancy of Pol II (G) and 

LEO1 (H) on an average gene in DMSO- and flavopiridol-treated THP1 cells.
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Fig. 3. P-TEFb contributes to the recruitment of PAF1C.
(A) Comparison of CDK9 level in control and CDK9 knockdown THP1 cells. (B) to (D) 

ChIP-qPCR data comparing the occupancy of CDK9 (B), PAF1 (C), and Pol II (D). (E) 

Co-IP of P-TEFb and AF9 with CDC73. Error bars indicate mean ± SD (N=3). (F) Co-IP 

of PAF1, CDC73, total Pol II, and Pol II (ser-2p) with CDK9. (G) Pull-down assay using 

immobilized P-TEFb as bait and PAF1C as prey. (H) CDK9 peak distribution in control and 

PAF1 knockdown cells. Total peak numbers were labeled on top of each column. (I) An 

IGV browser snapshot comparing CDK9 occupancy within the c-MYC locus. (J) and (K) 

Comparison of CDK9 occupancy (J) and normalized CDK9 occupancy (K) on an average 

gene, respectively.
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Fig. 4. PAF1C is responsible for the recruitment of CDK12.
(A) and (B) Comparison of CDK12 occupancy (A) and normalized CDK12 occupancy (B) 

on an average gene in control and PAF1 knockdown THP1 cells, respectively. (C) An IGV 

browser snapshot comparing CDK12 occupancy within the TMEM30A locus. (D) Co-IP of 

CDK12, Cyclin K, total Pol II, Pol II (ser-2p), and BRD4 with CDC73. (E) Co-IP of PAF1, 

CDC73, total Pol II, and Pol II (ser-2p) with CDK12. (F) and (G) Pull-down assays using 

immobilized CDK12/Cyclin K complex as a bait, and PAF1C (F) and purified Pol II (G) as 

preys, respectively.
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