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Summary

The Cdk7 subunit of TFIIH phosphorylates RNA polymerase II (Pol II) during initiation and while 

recent studies show inhibition of human Cdk7 negatively influences transcription, the mechanisms 

involved are unclear. Using in vitro transcription with nuclear extract, we demonstrate that THZ1, 

a covalent Cdk7 inhibitor, causes defects in Pol II phosphorylation, co-transcriptional capping, 

promoter proximal pausing, and productive elongation. THZ1 does not affect initiation but blocks 

essentially all Pol II large subunit C-terminal domain (CTD) phosphorylation. We found that 

guanylylation of nascent RNAs is exquisitely length-dependent and modulated by a THZ1-

sensitive factor present in nuclear extract. THZ1 impacts pausing through a capping-independent 

block of DSIF and NELF loading. The P-TEFb-dependent transition into productive elongation 

was also inhibited by THZ1, likely due to loss of DSIF. Capping and pausing were also reduced in 

THZ1-treated cells. Our results provide mechanistic insights into THZ1 action and how Cdk7 

broadly influences transcription and capping.
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Introduction

Cdk7, Cyclin H, and Mat1 comprise a kinase module in the Pol II initiation factor TFIIH 

(Egly and Coin, 2011) which is responsible for phosphorylation of the CTD of the large 

subunit of human Pol II during initiation. The CTD contains 52 repeats of a heptapeptide 

with the consensus sequence Y1S2P3T4S5P6S7 and Cdk7 phosphorylates Ser5 and Ser7 

residues, the first of several CTD phosphorylation and dephosphorylation events during the 

transcription cycle (Heidemann et al., 2013). CTD phosphorylation is thought to be 

important in the recruitment of RNA processing factors and histone modification enzymes 

(Heidemann et al., 2013). In mammals, Cdk7 is also the major cyclin-dependent kinase 

activating kinase (CAK) and is involved in regulating the cell cycle (Fisher, 2012).

A prominent feature of transcription in metazoans is promoter proximal pausing of Pol II 

(Guo and Price, 2013). Pausing is induced by the DRB sensitivity inducing factor, DSIF, in 

conjunction with the negative elongation factor NELF (Yamaguchi et al., 2013) and these 

factors accumulate with Pol II downstream of the transcription start site of the majority of 

mammalian genes (Liu et al., 2014; Rahl et al., 2010). Gdown1 has also been implicated in 

stable pausing of Pol II near promoters (Cheng et al., 2012). To transition into productive 

elongation, the Cdk9 kinase subunit of P-TEFb must phosphorylate both DSIF, which 

remains associated during elongation, and NELF, which is released (Guo and Price, 2013). 

Cdk9 (Marshall et al., 1996) and Cdk12 (Bartkowiak et al., 2010; Bowman and Kelly, 2014) 

have been implicated in phosphorylation of CTD Ser2 during the transition into productive 

elongation and at the 3′ ends of genes.

Capping occurs co-transcriptionally and is the first of many processing steps required to 

generate a functional mRNA (Bentley, 2014). Initially, an RNA triphosphatase removes the 

terminal phosphate and then RNA guanylyltransferase mediates the 5′-5′ addition of GMP. 

Cap methylation occurs in a separate step and the final m7G cap influences downstream 
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events. Guanylylation of nascent transcripts can occur as soon as the RNA emerges from Pol 

II (Coppola et al., 1983; Moteki and Price, 2002; Rasmussen and Lis, 1993) and human 

capping enzyme (HCE) is 4 to 5 orders of magnitude more efficient when the RNA substrate 

is associated with an elongation complex (Moteki and Price, 2002). This is aided in part by 

capping enzyme association with the phosphorylated CTD (Chiu et al., 2002; Cho et al., 

1997; McCracken et al., 1997; Yue et al., 1997), although the site of this interaction is not 

conserved between yeast and mammalian capping enzymes (Ghosh et al., 2011). In fission 

yeast, an otherwise lethal Ser5Ala CTD mutation was rescued by fusing mouse capping 

enzyme to the CTD (Schwer and Shuman, 2011). In mammals, CTD phosphorylation has a 

4-fold effect on capping of soluble RNA (Ho and Shuman, 1999) or nascent Pol II 

transcripts (Mandal et al., 2004; Moteki and Price, 2002). Capping enzymes have also been 

shown to interact with the Spt5 subunit of DSIF in yeast (Doamekpor et al., 2014; 

Doamekpor et al., 2015; Pei and Shuman, 2002; Schneider et al., 2010) and human DSIF 

causes a 2 to 5-fold stimulation of co-transcriptional capping (Mandal et al., 2004; Wen and 

Shatkin, 1999). Additionally, wild type or capping-defective HCE relieved the negative 

influence of NELF during transcription in vitro suggesting a competition of HCE and 

pausing factors for Pol II (Mandal et al., 2004). This network of interactions among the 

capping enzyme, the Pol II CTD, and DSIF could play a role in controlling capping and 

elongation in mammals.

Inhibition of Cdk7 has broad effects on transcription but the mechanisms involved remain 

poorly understood. Early in vitro studies gave conflicting results concerning the role of 

Cdk7 in transcription (Akoulitchev et al., 1995; Tirode et al., 1999). Inhibition of the Cdk7 

homolog Kin28 in budding yeast reduced mRNA capping in two studies. In one, global 

transcription was unaffected (Kanin et al., 2007) and in the other, mRNA stability was 

reduced (Hong et al., 2009). Other studies showed increased Pol II promoter occupancy 

genome-wide (Bataille et al., 2012; Wong et al., 2014). Investigations in higher eukaryotes 

showed decreases in promoter-proximal pausing (Chipumuro et al., 2014; Glover-Cutter et 

al., 2009; Kelso et al., 2014; Kwiatkowski et al., 2014; Larochelle et al., 2012; Schwartz et 

al., 2003). This conflict is likely due to differences in elongation control machinery. Two 

recent reports described reductions in DSIF and increases in TFIIE near promoters in human 

cells as a result of Cdk7 inhibition (Kelso et al., 2014; Larochelle et al., 2012), but while 

Larochelle et al. described a concurrent loss of NELF ChIP signal, Kelso et al. found that 

NELF association with transcription complexes in vitro was unaffected. Curiously, Kelso et 

al. also showed that inhibition of Cdk7 reduced in vitro transcription but only affected 2% of 

expressed genes by microarray.

A newly developed covalent inhibitor of Cdk7, THZ1, negatively impacts gene expression 

and proliferation in cancer cell lines and animal models (Chipumuro et al., 2014; 

Christensen et al., 2014; Kwiatkowski et al., 2014). To elucidate the mechanism of THZ1 

action we utilized an in vitro system with HeLa nuclear extract to examine how the 

compound affects transcription and associated events. We followed the effects of THZ1 on 

Pol II initiation, pausing, and productive elongation and closely examined CTD 

phosphorylation, capping, and elongation factor recruitment. We discovered that THZ1 

causes a cascade of defects that can explain its effects in cells. This information will aid 

evaluation of THZ1 as a potential cancer therapy.
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Results

Effects of THZ1 on transcription in vitro

To gain mechanistic insight into the effects of THZ1 we turned to an in vitro system that 

reconstitutes initiation, pausing, productive elongation, and coupled RNA processing 

(Adamson et al., 2003). We added increasing amounts of THZ1 to reactions containing 

HeLa nuclear extract and a CMV promoter-driven template. Preinitiation complexes were 

formed with a 30 minute preincubation that included the extract, template, and either THZ1 

or DMSO as a control. Initiation was accomplished in a 30 second pulse with limiting 

α-32P-CTP. The amounts of transcripts generated were unchanged across all levels of THZ1 

(Figure 1A). However, there was a dose-dependent change between 0.03 and 0.3 μM THZ1 

in the pattern of transcripts that we will show later is due to a change in capping.

To evaluate the effects of THZ1 on productive elongation, pulsed complexes were chased 

for 3 minutes by raising the CTP to 500 μM. In this assay, transcripts that quickly reach run-

off are indicative of productive elongation. Run-off transcripts were reduced by the same 

concentrations of THZ1 that affected the pattern of transcripts during initiation (Figure 1B). 

These results demonstrate that while Cdk7 may be dispensable for initiation, its activity is 

essential for productive elongation.

Because THZ1 reduces run-off transcription, we compared its effects with those of 

Flavopiridol, which blocks productive elongation by inhibiting P-TEFb. We added one or 

both compounds to a final concentration of 1 μM at different stages of transcription. When 

added during the preincubation, both compounds dramatically inhibited accumulation of 

run-off transcripts (Figure 1C). However, the transcripts below run-off were significantly 

longer with THZ1. Interestingly, the combination of both compounds produced a pattern of 

transcripts that was nearly identical to that of THZ1 alone. These results suggest that THZ1 

disrupts normal pausing. As expected for a covalent inhibitor, 1 μM THZ1 requires more 

than 3 minutes to covalently inhibit Cdk7 (Figure S1A). Although THZ1 is able to partially 

inhibit P-TEFb in a kinase assay with 30 μM ATP (Figure S1B), this inhibition should be 

alleviated in transcription assays with 500 μM ATP. To determine if this was actually the 

case, both compounds were added during the pulse (Figure 1C). As expected, Flavopiridol 

still inhibited the production of run-off. THZ1 had no effect by itself or in combination with 

Flavopiridol, indicating that the effects of THZ1 on transcription are solely due to a covalent 

interaction.

Inhibition of Cdk7 blocks Pol II CTD phosphorylation during initiation

We next examined CTD phosphorylation of elongation complexes generated in the presence 

of THZ1 or Flavopiridol using an elongation complex electrophoretic mobility shift assay. 

As diagrammed in Figure 2A, elongation complexes generated on an immobilized template 

were high salt washed to remove factors and then restriction digested to free them from the 

paramagnetic beads. Complexes were detected by their nascent radioactive transcripts. We 

have previously shown that migration of isolated elongation complexes in a native gel is 

sensitive to the level of CTD phosphorylation (Cheng and Price, 2008). About 90% of the 

control complexes had a distinct mobility and roughly 10% ran twice as fast (Figure 2A). 
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Initiation driven by THZ1-treated extract generated almost entirely higher mobility 

complexes while Flavopiridol had almost no effect. Supershifts with phospho-specific 

antibodies demonstrated that the CTD in the main band, but not the minor band, was 

phosphorylated on Ser7, Ser5, and Ser2 in control and Flavopiridol treatments. However, 

complexes generated in the presence of THZ1 were almost entirely unphosphorylated. 

Antibodies to the body of the large subunit of Pol II or to the non-phosphorylated CTD 

shifted all complexes regardless of treatment. These results demonstrate that THZ1 blocks 

essentially all CTD phosphorylation during initiation in vitro. The very small amount of 

complexes generated in the presence of THZ1 with mobilities between the phosphorylated 

and unphosphorylated bands could be due to the action of other kinases or to initiation by 

partially phosphorylated Pol II.

To determine if the effect of THZ1 on CTD phosphorylation was due to covalent inhibition, 

reactions were performed in which THZ1 was present for the entire 30 minute 

preincubation, only for the last 3 minutes, or added in with the pulse mixture at zero time 

(Figure 2B). CTD phosphorylation was unaltered at zero time, indicating that covalent 

modification is required for THZ1 to have an effect. After 3 minutes, there was a mixture of 

both forms which is consistent with covalent inhibition of a fraction of Cdk7, a stable 

component of the PIC. Inhibition of all complexes was achieved with 30 minutes of 

preincubation but some had intermediate mobilities. The intermediate complexes seen after 

3 and 30 minutes of treatment were shifted by antibodies to Ser7p, 5p and 2p. Interestingly, 

discrete bands formed suggesting the binding of one, two, three, or more antibodies. 

Because these discrete bands have the same mobilities regardless of the antibody used, the 

overall magnitude of any supershift is related to the number of available antibody binding 

sites. We therefore infer from the mobilities of supershifted control complexes in Figures 2A 

and 2B that the Pol II CTD is primarily phosphorylated on Ser5 with less on Ser7 and even 

less on Ser2.

We noticed that a fraction of the untreated control complexes had mobilities and antibody 

reactivities consistent with a lack of CTD phosphorylation in Figure 2A, but not 2B. The 

presence of these rapidly migrating complexes was traced to the way pulse reactions were 

stopped and the length of time before elongation complexes were isolated. The rapidly 

migrating fraction was recapitulated by stopping control complexes with concentrated 

EDTA and incubating for 3 minutes before isolation (Figure 2C). Both these and THZ1-

treated complexes could be completely shifted back to the slowly migrating form by 

phosphorylation with P-TEFb. Incubating EDTA-stopped complexes for 3, 10, or 30 

minutes led to increasing levels of the high mobility unphosphorylated form (Figure 2D). 

This activity remained even after washing with low salt. However, using a high salt wash 

buffer containing EDTA to stop reactions as in Figure 2B eliminated this activity. This 

behavior is best explained by the salt-sensitive association of a magnesium-independent 

phosphatase with the elongation complexes.

To determine if loss of CTD phosphorylation after THZ1 treatment was affected by this 

phosphatase, we added increasing amounts of THZ1 to transcription reactions and stopped 

with high salt to eliminate, or EDTA alone to allow phosphatase activity over a subsequent 

30 minute incubation. Even in the absence of phosphatase activity, THZ1 caused loss of 
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CTD phosphorylation on the majority of elongation complexes (Figure 2E). A small fraction 

was still partially phosphorylated and these were converted to the most rapidly migrating 

form by the phosphatase activity. Notably, 30 minutes of 0.1 μM THZ1 led to a mixture of 

phosphorylated and unphosphorylated complexes similar to what was found after 3 minutes 

of 1 μM THZ1 in Figure 2B. This non-distributive loss of phosphorylation again suggests 

that the Cdk7 present in TFIIH in preinitiation complexes rather than soluble CAK was 

responsible for CTD phosphorylation. While the phosphatase had only a small effect on 

CTD phosphorylation during initiation, it could be involved in later stages of transcription.

THZ1 inhibits early, efficient capping

Next, we addressed the effect of THZ1 on capping. As diagrammed in Figure 3A, 

complexes were pulsed for 45 seconds with limiting CTP to generate a diverse pattern of 

transcripts whose cap status was assessed. Capped transcripts have one less negative charge 

and one additional nucleoside, thus lowering their mobility in denaturing gels. To confirm 

cap status, transcripts were isolated, treated with the human cap methyltransferase and SAM 

to mature existing caps, and then captured with anti-m2,2,7G antibody beads. G16 was 

uncapped in both reactions because its 5′ end is still protected within Pol II (Figure 3A). In 

the control reaction, transcripts ending in G21 were partially capped and all larger 

transcripts were almost entirely capped as indicated by their mobilities and their retention by 

the anti-cap beads. As was seen in Figure 1A, THZ1 treatment abolished capping of G21 

transcripts and reduced the capping of longer transcripts.

To determine if the THZ1-dependent loss of capping of G21 and longer transcripts was due 

to altered CTD phosphorylation or associated factors, pulsed complexes were high salt 

washed and then incubated with recombinant HCE and GTP for 1 minute. G16 remained 

uncapped but G21 was now completely capped for both control and THZ1 complexes 

(Figure 3A). This suggests that the inefficient capping of G21 observed during pulse 

reactions is modulated by a factor that was removed by high salt wash. Longer nascent 

transcripts (U25, A31, G49-56) were already capped in the control elongation complexes but 

these transcripts, which were poorly capped during the THZ1 pulse, were still only partially 

capped by recombinant HCE and the longer transcripts were capped more efficiently than 

U25. These data demonstrate that 21 nucleotides is intrinsically the preferred length for 

efficient capping, but capping at this position may normally be down-modulated by a factor 

associated with the elongation complex. It seems likely this factor could be involved in the 

THZ1-dependent increase in inhibition of capping of G21.

To further examine recruitment of the capping enzyme, HCE was titrated over a range 

spanning the concentration of high salt washed Pol II complexes. About 30 femtomoles of 

elongation complexes were generated in the presence or absence of THZ1, high salt washed, 

and incubated for 3 minutes with 3 to 300 femtomoles of recombinant HCE. 

Substoichiometric addition of capping enzyme to control complexes was able to complete 

G21 capping (Figure 3B). Approximately 3-fold more HCE was needed to completely cap 

G21 transcripts associated with complexes lacking CTD phosphorylation. This is 

quantitatively similar to our previous observations where CTD phosphorylation had only a 

4-fold effect on coupled capping activity (Moteki and Price, 2002). As seen in Figure 3A for 
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THZ1-treated complexes, HCE efficiency was transcript length-dependent. These results 

support the idea that capping is most efficient at the G21 position in the absence of 

additional factors. They also demonstrate that CTD phosphorylation stimulates the function 

of the capping enzyme in the absence of other factors about 3-fold.

To assess the influence of factors associated with the elongation complex on the activity of 

capping enzyme, increasing amounts of HCE were added to low salt washed complexes. 

About one third of the G21 transcripts in control complexes were resistant to levels of HCE 

1,000 times greater than that needed to completely cap high salt washed complexes (Figure 

3C). These results suggest that a factor that inhibits capping of G21 was retained by a 

fraction of the complexes after low salt wash. THZ1 complexes behaved in a similar manner 

with about a third of the complexes being resistant to the highest level of HCE tested. 

Because THZ1 did not increase the association of the capping inhibitor, there must be 

additional factors or processes involved in the THZ1-mediated inhibition of capping.

To examine the efficiency of capping on complexes that were not washed at all, we titrated 

capping enzyme into the preinitiation complex assembly reactions. Capping of G21 during 

the pulse reaction for control and THZ1-treated complexes was resistant to all but the 

highest concentrations of HCE (Figure 3D). Based on the amount of capping enzyme 

needed, the efficiency of capping of G21 during the pulse was again about 3 orders of 

magnitude less efficient than observed with high salt washed complexes. THZ1-treated 

complexes were more responsive to capping at U25 and U31 than at position G21, 

suggesting the inhibitor functions mainly at G21. It is interesting that a fraction of the G21 

transcripts are capped with the very low levels of HCE in extract, but the rest are resistant to 

orders of magnitude increases in HCE. This suggests that loss of the capping inhibitor at 

G21 may be part of an ordered exchange of factors that normally occurs during progression 

to the promoter proximal paused state and this transition is blocked by THZ1.

To determine if this inhibitor of capping is a required initiation factor, we supplemented a 

defined transcription system containing TFIIB, TBP, TFIIE, TFIIF, TFIIH, and Pol II with 

HCE and analyzed the transcripts produced in a pulse. Because these reactions lack DSIF 

and NELF, the concentration of NTPs was lowered to achieve a similar elongation rate in 

the absence of factor-dependent pausing. The extent of capping was dependent on the 

amount of capping enzyme present but unlike transcription in the complete system, THZ1 

did not block capping at or near G21 (Figure S2). Evidently, the inhibitor of early capping is 

not present in the defined system. It did take three times more capping enzyme in THZ1 

compared to control reactions to achieve similar levels of capping and this is likely due to 

CTD phosphorylation, as discussed above.

Taken together, these results indicate that in the absence of additional factors, the nascent 

transcript is capped with high efficiency just as it emerges from the RNA exit channel at 

G21. However, capping at G21 is several orders of magnitude less efficient in the presence 

of extract which strongly suggests there is a factor that inhibits capping at this site. If 

capping at this “sweet spot” is missed or blocked, such as in the presence of THZ1, HCE 

must wait for transcripts to become longer before capping can occur and this capping is less 

efficient. The mechanism of THZ1 inhibition of capping at G21 likely involves an 
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enhancement of the function of the capping inhibitor but how that is achieved in not yet 

clear. Loss of CTD phosphorylation may be involved in this mechanism but its small direct 

effect on capping cannot explain the large effect seen in the presence extract without 

evoking an additional unknown factor.

THZ1 effects on pausing are due to defective recruitment of DSIF and NELF, not impaired 
capping

While it is very clear that THZ1 affects capping, CTD phosphorylation, pausing, and 

productive elongation, we do not know if these effects are functionally coupled or arise from 

parallel pathways that may have common intermediates. To determine if loss of capping is 

causative or merely correlative with effects on pausing, we performed pulse/chase assays in 

extract with Flavopiridol to block productive elongation and examined the pattern of total, 

capped and uncapped transcripts. Control complexes were all paused and essentially all 

transcripts were capped (Figure 4A–D). Complexes treated with THZ1 generated longer 

transcripts overall but interestingly, half of the nascent transcripts were capped and these 

paused normally (Figure 4C); the uncapped transcripts were significantly longer (Figure 

4D). This is consistent with capping being required for pausing. However, we discovered 

that 2 mM H2O2 inhibited capping without affecting pausing. This effect is best visualized 

after normalization to account for a slight inhibition of initiation by H2O2 (Figure 4E). We 

do not know how H2O2 blocks capping, but the same concentration of H2O2 did not affect 

CTD phosphorylation or the phosphatase activity (Figure S3A) nor did it influence the 

ability of HCE to cap G21 in high salt washed complexes (Figure S3B). Regardless of the 

mechanism of cap inhibition by H2O2, we conclude that capping is not required for pausing. 

However, as all capped RNAs were associated with complexes which paused normally, it is 

possible that capping and pausing share a Cdk7-dependent requirement.

To determine if DSIF, NELF, or Gdown1 are involved in the effect of THZ1 on pausing, 

DSIF and NELF, NELF alone, or Gdown1 were added to control or THZ1-treated 

complexes after a high or low salt wash, and elongation was continued for 3 minutes. 

Flavopiridol was again used to block the transition into productive elongation in all 

reactions. Regardless of THZ1 treatment, DSIF and NELF, but not NELF alone, slowed 

elongation of high salt washed complexes (Figure 5) while Gdown1 had no significant effect 

on control or THZ1 complexes. Much of the effect of THZ1 on increasing the length of 

transcripts in the presence of extract (Figure 1C) was also seen after low salt wash (Figure 

5A–B). Addition of DSIF and NELF or NELF alone to control complexes caused a 

significant increase in pausing suggesting that DSIF, but not NELF, survived the low salt 

wash (Figure 5A, C–D). Effects of DSIF and NELF and especially NELF alone on low salt 

washed THZ1 complexes were significantly blunted (Figure 5A, 5C–D). This strongly 

suggests that DSIF was not properly loaded and, in fact, the THZ1 complexes were highly 

resistant to addition of DSIF and NELF. Gdown1 had the expected negative effect on low 

salt washed control complexes due to the presence of GNAF (Cheng et al., 2012) and this 

effect was seen regardless of THZ1 (Figure 5A, E). The THZ1-dependent inhibition of DSIF 

loading suggests retention of a blocking factor that may or may not be the inhibitor of 

capping.
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Effects of THZ1 seen in vitro also occur in cells

If THZ1 inhibits productive elongation in cells as seen in vitro (Figure 1B), it should lead to 

release of P-TEFb from the 7SK snRNP (Guo and Price, 2013; Liu et al., 2014). We 

performed glycerol gradient analysis on lysates from control and THZ1-treated HeLa cells 

and found that treatment with 200 nM THZ1 for 1 hour led to a dramatic increase in P-TEFb 

not associated with the 7SK snRNP (Figure S4A).

Nuclear run-on experiments were performed to determine if capping and pausing were also 

affected by THZ1 in cells. Nuclei were isolated from cells that were treated for 1 hour with 

DMSO, 1 μM Flavopiridol, or 1 μM THZ1 which was determined to significantly reduce 

CTD phosphorylation in cells (Figure S4B). Sarkosyl was used to eliminate effects of 

negative factors and histones during the short run-on reactions so that paused Pol II could be 

detected. Only α-32P-CTP was added to limit elongation to polymerases with C as their next 

base and after cap methylation, guanylylated transcripts were separated from uncapped 

transcripts by anti-m2,2,7G beads. In this experiment, the efficiency of binding to the beads 

was nearly quantitative as demonstrated by phosphorimaging of control pulse lanes and 

recovery of snRNAs with appropriate cap structures (Figure 6A). Amanitin-sensitive Pol II 

transcript profiles were generated by taking differences of lanes with and without α-

amanitin; total Pol II profiles were made by adding capped and uncapped Pol II profiles 

(Figure 6B). Control nuclei had transcripts of the appropriate size (30–50 nt) for promoter 

proximal pausing and a large fraction of these were capped. Flavopiridol treatment resulted 

in increases to both the amount of pausing, as expected, and the fraction of capped 

transcripts. An apparent reduction of short transcripts was seen after THZ1 treatment, 

indicating a reduction of promoter proximal pausing, and the remaining transcripts were 

mostly uncapped. Similar results were obtained using different cells and a more traditional 

nuclear run-on protocol (Figure S5). In Figure 6, a population of uncapped nascent 

transcripts was observed below 25 nucleotides and these RNAs were unresponsive to calf 

intestinal alkaline phosphatase or high amounts of HCE (data not shown), suggesting that 

they are the result of 5′ degradation to the edge of the polymerase. Overall, we conclude that 

THZ1 leads to reduced pausing and capping both in vitro and in cells.

Discussion

The Cdk7 inhibitor THZ1 has opened a new window through which to observe mRNA 

capping and the early events of Pol II elongation control. Our findings help to further define 

the timing of enzymatic activities and the required exchange of factors that results in 

capping and promoter proximal pausing (Figure 7). We propose that Cdk7 is essential for 

the timely execution of these transitions. Normally, CTD phosphorylation occurs swiftly and 

is followed by capping, pausing by DSIF and NELF, and the P-TEFb-dependent transition 

into productive elongation. After THZ1 treatment, CTD phosphorylation does not occur and 

early capping and loading of DSIF and NELF is defective. Lack of CTD phosphorylation 

did not affect pausing by DSIF and NELF and had only a small effect on capping using 

recombinant proteins on high salt washed complexes. Therefore, the major effects seen must 

be caused by other factors present in nuclear extract. The loss of DSIF is sufficient to inhibit 

productive elongation because DSIF is the functional target of P-TEFb. The sum of these 
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disruptions in an otherwise ordered transcription system results in the reductions of capping, 

pausing, and productive elongation we see in cells and explains the broad impacts in 

promoter occupancy and gene expression noted in other recent studies (Chipumuro et al., 

2014; Christensen et al., 2014; Kwiatkowski et al., 2014).

Extensive Cdk7-dependent CTD phosphorylation was observed within 30 seconds of 

initiation in vitro and THZ1 almost completely inhibited this phosphorylation. In addition to 

Ser5 and 7, we detected a lower amount of CTD phosphorylation on Ser2. This early Ser2 

phosphorylation could be due to residual phosphorylation of Pol II before initiation, direct 

Cdk7 activity, or phosphorylation by another Ser2-specific CTD kinase. Cdk9 is unlikely to 

be responsible for the bulk of this phosphorylation as some Ser2 phosphorylation remained 

in vitro after Flavopiridol treatment (Figure 2A). While Cdk12 could be involved because it 

can be covalently modified by THZ1 (Kwiatkowski et al., 2014), inhibition of Cdk12 by 

THZ1 would require longer times and/or higher concentrations of the compound than 

required for its preferred target, Cdk7. Furthermore, most of the defects in CTD 

phosphorylation and gene expression in THZ1-treated cells was restored by expressing 

THZ1-resistent Cdk7 which would not rescue Cdk12 (Kwiatkowski et al., 2014). The low 

level of Ser2 phosphorylation of early elongation complexes observed is probably not 

significant since most Ser2 phosphorylation occurs near the 3′ end of genes (Rahl et al., 

2010). We detected a magnesium-independent CTD phosphatase associated with elongation 

complexes which can dephosphorylate these complexes in an apparently processive manner. 

Broadly acting Fcp1 and Scp-family CTD phosphatases require magnesium to function 

(Kamenski et al., 2004), but Rtr1/RPAP2 (Hsu et al., 2014) and Ssu72 (Xiang et al., 2010) 

may not. However, Rtr1/RPAP2 and Ssu72 prefer to act on Ser5 residues while the activity 

we detected apparently removes phosphates from Ser7, 5 and 2 positions.

After THZ1 treatment, we observed salt-sensitive inhibitors of capping and DSIF loading. 

These could be initiation factors that are inappropriately retained by the transcription 

complex in the absence of CTD phosphorylation. One plausible candidate for the pausing 

inhibitor is TFIIE as its archaeal homolog TFE competes with DSIF for binding to archaeal 

Pol II (Grohmann et al., 2011; Martinez-Rucobo et al., 2011) and its retention increases after 

Cdk7 inhibition in human cells (Kelso et al., 2014; Larochelle et al., 2012). TFIIE is also a 

direct target for Cdk7 phosphorylation in vitro (Larochelle et al., 2012). Multiple lines of 

evidence suggest that Mediator could be involved. In mammals, the interaction of TFIIE and 

TFIIH with the preinitiation complex is stabilized by Mediator (Poss et al., 2013). A very 

recent structural study demonstrated that the yeast capping enzymes interact directly with 

the RNA exit channel and Rpb4/7 (Martinez-Rucobo et al., 2015) and this region of Pol II is 

normally occupied by Mediator during initiation (Plaschka et al., 2015). Importantly, the 

complex interaction of Mediator with Pol II is regulated in part by CTD phosphorylation 

(Jeronimo and Robert, 2014; Wong et al., 2014). Occam’s razor would suggest that the 

inhibitors of pausing and capping are the same factor. Additionally, this could explain why 

CTD phosphorylation has only a minor direct effect on capping of transcripts in isolated 

elongation complexes but a larger effect after initiation in extract with Mediator. Overall, we 

believe an inhibitor of capping and pausing, potentially Mediator, is present during initiation 

and normally requires Cdk7 activity to dissociate near G21. This departure could then 
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enable DSIF loading which would allow NELF-mediated pausing, cap addition as 

transcripts emerge from the Pol II exit channel, and ultimately productive elongation.

Our results help explain the characteristic effects of THZ1 seen in cells and this information 

highlights how THZ1 might be useful in cancer treatment. The devastating effects of THZ1 

on transcription we see in vitro would be partially mitigated by using lower concentrations 

of the compound. Of 1,151 cancer cell lines tested, THZ1 exhibited antiproliferative effects 

on more than half at concentrations below 200 nM (Kwiatkowski et al., 2014). Using a sub-

saturating amount of the covalent inhibitor would ensure that some active Cdk7 would 

remain in each cell to drive sufficient transcription. An effective treatment would have to 

balance treatment time, the concentration of the compound, and the relative amount of 

compound compared to its target. -IC50s alone cannot be used as while initial non-covalent 

binding is concentration-dependent, covalent bond formation is slow and its success depends 

primarily on the off rate of the compound before covalent linkage. THZ1 appears to achieve 

its effect on cancer cells by reducing expression of one or a few transcription factors 

required for cell proliferation, such as RUNX1 in T-cell acute lymphoblastic leukemia 

(Kwiatkowski et al., 2014), MYCN in neuroblastoma (Chipumuro et al., 2014), and MYC 

family members and neuroendocrine lineage-specific factors in small cell lung cancer 

(Christensen et al., 2014). The common thread is that all target genes are driven by super-

enhancers that normally function as amplifiers of cell-specific transcription factors in rapidly 

growing cells. Super-enhancers are built upon regions of the genome containing paused Pol 

II (Arner et al., 2015; Core et al., 2014) and we suggest that THZ1-induced pause defects 

lead to reduced occupancy of Pol II and the concomitant reduction in transcription factors in 

these enhancers. If super-enhancers amplify gene expression through the multiplicative 

effect of a large number of occupied sub-enhancers, impairing each sub-enhancer slightly 

could have a significantly larger overall effect on target gene expression. In this way, THZ1 

could selectively target the super-enhancer-driven transcriptional addiction seen in many 

cancer cells.

Experimental Procedures

In vitro transcription

CMV templates −800 to +175 (Figure 2) or +508 (Figures 1, 3–5) and HeLa nuclear extract 

(HNE) described previously (Adamson et al., 2003; Cheng and Price, 2007, 2009) were 

incubated for 30 min in the presence of 60 mM KCl, 5 mM MgCl2, 20 mM HEPES pH 7.6, 

1 mM DTT, and 0.5 U/μl SUPERase-In (Ambion AM2696) or 1 U/μl RNaseOUT 

(Invitrogen 10777-019). In Figure 4, 1 mM DTT was replaced with 3 mM H2O2 as indicated 

(2 mM final during the chase). Initiation was accomplished with a 30 or 45 sec pulse 

containing 60 mM KCl, 5 mM MgCl2, 20 mM HEPES pH 7.6, 0.21 μM α-32P-CTP, and 500 

μM ATP/UTP/GTP (limiting CTP) or 500 μM ATP/GTP 0.1 μM UTP (limiting UTP/CTP). 

Elongation complexes were either stopped by addition of EDTA to 20 mM or chased for 3 

min with 500 μM CTP. Before chase, immobilized complexes were optionally isolated with 

high salt wash (1.6 M KCl, 20 mM HEPES pH 7.6, 1 mM DTT, and 0.02% Tween20) or 

low salt wash (60 mM KCl, 20 mM HEPES pH 7.6, 1 mM DTT, 0.2 mg/ml BSA (New 
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England BioLabs B9000), and 0.02% Tween20). Labeled transcripts were phenol extracted, 

ethanol precipitated and separated on denaturing RNA gels.

EC-EMSA

EC-EMSAs were described previously (Cheng and Price, 2008). Elongation complexes were 

formed as described above using a 30 sec limiting CTP (Figure 2A) or limiting UTP/CTP 

(Figure 2B–E) pulse. Reactions were stopped by direct addition of EDTA to a final 

concentration of 20 mM or after a low salt wash with EDTA or by addition of high salt wash 

with EDTA. Complexes were isolated by high and low salt washes and beads were detached 

by restriction digestion before antibody incubation. Phosphorylation of elongation 

complexes was accomplished during a 10 min incubation with P-TEFb (Cheng and Price, 

2007) and 1 mM ATP. Elongation complexes were analyzed by native gel electrophoresis 

and phosphorimaging.

Factor add-backs

Recombinant human capping enzyme (Moteki and Price, 2002), recombinant DSIF (Renner 

et al., 2001), affinity purified NELF (Renner et al., 2001), and recombinant Gdown1 (Cheng 

et al., 2012) were purified as described previously. Factors were diluted in low salt wash 

buffer before being added back to reactions.

Transcript cap status determination

Cap status determination using anti-2,2,7-trimethylguanosine agarose beads (Calbiochem 

NA02A) and recombinant human cap methyltransferase (HCM) was described previously 

(Moteki and Price, 2002). The antibody beads were blocked with yeast RNA and BSA and 

extensively washed before a 2–4 hr incubation with isolated transcripts that had been 

subjected to methylation conditions. For Figure 6, purified anti-2,2,7-trimethylguanosine 

antibody was used without yeast RNA. After washing, total, bound, and unbound fractions 

were spiked with glycogen and phenol extracted, precipitated, and analyzed as described 

above.

Nuclear run-on

HeLa cells were grown in suspension. Before harvesting, DMSO optionally containing 

Flavopiridol or THZ1 was added to 1 μM final and cells were incubated for an additional 

hour. Cells were pelleted, lysed, and spun through a sucrose cushion to isolate nuclei. Pellets 

were resuspended in a storage buffer and frozen in aliquots at −80°. 10 6 nuclei were 

incubated for 3 min at 30° in an equal volume of 10 mM Tris pH 7.6, 1% sarkosyl, 300 mM 

KC2H3O2, 5 mM Mg(C2H3O2)2, 5 mM DTT, 0.5 U/μl SUPERase-In, 0.33 μM α-32P-CTP, 

and optionally 4 μg/ml α-amanitin. Reactions were stopped by addition of EDTA, extracted 

with Trizol LS (Ambion 10296-028), and RNA was precipitated and assayed for capping as 

described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cdk7 function is not required for initiation but is required for productive elongation 
and influences promoter-proximal pausing
(A) HeLa nuclear extract, template DNA, and indicated amounts of THZ1 were 

preincubated for 30 min and pulsed for 30 sec with limiting α-32P-CTP. Labeled transcripts 

were isolated and resolved by 9% Urea-PAGE.

(B) Transcription reactions as in (A) were chased for 3 min with 500 μM CTP prior to RNA 

isolation. RO: run-off transcripts. 6% Urea-PAGE.

(C) Transcription reactions as in (B) except THZ1 (T), Flavopiridol (F), or both (TF) were 

added during the 30 min preincubation (PIC) or the 30 sec pulse. 6% Urea-PAGE.

See also Figure S1.
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Figure 2. THZ1 inhibits Pol II CTD phosphorylation by Cdk7
(A) Migration of control, THZ1-, and Flavopiridol-treated elongation complexes before or 

after incubation with indicated antibodies. Elongation complexes are resolved by 4% native 

gel electrophoresis and visualized by their associated labeled transcripts. Final 

concentrations during the pulse were 1 μM for Flavopiridol and THZ1.

(B) THZ1 was added for the indicated length of time before initiation following the protocol 

in A except that reactions were stopped in high salt wash buffer with EDTA. Complexes 

were resolved before or after incubation with the indicated antibodies. Dots and labels 

denote specific shifts caused by 1, 2, or 3 antibodies.

(C) Migration of control and THZ1-treated elongation complexes which were stopped by 

direct addition of EDTA, incubated for 3 min, isolated, and reacted with mock (−) or P-

TEFb kinase (K).

(D) Migration of untreated elongation complexes which were first stopped by addition of 

EDTA only, wash and resuspension with an EDTA-containing low salt buffer, or addition of 

an EDTA-containing high salt buffer. All were then incubated for indicated times prior to 

isolation.

(E) Migration of elongation complexes treated with indicated amounts of THZ1 which were 

stopped by addition of an EDTA-containing high salt buffer or EDTA only and incubated 

for 30 min prior to isolation.
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Figure 3. THZ1 alters mRNA capping through multiple mechanisms
(A) Cap status determination after 30 min preincubation ± THZ1, 45 sec limiting CTP pulse, 

high salt wash, and optional incubation with 1 pmole HCE for 1 min. Final concentration 

during the pulse was 1 μM for THZ1. Below: transcript sequence with limiting CTP stops 

underlined. C: capped transcripts recovered with anti-m2,2,7G beads. U: uncapped transcripts 

found in supernatant. 9% Urea-PAGE.

(B) High salt washed elongation complexes generated as in (A) were incubated for 3 min 

with indicated amounts of HCE.

(C) Complexes generated as in (A) except with a low salt wash step were incubated for 3 

min with indicated amounts of HCE.

(D) Complexes generated as in (A) except indicated amounts of HCE were added 20 min 

before initiation of transcription by pulse.

See also Figure S2.
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Figure 4. THZ1-induced pause defect is independent of mRNA capping
(A) Cap status determination of transcripts generated by a 30 min preincubation with 

Flavopiridol alone (Control; black) or in combination with THZ1 (red) or H2O2 (teal), 30 

second limiting UTP/CTP pulse, and 3 min chase. Final concentrations during the chase 

were 1.3 μM for Flavopiridol and THZ1, or 2 mM for H2O2. T: total transcripts. C: capped. 

U: uncapped. 6% Urea-PAGE.

(B–D) Profiles from the indicated region (bracket with arrow) of total (B), capped (C), and 

uncapped (D) transcripts. The vertical axis height of (B) is double that of (C and D).

(E) Profiles from (B) were normalized by equalizing the areas under each curve.

See also Figure S3.
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Figure 5. THZ1-treated complexes are resistant to pausing by DSIF and NELF
(A) Elongation complexes were generated by preincubation with Flavopiridol alone 

(Control) or in combination with THZ1 and a 30 sec limiting UTP/CTP pulse. These were 

then isolated by high or low salt wash, incubated for 5 min with mock (−), DSIF and NELF 

(DN), NELF only (N), or Gdown1 (G) add-backs, and chased for 3 min. Final 

concentrations during the chase were 1 μM Flavopiridol and THZ1. 6% Urea-PAGE.

(B) Profiles from the indicated region (bracket with arrow) of control (black) or THZ1 (red) 

low salt wash mock add-backs.

(C–E) Profiles of control (left) or THZ1 (right) low salt wash mock (black) add-backs 

compared with DSIF/NELF (orange) (C), NELF only (pink) (D), or Gdown1 (green) (E) 

add-backs. (C–E) have the same vertical axis heights.
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Figure 6. THZ1 inhibits proper mRNA capping and Pol II elongation in cells
(A) Cap status determination of transcripts generated by 30 sec pulse with limiting α-32P-

CTP or by nuclear run-ons performed only with α-32P-CTP in the absence or presence of 4 

μg/ml α-amanitin using nuclei from HeLa cells treated 1 hr with DMSO (black), 1 μM 

Flavopiridol (blue), or 1 μM THZ1 (red). snRNAs with (U2, U1, U4, U5) and without (5.8S, 

U6) trimethyl-guanosine cap structures are indicated. 9% Urea-PAGE.

(B) Profiles from the indicated region (bracket with arrow) of Pol II transcripts generated by 

taking the difference between lanes with or without α-amanitin. Total profiles were 

generated by combining capped and uncapped lanes. All plots have the same vertical axis 

height.

Nilson et al. Page 21

Mol Cell. Author manuscript; available in PMC 2016 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



See also Figures S4 and S5.
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Figure 7. The role of Cdk7 in CTD phosphorylation, capping, pausing, and productive 
elongation
The diagram illustrates the cascade of events dependent on Cdk7 activity (top panel) and the 

effects of Cdk7 inhibition by THZ1 (bottom panel). Relative CTD phosphorylation is 

depicted by color intensity (red > pink > light pink). An unknown factor (or factors) present 

in extract which blocks capping and DSIF loading is shown.
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