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Abstract

Regulation of the elongation phase of transcription by RNA Polymerase II (Pol II) is utilized 

extensively to generate the pattern of mRNAs needed to specify cell types and to respond to 

environmental changes. After Pol II initiates, negative elongation factors cause it to pause in a 

promoter proximal position. These polymerases are poised to respond to the positive transcription 

elongation factor, P-TEFb, and then enter productive elongation only under the appropriate set of 

signals to generate full length properly processed mRNAs. Recent global analyses of Pol II and 

elongation factors, mechanisms that regulate P-TEFb involving the 7SK snRNP, factors that 

control both the negative and positive elongation properties of Pol II and the mRNA processing 

events that are coupled with elongation are discussed.
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1. Introduction

Normal development and cellular responses to environmental challenges are accomplished 

by dynamic regulation of the expression of tens of thousands of genes in mammals. 

Transcription is the obvious first step in gene expression and, overall, provides many 

mechanisms that are essential to achieving the appropriate mix of proteins and RNAs in 

each cell. Access to promoter regions encoded in the DNA template as well as the body of 

genes is complicated by the fact that much of each organism’s genome is buried in highly 

repressive nucleosomes. A host of factors are required to deliver RNA Polymerase II (Pol II) 

to the appropriate promoters, allow initiation, cause the transition into productive 

elongation, and couple the splicing and polyadenylation machinery that is needed to 

generate a properly processed mRNA. All of these steps are connected to each other to 

varying extents and our goal is to review recent findings concerning post-initiation 

transcriptional events. Results from mammalian systems will be emphasized and findings in 

yeast and Drosophila will be denoted as such, since there is some species specificity.
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It is now clear that many transcriptional choices are available to fine tune the repertoire of 

genes expressed. Most are not a matter of yes or no decisions, but rather to what frequency 

the regulated events are allowed. On some genes, in any particular cell or cell type, there is 

no initiation by Pol II and the consequences on gene expression are obvious. Recently, a 

choice was uncovered by looking at Pol II occupation by ChIP-Seq or by sequencing 

nascent transcripts. From many promoters in yeast (1, 2) and mammals (3, 4), transcription 

can proceed in either direction (Figure 1), but in general only one direction is allowed to 

proceed into productive elongation (5). The same techniques have also demonstrated that 

many metazoan genes experience initiation to a fairly high extent with little correlation to 

the level of expression achieved. The resulting promoter proximally paused polymerases are 

a prevalent feature on Drosophila (6, 7) and mammalian (8, 9) chromosomes and 

accordingly these poised polymerases permit a choice of either terminating or entering 

productive elongation through the action of the Positive Transcription Elongation Factor, P-

TEFb (10) (Figure 1). Finally, there is evidence that all long Pol II transcripts are not 

necessarily processed into functional mRNAs (11) arguing that the coupled RNA processing 

events are not guaranteed by default.

ChIP-Seq has provided an unprecedented view of the transcription of metazoan genomes. A 

number of high quality ChIP-Seq datasets examining the chromosomal distribution of Pol II 

and elongation factors in mouse embryonic stem (MES) cells were recently published (9). 

As an example of what was found, a very active gene (RPL11) and a neighboring gene that 

is much less active (TCEB3) is presented in Figure 2. Information from the MES cell 

datasets was used to generate a plot showing the relative positions for Pol II before and after 

a 1 hour Flavopiridol treatment of cells that inhibits P-TEFb function (12). Additionally 

shown are the distributions of two phosphorylated forms of Pol II that are found in 

elongation complexes (Ser5 and Ser2 of the C-terminal domain (CTD) of the large subunit) 

(13). The total signals for each of the four tracks for the two genes were normalized so that 

the relative distributions across the regions can be viewed. The height of the signals between 

datasets cannot be compared because each is the end result of a complicated protocol that 

starts with a potentially variable immunoprecipitation step. However, the relative position of 

signals within a dataset is informative. To interpret the graphs presented it is important to 

realize that for a protein located precisely at a specific point on the DNA, the signal 

detecting that protein will be about 400 bp wide with the center of the peak exactly over the 

site of binding.

The pattern of Pol II found over the two example genes is different and leads to significant 

insight into the transcription elongation process. For an active gene like the ribosomal 

protein L11, there is a peak of Pol II about 50 bp downstream of the transcription start site 

(TSS) due to promoter proximally paused polymerases (Figure 2A, left). Downstream of the 

poised polymerase a low but significant signal is found over the body of the gene, as well as 

a large peak downstream of the poly(A) addition site. Treatment of cells with Flavopiridol 

for 1 hour eliminated almost all of the downstream signals indicating that productive 

elongation and the production of mRNAs was blocked by inhibiting P-TEFb. Ser5 

phosphorylation tracks with Pol II over the 5’ gene regions, but is greatly reduced in the 

region downstream of the poly(A) site. Ser2 phosphorylation is found predominately over 

the polymerases downstream of the poly(A) site. This pattern is typical for all highly 
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transcribed genes (9). A different pattern is found over the more inactive gene (Figure 2A, 

right). In this case, only poised polymerases are found before and after flavopiridol 

treatment of the cells. Ser5, but not Ser2 phosphorylation is found over the poised 

polymerases. A third type of gene exists that has no polymerase at all (not shown), but most 

mammalian and many Drosophila genes are similar to the lowly expressed gene (6, 9).

The distribution of Pol II across genes in budding yeast has some similarities, as well as 

some significant differences. Importantly, there are no prominent poised polymerases on the 

closely packed yeast genes and this is likely due to the lack of the Negative ELongation 

Factor, NELF. Overall, the pattern of CTD phosphorylation is similar, with Pol II near the 5’ 

end of genes having more Ser5 phosphorylation and Pol II gaining more Ser2 

phosphorylation at the 3’ end of genes (14). The lack of poised polymerases does not 

necessarily mean that elongation is not controlled in a related way in yeast compared to 

metazoans. Indeed a number of factors are exchanged on and off the polymerase during 

elongation (15).

2. Promoter Proximally Paused Polymerases

To control any pathway it is first necessary to place a restriction in the flow through that 

pathway which can then be modulated. As demonstrated by the examples in Figure 2A, in 

the production of mRNA a major restriction point occurs shortly after Pol II initiates. The 

polymerase becomes stably engaged by elongating the nascent transcript past about 12 nt 

and then comes under the control of factors that significantly slow or halt elongation (16). 

These promoter proximately paused polymerases are the major form of polymerase found 

bound to metazoan chromosomes and are poised for entry into productive elongation (9, 17). 

Two factors, the DRB Sensitivity Inducing Factor, DSIF (18), and NELF (19), have been 

clearly implicated in generating poised polymerases (20, 21)(Figure 2). Published ChIP-Seq 

data for Pol II, DSIF, and NELF in MES cells (9) were reanalyzed to generate a genome 

wide average (Figure 2B). A set of 20,000 genes containing all genes except for those with 

transcription start sites, TSSs, within 1000 bp of another TSS were aligned by their TSSs 

and for each protein the ChIP-Seq signal at each base pair position from −10,000 to +10,000 

bp was summed. To correct for background the average of the lowest 10% of the signals for 

each base pair was subtracted from all other positions and then the total area under each 

curve was normalized as in Figure 2A. The predominant peak of Pol II is found at about +50 

bp (Figure 2B). Pol II is virtually absent in the −10,000 to −2,000 region, and is found at low 

but significant levels downstream of the poised polymerase peak (Figure 2B). The 

distribution of DSIF is very similar to that of the polymerase except that the regions 

downstream of the poised polymerase are slightly more populated, but NELF is found only 

over the poised polymerase peak (Figure 2B). The data support the idea that poised 

polymerases are under the control of DSIF and NELF (Figure 2C).

The positional information described above supports what was learned about the function of 

DSIF and NELF from earlier biochemical and molecular analyses. In vitro transcription 

experiments initially provided the tools to identify both the positive and negative factors 

involved in controlling the elongation phase of transcription (16). A key feature of 

transcription of virtually any promoter in vitro using a crude nuclear extract is the inhibition 
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of the generation of long transcripts by the ATP analog 5,6-Dichloro-1-β-D-

ribofuranosylbenzimidazole (DRB) (16, 22). P-TEFb (23), NELF (19) and DSIF (18) were 

purified based on their activities during reconstitution of DRB-sensitive transcription using 

fractionated nuclear extracts. Individually, the three factors have almost no effect on 

elongation of pure Pol II, but together NELF and DSIF reduce the elongation rate of Pol II 

significantly, and P-TEFb can reverse the negative effect of the two factors (20, 21). Pol II 

in a crude nuclear extract in which P-TEFb has been inhibited, elongates significantly 

slower than Pol II in the presence of DSIF and NELF (21), and the search for the other 

negative factors is ongoing.

While poised polymerases in the bodies of genes have garnered the most attention, the 

polymerases synthesizing divergent transcripts also seem to be paused (5). Divergent 

transcripts arise by initiation in an antisense direction about 200 bp upstream from the TSS 

driving mRNA production. The location of the bulk of polymerases determined using ChIP-

Seq as well as short transcripts from RNA-Seq are about +50 and −250 bp from the 

orienting TSS (5). This suggests that polymerases encounter a block to elongation in both 

directions. Supporting this idea NELF and DSIF are found over both regions and 

knockdown of either factor increased transcription in the divergent direction (5). Although 

most divergent transcripts are degraded rapidly by the RNA exosome, some can be extended 

for more than a thousand nucleotides (24). The longer divergent transcripts are sensitive to 

flavopiridol indicating that they are dependent on P-TEFb just like mRNAs derived from the 

sense direction (24). ChIP-Seq data demonstrate that even for promoters of highly active 

genes, polymerases synthesizing the associated divergent transcripts do not experience much 

productive elongation (9). It will be important to determine what directs P-TEFb to function 

primarily on poised polymerases transcribing in the sense direction. The purpose of this 

divergent transcription is not clear, but it could be involved in altering the promoter 

architecture by helping to maintain a nucleosome free region between the two transcription 

start sites (sense and antisense) or by generating strong torsional strain on the promoter 

region caused by the helical tension (negative supercoiling) imparted by polymerases 

traveling away from each other (5).

3. The positive transcription elongation factor, P-TEFb

By default, negative elongation factors associate with Pol II during initiation leading to the 

generation of poised polymerases. P-TEFb is required to reverse their effects and allow the 

polymerases to enter into productive elongation (10, 25). P-TEFb is an essential cyclin-

dependent kinase that has been identified in eukaryotes from yeast to humans and is 

regulated in many standard ways and by an unusual mechanism involving reversible 

association with a small nuclear ribonucleoprotein (snRNP) complex (10, 26). Because 

poised polymerases are prevalent across the genomes of metazoans, the function of P-TEFb 

must be accurately directed at the correct time to the appropriate genes. There are a number 

of comprehensive reviews (10, 25, 27–35) on the history of discovery and details of P-TEFb 

and its function and accordingly we will focus on mainly on general mechanisms, recent 

results, and new directions.
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3.1 Structure and Function of P-TEFb

P-TEFb is a nuclear localized, cyclin-dependent kinase that has some properties similar to 

all cyclin-dependent kinases, others that are similar only to cyclin-dependent kinases 

involved in transcription, and a few that are totally unique to P-TEFb. A common property 

to all is the two-subunit arrangement. A Cdk subunit contains the active site and a cyclin 

subunit is needed to invoke a conformational change that in conjunction with 

phosphorylation of the T-loop in the Cdk subunit leads to activation of the kinase. 

Phosphorylation of Thr186 is critical for activation of the catalytic subunit of P-TEFb, Cdk9 

(36, 37), although other sites can be phosphorylated with other functional consequences (38, 

39). The cyclin subunit in mammals is usually either Cyclin T1 or Cyclin T2 (40), although 

Cyclin K can also be found associated with Cdk9 (41–43). Similar to other Cdks involved in 

transcription (Cdk7, 8, 12, 13), neither Cyclin T1, Cyclin T2 or Cdk9 change concentration 

significantly during the cell cycle (44). X-ray structures are available for P-TEFb containing 

most of Cdk9 and the amino terminal third of Cyclin T1 (45) and for HIV Tat•P-TEFb 

complex containing a similarly truncated Cyclin T1 and 86 amino acid Tat (46). It should be 

noted that the structure of P-TEFb alone contains 3 accidental mutations in Cdk9, one of 

which likely causes a conformational change in the active site compared to the Tat•P-TEFb 

structure (Tahir Tahirov, personal communication). The Tat•P-TEFb structure should prove 

useful in the design of anti-HIV drugs that target the transcription of the virus.

P-TEFb has been demonstrated to phosphorylate a number of proteins. The CTD of the 

largest subunit of mammalian Pol II comprises 52 tandemly repeated copies of a 

heptapeptide with the consensus Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Y1S2P3T4S5P6S7). Like 

Cdk7•Cyclin H, P-TEFb phosphorylates the CTD (47), but while Cdk7 phosphorylates Ser5 

of the CTD repeats, P-TEFb can phosphorylate primarily Ser2 (48). As will be described 

later, CTD phosphorylation is likely to play a role more in the coupling of RNA processing 

with transcription than in the release of promoter proximally paused polymerases. The role 

of P-TEFb in CTD phosphorylation has been challenged by the discovery that Cdk12 and 

Cdk13, two human kinases evolutionarily related to the Ser2 kinase Ctk1 in yeast, can also 

phosphorylate Ser2 (49, 50). Treatment of cells with the potent P-TEFb inhibitor, 

Flavopiridol, does lead to loss of Ser2 phosphorylation, but this could be due to loss of Pol II 

in the 3' regions of genes where Ser2 phosphorylation occurs (Figure 2A) and this could 

explain why Ser2 phosphorylation was lost in C. elegans when Cdk9 or Cyclin T were 

knocked down (51). For the main function of P-TEFb in releasing poised polymerases, two 

negative factors, DSIF and NELF are targeted (10). Phosphorylation of the C-terminal 

region of the larger of the two DSIF subunits, hSpt5, by P-TEFb is required for the transition 

into productive elongation (52, 53) and the factor then tracks with Pol II throughout the gene 

and in the region downstream of the Poly(A) site (9). Phosphorylation of one of the four 

NELF subunits (NELFe) has also been linked with its removal from Pol II during the 

transition into productive elongation (54). Even though yeast do not have NELF or poised 

polymerases, the Bur1/2 kinase has been demonstrated to phosphorylate DSIF and seems to 

be performing a similar function to transition the polymerase into productive elongation (55, 

56).
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3.2 Regulation of P-TEFb

Because poised polymerases that are waiting for P-TEFb to begin mRNA production are 

prevalent across genomes, regulating the activity of the kinase is essential for proper gene 

expression. Most mechanisms used to control protein levels such as expression of alternative 

forms (40, 57), transcriptional (58), translational (58) and post-translational (27) control, 

some of which involves miRNAs (59), and regulated turnover of the proteins (60) have been 

found to be involved in controlling P-TEFb subunits. However, one unique mechanism, 

reversible association with the 7SK snRNP, plays the major role (Figure 3). In rapidly 

growing cells such as HeLa cells, up to 90% of P-TEFb is sequestered in an inactive form by 

an RNA binding protein HEXIM1 or HEXIM2 (HEXIM) that associates with the 7SK 

snRNP (36, 61–67). The bound Cdk9 has been activated by T-loop phosphorylation (36, 37), 

but is held in an inactive state by an inhibitory domain of HEXIM that is exposed when it is 

bound to 7SK RNA (36, 68). The La related protein, LARP7 (69–71), and 7SK methyl 

phosphate capping enzyme, MePCE (72, 73), are constitutive components of the 7SK 

snRNP. Together they stabilize the RNA and may be involved in regulation of the release of 

P-TEFb. Interestingly, the C-terminal domain of LARP7 can bind to the active site of 

MePCE and inactivate its methyl transferase activity, which prevents the reverse reaction 

that removes the 7SK cap structure (72).

The biochemical properties of the 7SK snRNP with HEXIM and P-TEFb sequestered are 

ideal for a role in delivering P-TEFb to genes to be expressed while protecting poised 

polymerases on many other genes from inappropriate activation. In nuclei treated with mild 

detergents, the 7SK snRNP is the only snRNP that is readily extracted under low salt 

conditions (74). This indicates that it is not tightly anchored anywhere in the nucleus 

although transient interactions of the 7SK snRNP with chromatin, have been found over the 

HIV LTR (75). Diffusion of the 7SK snRNP would provide a means to supply P-TEFb to 

any location. Higher salt is needed to extract the7SK-free P-TEFb which is likely associated 

with the genes undergoing productive elongation at the time of extraction (74). Thus, an 

important mechanism for achieving selective P-TEFb function is the extraction of P-TEFb 

from the 7SK snRNP and recent evidence has demonstrated that this is possible. The HIV 

Tat protein and the P-TEFb binding domain of the cellular bromodomain protein Brd4 can 

individually directly release P-TEFb from the 7SK snRNP without any energy or covalent 

modifications of the complex (76–83) (Figure 4). On the HIV LTR, the released P-TEFb is 

recruited to the nascent transcript held by the poised polymerase (Figure 4). Extraction of P-

TEFb by Tat does not require the HIV LTR (77, 79) and may be a special case since HIV 

has evolved to take over the P-TEFb control process. In contrast, Brd4 is generally found 

associated with acetylated histone tails on active chromatin and its release of P-TEFb from 

7SK snRNP could represent a more normal example of selective extraction at the site of 

activation (32, 84). Many cellular genes that employ Brd4 to recruit P-TEFb to their 

promoters are primary response genes, whose expression proceeds through signal-induced 

transcriptional elongation (85). A large number of transcription factors can bind to P-TEFb, 

but it is not yet clear if any or all of these can extract P-TEFb (10, 86). Because Tat has been 

found bound to P-TEFb in the Super Elongation Complex (SEC) that also contain several 

other transcription factors/co-factors (81, 87), it is likely that the overall recruitment of P-

TEFb, especially at the HIV LTR, is a multi-step process. The interactions of SEC with the 
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Polymerase-Associated Factor complex (PAFc) through the PAF1 subunit and the human 

Mediator complex through the MED26 component may provide additional means for 

delivering P-TEFb to cellular genes (88–92). Many details of the recruitment of P-TEFb to 

specific sites of action are currently unknown and this is an important area of future 

research.

What happens to P-TEFb after it has completed its function on a specific gene is just as 

important as its initial recruitment. Because “free” P-TEFb might inappropriately trigger the 

release of poised polymerases into productive elongation on undesired genes it is critical to 

re-sequester it in the 7SK snRNP. During the extraction of P-TEFb, 7SK undergoes a 

conformational change that causes the release of HEXIM (76) (Figure 3). This conformation 

is likely stabilized by the binding of several hnRNPs (93, 94). For P-TEFb to be picked back 

up by the 7SK snRNP, HEXIM must first rebind. Because the concentration of HEXIM is 

about 5 times the concentration of P-TEFb in HeLa cells and half of the 7SK snRNPs do not 

contain HEXIM or P-TEFb (36, 61, 66), it is likely that entry of HEXIM into the 7SK 

snRNP is a regulated step. How this is accomplished is not clear. Support for the general 

model of P-TEFb extraction and critical re-sequestration was recently obtained by observing 

the movement of 7SK in living cells containing an inducible gene array (95). During 

activation of the array, no specific recruitment of 7SK was observed, but when the genes 

were shut down 7SK concentration increased in that region. One speculative model would 

be that the 7SK snRNP containing hnRNPs might be temporarily recruited to the genes as 

they are shutting down to transfer the hnRNPs to the mRNA and this might activate 7SK by 

changing the conformation of the RNA, allowing rebinding of HEXIM and then P-TEFb. 

Evidence for some of this model was provided by studies indicating the importance of the 

hnRNPs in 7SK dynamics (94).

4. The productive elongation phase of Pol II transcription

The properties of Pol II after P-TEFb triggers its release from the poised position are 

dictated by the factors that are now allowed to function. Prior to the transition into 

productive elongation, NELF and DSIF are primary elongation factors (9). After 

phosphorylation of DSIF by P-TEFb, NELF is ejected from the elongation complex while 

DSIF is retained (9). Other elongation factors come into the complex and provide it with the 

remarkable ability to elongate at a steady ~4 kb/minute through all obstacles for up to 2 

million bp (96). The continued kinase activity of P-TEFb is not needed to maintain this rate 

(97). The identity and exact function of all of these factors is not known, but a number of 

candidate factors have been described. Some have been identified by their ability to affect 

Pol II elongation through activity-based biochemical approaches or by assays that detect 

their presence in elongation complexes in vivo. For example, TFIIS aids in restarting 

arrested Pol II after it falls into a backtracked state (98) and the initiation factor TFIIF has 

been shown to stimulate the elongation rate of Pol II in the absence of other factors (99). 

The Polymerase Associated Factor complex (PAFc) and the Super Elongation Complex 

(SEC) containing ELL, which like TFIIF stimulates elongation of pure Pol II, have recently 

gained much attention for their intricate roles in transcription, as well as transcription-

coupled pre-mRNA processing. An excellent review of the Pol II elongation factors was 

Zhou et al. Page 7

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



published in 2004 (100), so we will focus more heavily on recent work on the factors 

implicating them in productive elongation.

4.1 TFIIS and TFIIF

During transcription in vitro Pol II has a strong propensity to pause or enter an arrested state 

at frequent sites along the template and the first two factors discovered that affect 

elongation, TFIIS and TFIIF, affect pausing and arrest. The difference between pausing and 

arrest is that Pol II pausing is transient and if given time will the polymerase will return to 

the elongation mode, but arrest cannot be overcome with time. If pausing persists, such as 

when NTPs are removed or a physical roadblock is imposed, the pause gradually decays into 

arrest (101), which is characterized by the “back-tracking” of Pol II such that the active site 

within the polymerase is no longer aligned with the 3’ end of the nascent RNA. Irreversibly 

backtracked Pol II is frequently a target for ubiquitylation/degradation (102). In eukaryotic 

cells, the transcript cleavage stimulatory factor TFIIS (originally S-II) is necessary to rescue 

Pol II from this arrested state by allowing Pol II to endonucleolytically cleave the RNA to 

generate a new 3’ end that is properly aligned with the catalytic site (98). This type of 

activity is present throughout evolution as evidenced by the presence of two TFIIS like 

factors, GreA and GreB in E. coli (103).

In cells Pol II likely oscillates between the paused and arrested states especially at promoter-

proximal regions where negative factors act restrict the forward momentum of the 

polymerase (104–106). Thus, TFIIS is expected to play a critical role in promoting the 

activity of early elongation complexes. Indeed, global analysis of paused genes in 

Drosophila reveals that Pol II backtracking and TFIIS-induced transcript cleavage are 

widespread among early elongation complexes (105). Depletion of TFIIS via RNAi from 

Drosophila cells delayed the induction of heat-shock genes (107), however global gene 

expression profiles are not significantly affected in TFIIS-depleted Drosophila cells (105). 

The yeast ppr2 gene encoding the TFIIS ortholog is not essential, although ppr2 mutants 

display sensitivity to 6-azauracil (108), a phenotype that is frequently associated with 

elongation defects (109).

The second factor discovered that affected elongation by Pol II was TFIIF. Identified by its 

strong affinity for Pol II (110) and by its requirement for initiation of transcription, it also 

was found to greatly increase the rate of elongation of Pol II in vitro (99, 111). Although it 

associates with free Pol II and paused elongation complexes, it does not maintain this tight 

association during elongation (21, 99). Its positive action during elongation can be ascribed 

to its ability to bind to paused elongation complexes and subsequently convert them into an 

elongation competent form. Since elongation rates in vitro are dictated by the dwell time at 

many pause sites and TFIIF reduces this time, it has a concentration dependent effect on 

elongation with the maximum rate stimulation of about 20 fold. Although ChIP experiments 

indicate that TFIIF is mostly found in promoter proximal regions in yeast (112) it has been 

found downstream including at the 3' end of genes in humans (113).

Zhou et al. Page 8

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



4.2 ELL1/2/3

ELL1, the founding member of the ELL family that also contains ELL2 and ELL3, was 

originally purified from rat liver extracts as a factor that promoted Pol II elongation in vitro 

(114). Employing a mechanism different from that of TFIIS, ELL1 directly increases the 

catalytic rate of Pol II by suppressing transient pausing of Pol II at multiple sites along the 

DNA template (114). Prior to this discovery, ELL1 had been identified as a fusion partner of 

the mixed lineage leukemia protein (MLL) in acute myeloid leukemia (115).

MLL plays an important role in maintaining the appropriate expression of the Hox gene loci 

in hematopoietic cells and is a key regulator of hematopoietic stem cell development and 

maintenance (88). However, the MLL gene is frequently involved in aberrant chromosomal 

translocations with a large number of other genes to create fusion proteins, leading to the 

development of acute and aggressive myeloid and lymphoblastic leukemia. Wild-type MLL 

has histone methyltransferase activity capable of methylating histone H3K4 and this 

function is lost after the translocation. However, the myriad of DNA- and protein-binding 

domains present in the MLL N-terminal portion that is retained in the chimeras contribute to 

leukemogenesis. At the time when little was known about the functions of most of the MLL 

fusion partners, the discovery of the elongation stimulatory activity of ELL1 provided one of 

the earliest clues to how a fusion protein may induce aberrant expression of MLL target 

genes to cause leukemia (see below for further discussions).

Based on their homology to ELL1, ELL2 and ELL3 were identified and shown to have 

similar elongation stimulatory activity in vitro (116, 117). While ELL2 is expressed in many 

of the same tissues as ELL1, ELL3 is a testis-specific factor. In Drosophila, there is only one 

ELL ortholog dELL that is detected at numerous sites of active transcription on polytene 

chromosomes and co-localizes with Pol II at heat shock gene loci upon heat shock (118). 

Interestingly, mutations in dELL preferentially affect the expression of large genes (119), 

implicating a critical role for this factor in facilitating promoter-distal elongation by Pol II, a 

process that is tightly coupled to mRNA 3’ end formation. Indeed, human ELL2 has been 

shown to function in this coupling (see below).

4.3 PAFc

Composed of five subunits Paf1, Ctr9, Cdc73, Rtf1, and Leo1, the Pol II-Associated Factor 

complex (PAFc) is a multi-functional factor that contributes to transcriptional elongation, 

the generation of transcription-associated histone modifications, and the coupling of 

elongation with downstream events of mRNA biogenesis. The dependence on several but 

not all the PAFc subunits for histone H2B monoubiquitylation and H3K4 and H3K79 

methylation on active genes has been demonstrated (100). The PAFc-mediated recruitment 

of Rad6 and the SET enzymes to coding regions is responsible for these modifications. 

While the modified nucleosomes are expected to influence the Pol II elongation on 

chromatin templates, PAFc has been shown to employ other modification-independent 

mechanisms to further control the elongation process. Indeed, PAFc has been demonstrated 

to promote Pol II elongation on both naked DNA and chromatin templates in the presence of 

other factors (120–122). Notably, the effect on chromatin is mechanistically different from 

the established role of PAFc in histone monoubiquitylation and methylation (122).
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Like most other elongation factors PAFc does not possess any enzymatic activity, however 

the purified complex has very little ability to stimulate the elongation rate in the absence of 

other factors. Instead, it functions as a mediator or adaptor to facilitate other elongation 

factors to bind and affect Pol II. Recent studies have revealed both genetic and physical 

interactions between PAFc and a number of elongation factors including DSIF, Tat-SF1, 

TFIIS and SEC as well as their cooperative interactions with Pol II (81, 120, 122–124). 

Through these interactions, PAFc and its partners coordinate the various aspects of 

transcriptional elongation and modulate the elongation complex at multiple stages. In 

agreement with its broad involvement in elongation control, PAF1c has been detected along 

the entire length of several actively transcribed genes in yeast (112, 125). A recent ChIP-seq 

analysis in MES cells further corroborates this view and shows that the PAFc subunit Ctr9 

cross-links throughout coding regions of active genes and extends to the 3’ end together 

with the Ser2-phosphorylated Pol II (9). The peak Ctr9 occupancy is at the 3’ end of genes, 

reflecting the fact that PAFc also plays a key role in transcription-coupled mRNA 3’ end 

formation (see below).

4.4 SECs

4.4.1 Compositions of human and Drosophila SECs—Besides being sequestered in 

the 7SK snRNP and the Brd4-containing complex, P-TEFb is also found in several closely 

related complexes that are collectively referred to as the Super Elongation Complexes or 

SECs (81, 87, 126–128). Although only a small fraction of P-TEFb is present in the SECs 

(88), it is highly active as a CTD kinase (126). Besides P-TEFb, SECs also contain AFF1, 

AFF4, ELL1, ELL2, ENL, AF9 and probably additional subunits. Not all of them exist in a 

single complex. For example, the highly homologous ENL and AF9 were recently shown to 

exist in separate SECs that display similar but non-identical functions (124). It is possible 

that the homologous ELL1 and ELL2 as well as the similar AFF1 and AFF4 proteins are 

also present in different but closely related complexes (88). Thus, the number of possible 

combinations among these homologous subunits could be huge, which can greatly increase 

the regulatory diversity and gene-control options by a family of SECs.

Unlike mammals, Drosophila has only one dELL, one AFF-like protein encoded by the 

lilliputian (lilli) gene, and a single ENL/AF9-like protein called Ear. Together with 

Drosophila Cdk9 and Cyclin T, they existed in a fly version of the SEC (88). Both Lilli and 

dELL are well-known transcriptional regulators that exhibit strong genetic interactions with 

genes that contain paused Pol II and are essential for normal embryonic and eye 

development (reviewed in (88, 129). As expected from the functional coupling between 

dELL and P-TEFb within the Drosophila SEC, Cdk9 depletion in larvae reduces the amount 

of dELL detected on the chromosomes (130) and dELL knockdown decreases Ser2 

phosphorylation on the Pol II CTD (131).

4.4.2 SECs and human diseases—Human SECs were initially identified because of 

their close connection to two important diseases: HIV/AIDS and leukemia. As discussed 

above, HIV Tat can efficiently capture P-TEFb from the 7SK snRNP, raising the question of 

whether Tat delivers P-TEFb alone or together with other factors to the HIV LTR to activate 

viral transcription. To address this question, a tandem affinity-purification strategy was 
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employed to isolate the complex that contains both Cdk9 and Tat. This has led to the 

identification of the SEC components ELL2, AFF4, ENL and AF9 as additional subunits of 

the Tat-P-TEFb complex (87). Through directly isolating proteins associated with Tat, the 

same set of factors plus a few others (e.g. AFF1, ELL1, and PAFc subunits) are also found 

to interact with Tat and P-TEFb (81). The bromodomain protein Brd4 is noticeably absent 

from the list, which is consistent with earlier demonstrations that Brd4 and Tat compete for 

binding to P-TEFb and that the Brd4–P-TEFb complex is incompatible with Tat-

transactivation (82, 83).

The interaction between Tat and SECs serves two purposes: (1) it recruits SECs to the HIV 

LTR through cooperative bindings to the viral TAR RNA, thereby allowing P-TEFb and 

ELL, elongation factors of two distinct classes, to act on the same polymerase enzyme to 

synergistically activate transcription (81, 87); and (2) it enhances the SEC formation through 

increasing the half-life of ELL2, which otherwise would be a short-lived protein targeted by 

the 26S proteasome for degradation (87). In HeLa and HEK293 cells, about 40% of total 

ELL2 are in SECs, whereas a much smaller percentage of ELL1, which is stable in the 

absence of Tat, is sequestered in these complexes (87).

Not only are SECs targeted and regulated by the HIV-1 Tat protein, they also play an 

important role in causing “runaway” transcription of genes that are normally subject to 

stringent control by wild-type MLL in developing lymphocytes. AFF1, AFF4, AF9, ENL 

and ELL1, the five integral SEC components, are all well-known translocation partners of 

MLL (132). Their fusions to the N-terminal chromatin-targeting portion of MLL result in 

the recruitment of SECs and their associated elongation stimulatory activity to the MLL 

target genes to induce leukemic transformation (126–128).

4.4.3 Targeting SECs to Pol II for general elongation—SECs are not made just for 

HIV-1 Tat or the MLL fusions. Rather, they are required for general transcriptional 

elongation of many non-HIV and non-MLL-target genes. In both mouse and human cells, 

they are recruited to many rapidly induced genes in response to differentiation signals to 

release paused Pol II for dynamic induction of transcription (89). Interestingly, most of these 

genes contained paused Pol II in their undifferentiated, un-stimulated state. Even for a gene, 

Cyp26a1, that displays no detectable paused Pol II at the promoter, SECs are still required 

for rapid induction although the precise role of SECs and their targets are unknown in this 

case (89). Nevertheless, these data underscore the general importance of SECs during 

developmental control of gene transcription.

In the absence of gene-specific recruitment factors such as Tat and MLL, how are SECs 

recruited to the Pol II elongation complex? One potential mechanism relies on the 

interaction of the conserved YEATS domain in the N-terminal regions of ENL/AF9 with 

PAFc and, through PAFc, the elongating Pol II on chromatin templates (124) (Figure 5). 

This model is consistent with the previous demonstrations of an interaction between PAFc 

and SECs (81) and also the requirement of PAFc for efficient Ser2 phosphorylation of the 

Pol II CTD (133). Moreover, it also explains why the YEATS domain is dispensable for 

leukemogenesis when ENL/AF9 is translocated to MLL (134). Apparently, the interactions 

with PAFc and DNA by the N-terminal portion of MLL in the fusion proteins (134) (135) 
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can effectively substitute for the PAFc/chromatin-targeting function of the ENL/AF9 

YEATS domain, which is frequently missing in the MLL chimeras. Notably, PAFc may not 

be the only means to recruit SECs to the elongation complex. A recent proteomic study has 

identified the human Mediator subunit MED26 as a docking site for SECs and proposed 

MED26 as a molecular switch for interacting first with TFIID during transcription initiation 

and then SECs during the transition into early elongation (90). This observation agrees well 

with the previous data indicating a role for Mediator in controlling events that occur during 

transcriptional elongation of some genes (136).

5. Transcription elongation coupled events

The Pol II elongation complex does not merely extend a nascent mRNA chain to produce 

the full-length mRNA precursor. It also serves as a central coordinator to facilitate efficient 

integration of multiple nuclear processes that collectively control the proper expression of a 

gene. Recently, using an assay in which elongation of long genes was synchronized by 

manipulating P-TEFb in vivo, it was found that splicing of exons, even when the intervening 

intron was several hundred thousand bp in length, occurred within 10 minutes of the time 

the polymerase passed the downstream exon (96). In many of the genes studied the 

elongation complex was still in productive elongation moving at about 4 kb/minute as the 

splicing machinery efficiently removed the intron (96). The coupling of transcription with 

key nuclear events such as mRNA surveillance and export has been reviewed elsewhere 

(100, 137). This review will focus on the roles of Pol II and several key elongation factors in 

modulating mRNA processing and maturation, which consist of the addition of the 7-

methylguanylate cap structure to the 5’ end of nascent mRNA, the removal of intronic 

sequences, and the cleavage of RNA at the 3’ end followed by the addition of a poly(A) tail. 

Importantly, being co-transcriptional not only allows these events to occur more efficiently 

than if they do completely independently, it is also a necessity for the controlled expression 

of many, especially large genes in a cell type- or/and developmental stage-specific fashion. 

An essential player in the coordination of these processing events is the CTD of Pol II, 

which is conveniently located next to the pre-mRNA exit channel (138) and functions as a 

platform for the assembly and actions of the various enzymes and proteins responsible for 

mRNA maturation (100). Additional post-translational modifications of the CTD consensus 

sequences (e.g. serine and threonine glycosylation and proline isomerization) have also been 

reported (139, 140). These modifications, in conjunction with the many degenerate heptads 

in the CTD, offer tremendous combinatorial possibilities to modulate the interactions as well 

as the activities of the myriad of RNA processing factors, which in turn influence the many 

steps during the conversion of a gene into its corresponding mature, translatable mRNA.

5.1 Capping

Capping of the 5’ ends of nascent pre-mRNAs, which occurs when the transcripts reach a 

length of 25 to 30 nucleotides, is accomplished by the sequential actions of the capping 

enzyme which contains both RNA triphosphatase and guanylyltransferase activities and the 

guanine-7-methyltransferase (141) and is influenced by the phosphorylation status of the 

CTD. mRNAs produced by yeast Pol II mutants lacking an intact CTD are not efficiently 

capped (142, 143). Yeast guanylyltransferase interacted tightly and specifically with the 

Zhou et al. Page 12

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



CTD phosphorylated on Ser5 (141, 144). Phosphorylation of the CTD on Ser5, but not Ser2, 

stimulated the guanylyltransferase activity (145, 146). Kin28, the TFIIH-associated kinase 

responsible for Ser5 phosphorylation in yeast, is required for targeting guanylyltransferase 

to the Pol II transcription complex (147). The Spt5 subunit of DSIF, which is part of the 

early elongation complex, also stimulates capping together with the Ser5-phosphorylated 

CTD (142, 148). However, the functional coupling of the human capping enzyme with the 

transcription complex in vitro only showed a 3-fold dependence on Ser5 phosphorylation 

compared to an overall 100,000-fold stimulation by the elongation complex compared to 

naked RNA (146).

These findings suggest the existence of a “checkpoint” mechanism to control the tight 

coupling between capping and early elongation. As Pol II containing phospho-Ser5 CTD 

and bound by DSIF is specifically recognized by NELF, which serves to pause the 

elongation complex (19, 149), a window of opportunity is created for the CTD and DSIF to 

recruit and stimulate the capping machinery to cap a nascent transcript. Since the capping 

enzyme is also capable of relieving NELF-mediated repression of elongation (150), it may 

signal and cooperate with other enzymes such as P-TEFb to convert a paused elongation 

complex into a productive one once capping is completed. The second step of capping 

carried out by the methyltransferase has also been shown to be a control point in Myc-

activation of genes (11, 151, 152). Control of the fraction of caps that are methylated 

regulate the subsequent translation of mRNAs (151).

5.2 Splicing

Like capping, both constitutive and alternative splicing also maintain close crosstalk with 

mammalian transcription. Furthermore, the Pol II CTD, especially the hyperphosphorylated 

form is intimately involved in this crosstalk (100). Although the exact mechanism is yet to 

be defined, it is suspected that the hyperphosphorylated CTD of elongating Pol II acts by 

recruiting key splicing factors to the elongation complex. For instance, the phospho-Ser2 

CTD has been shown to interact with the Ser/Arg-rich (SR) proteins (e.g. SF2/ASF and 

SC35), Spt6, and snRNP particles (153–157). Providing visual support for this recruitment 

model, Pol II with the complete, but not a truncated CTD, was found to recruit splicing 

factors to sites of active transcription in living cells (158). Besides the recruitment of 

splicing factors, the CTD may also assist the formation of early splicing intermediates, such 

as the U1 snRNP-containing complex assembled at the 5’ splice site and the U2 snRNP 

complex at the branch point adenosine (159).

Given the importance of the Ser2-phosphorylated CTD in the coupling between splicing and 

transcript elongation, it does not come as a surprise that recent studies have revealed a key 

role for P-TEFb in controlling this process. The release of P-TEFb from the 7SK snRNP as a 

result of LARP7 or MePCE depletion is shown to promote the inclusion of an alternative 

exon containing an exonic splicing enhancer (ESE) element and a sub-optimal 3' splice site 

(154). This is likely achieved through the increased occupancy of P-TEFb at the promoter 

and exonic region of the gene, which leads to a chain of events including enhanced 

elongation and CTD phosphorylation on Ser2, elevated associations of the SR proteins 

SF2/ASF and probably others with the CTD, and the SR protein-mediated assembly of the 
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so-called cross-exon recognition complex (160) at the alternative exon, and ultimately the 

inclusion of this exon in the mature mRNA. Besides the P-TEFb-dependent CTD 

phosphorylation on Ser2, reducing the rate of Pol II elongation by mutation or drugs also 

results in different splicing patterns in several other genes, suggesting a general role for the 

Pol II elongation complex in controlling splice-site selection during alternative splicing 

(161).

The P-TEFb-induced co-transcriptional mRNA splicing is also important for controlling the 

inducible inflammatory gene expression program in response to Toll-like receptor signaling 

in macrophages (85). In the absence of stimulation, Pol II at many of the GC-rich primary 

response genes generates low levels of full-length but unspliced and untranslatable 

transcripts. Gene induction is accomplished through signal-dependent recruitment of P-

TEFb by Brd4, which recognizes the inducibly acquired histone H4 acetylation on lysines 5, 

8, and 12. This results in robust CTD phosphorylation on Ser2 and production of high levels 

of fully spliced mature mRNA transcripts.

Not only does the splicing machinery take advantage of the Pol II elongation complex to 

efficiently remove introns from pre-mRNAs, splicing factors can also promote elongation, 

providing yet another “checkpoint control” to ensure that a pre-mRNA is not synthesized 

unless the machinery for its processing is properly assembled and positioned. Demonstrating 

a reciprocal crosstalk between SR proteins and P-TEFb, RNAi-mediated depletion of 

SF2/ASF or SC35 decreases the levels of P-TEFb and phospho-Ser2 CTD at the promoter 

and exonic regions of some genes (154, 162). Furthermore, SC35 depletion causes Pol II 

accumulation within the gene body and attenuated transcriptional elongation in a gene-

specific manner (162). Another example illustrating the stimulatory effect of the splicing 

machinery on Pol II elongation concerns the spliceosomal U snRNPs, which stimulates 

elongation when directed to an intron-free DNA template by elongation factor Tat-SF1 

(163). When bound to the U snRNPs, Tat-SF1 can also interact with P-TEFb (163) and 

probably also DSIF and PAFc (120), all are components of the Pol II elongation complex.

5.3 Cleavage and polyadenylation

The proper processing of human mRNA 3’ end is carried out by coordinated actions of a set 

of proteins and proceeds in two steps: (1) cleavage of the RNA precursor at a position 10-35 

nucleotides downstream of the consensus AAUAAA signal; and (2) addition of 200–300 

adenosine nucleotides to the newly generated 3’-OH terminus of the transcript by poly (A) 

polymerase. Multiple lines of evidence indicate that the Pol II CTD, especially the Ser2-

phosphorylated form, promotes transcription-coupled 3’ end formation through recruiting 

key components of the processing machinery to their target sites. For instance, the Pcf11 

subunit of the yeast cleavage/polyadenylation factor IA (CFIA) complex specifically 

recognizes the phospho-Ser2 CTD (164, 165). Similarly, the binding of human cleavage 

stimulation factor CstF-64 to Pol II depends on Ser2 phosphorylation in the CTD (166).

Although components of the cleavage/polyadenylation machinery can bind to the phospho-

Ser2 CTD in vitro (e.g. see (164, 165), the bindings are likely enhanced in vivo by 

transcription elongation factors that track along with Pol II, resulting in more efficient 

recognition and cleavage at poly(A) sites (Figure 6). For example, the multifunctional PAFc 
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was found to be required for transcription-coupled polyadenylation stimulated by the 

prototypical transcriptional activator GAL4-VP16 (167). Moreover, the PAFc subunit Cdc73 

is essential for proper histone mRNA 3’ processing as well as export to the cytoplasm (168). 

PAFc likely accomplishes these tasks through recruiting key polyadenylation factors such as 

the cleavage/polyadenylation specificity factor (CPSF), cleavage stimulation factor (CstF), 

and symplekin, a scaffolding protein for 3’ processing, to transcribing Pol II (169, 170). 

Consistent with a critical role for PAFc in this process, the occupancy of the PAFc subunit 

Ctr9 peaks at the 3’ end of actively transcribed genes (9).

Another elongation factor that also facilitates the association of mRNA 3’ processing 

machinery with elongating Pol II is the SEC component ELL2 (171). It enhances the 

association of CstF-64 with Pol II across the gene encoding the immunoglobulin heavy-

chain complex in plasma cells. As a result, ELL2 accelerates the use of a weak promoter-

proximal secretory-specific poly(A) site and enhances exon skipping of a nonconsensus 

splice signal that is in direct competition with the poly(A) site (171). This finding is 

consistent with the demonstrations that utilization of alternative polyadenylation sites, which 

is emerging as a common mechanism for controlling gene expression during development 

and disease, can be caused by alterations in the levels or activity of polyadenylation factors 

associated with genes that contain such sites (167). Like ELL2, PAFc has also been 

implicated in the control of alternative polyadenylation site usage. The usage of the 

promoter-proximal poly(A) site of Ints6, a target gene of the PAFc component Cdc73, is 

stimulated by Cdc73 in human cells (169).

The ELL2-promoted 3’ processing of mRNA correlates with a significant increase in Ser2 

phosphorylation in the Pol II CTD (166). Notably, PAFc is also required for this 

modification (133). It had been difficult to explain these results prior to the recent discovery 

that ELL2 and P-TEFb are components of SECs, which depend on PAFc to interact with 

elongating Pol II (87, 91). With all this new information, many seemingly unrelated events 

that have previously been attributed separately to ELL2 and PAFc such as the promotion of 

Pol II elongation, phosphorylation of the CTD on Ser2, enhanced recruitment of 

polyadenylation factors to Pol II containing the phospho-Ser2 CTD, and finally accelerated 

mRNA 3’ formation can now be placed into a complete and coherent picture (Figure 6).

Acknowledgements

This work was supported by NIH GM35500 and AI074392 to D.H.P. and AI41757 to Q.Z. We thank Jiannan Guo 
for helpful comments on the manuscript.

References

1. Neil H, Malabat C, d'Aubenton-Carafa Y, Xu Z, Steinmetz LM, Jacquier A. Widespread 
bidirectional promoters are the major source of cryptic transcripts in yeast. Nature. 2009; 457:1038–
1042. [PubMed: 19169244] 

2. Xu Z, Wei W, Gagneur J, Perocchi F, Clauder-Munster S, et al. Bidirectional promoters generate 
pervasive transcription in yeast. Nature. 2009; 457:1033–1037. [PubMed: 19169243] 

3. Seila AC, Calabrese JM, Levine SS, Yeo GW, Rahl PB, et al. Divergent transcription from active 
promoters. Science. 2008; 322:1849–1851. [PubMed: 19056940] 

Zhou et al. Page 15

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



4. Core LJ, Waterfall JJ, Lis JT. Nascent RNA sequencing reveals widespread pausing and divergent 
initiation at human promoters. Science. 2008; 322:1845–1848. [PubMed: 19056941] 

5. Seila AC, Core LJ, Lis JT, Sharp PA. Divergent transcription: a new feature of active promoters. 
Cell Cycle. 2009; 8:2557–2564. [PubMed: 19597342] 

6. Muse GW, Gilchrist DA, Nechaev S, Shah R, Parker JS, et al. RNA polymerase is poised for 
activation across the genome. Nat Genet. 2007; 39:1507–1511. [PubMed: 17994021] 

7. Zeitlinger J, Stark A, Kellis M, Hong JW, Nechaev S, et al. RNA polymerase stalling at 
developmental control genes in the Drosophila melanogaster embryo. Nat Genet. 2007; 39:1512–
1516. [PubMed: 17994019] 

8. Guenther MG, Levine SS, Boyer LA, Jaenisch R, Young RA. A chromatin landmark and 
transcription initiation at most promoters in human cells. Cell. 2007; 130:77–88. [PubMed: 
17632057] 

9. Rahl PB, Lin CY, Seila AC, Flynn RA, McCuine S, et al. c-Myc regulates transcriptional pause 
release. Cell. 2010; 141:432–445. [PubMed: 20434984] 

10. Peterlin BM, Price DH. Controlling the elongation phase of transcription with P-TEFb. Mol Cell. 
2006; 23:297–305. [PubMed: 16885020] 

11. Cowling VH, Cole MD. The Myc transactivation domain promotes global phosphorylation of the 
RNA polymerase II carboxy-terminal domain independently of direct DNA binding. Mol Cell 
Biol. 2007; 27:2059–2073. [PubMed: 17242204] 

12. Chao SH, Price DH. Flavopiridol inactivates P-TEFb and blocks most RNA polymerase II 
transcription in vivo. J Biol Chem. 2001; 276:31793–31799. [PubMed: 11431468] 

13. Egloff S, Murphy S. Cracking the RNA polymerase II CTD code. Trends Genet. 2008; 24:280–
288. [PubMed: 18457900] 

14. Komarnitsky P, Cho EJ, Buratowski S. Different phosphorylated forms of RNA polymerase II and 
associated mRNA processing factors during transcription. Genes Dev. 2000; 14:2452–2460. 
[PubMed: 11018013] 

15. Mayer A, Lidschreiber M, Siebert M, Leike K, Soding J, Cramer P. Uniform transitions of the 
general RNA polymerase II transcription complex. Nat Struct Mol Biol. 2010; 17:1272–1278. 
[PubMed: 20818391] 

16. Marshall NF, Price DH. Control of formation of two distinct classes of RNA polymerase II 
elongation complexes. Mol Cell Biol. 1992; 12:2078–2090. [PubMed: 1569941] 

17. Nechaev S, Adelman K. Promoter-proximal Pol II: when stalling speeds things up. Cell Cycle. 
2008; 7:1539–1544. [PubMed: 18469524] 

18. Wada T, Takagi T, Yamaguchi Y, Ferdous A, Imai T, et al. DSIF, a novel transcription elongation 
factor that regulates RNA polymerase II processivity, is composed of human Spt4 and Spt5 
homologs. Genes Dev. 1998; 12:343–356. [PubMed: 9450929] 

19. Yamaguchi Y, Takagi T, Wada T, Yano K, Furuya A, et al. NELF, a multisubunit complex 
containing RD, cooperates with DSIF to repress RNA polymerase II elongation. Cell. 1999; 
97:41–51. [PubMed: 10199401] 

20. Renner DB, Yamaguchi Y, Wada T, Handa H, Price DH. A highly purified RNA polymerase II 
elongation control system. J Biol Chem. 2001; 276:42601–42609. [PubMed: 11553615] 

21. Cheng B, Price DH. Properties of RNA polymerase II elongation complexes before and after the P-
TEFb-mediated transition into productive elongation. J Biol Chem. 2007; 282:21901–21912. 
[PubMed: 17548348] 

22. Chodosh LA, Fire A, Samuels M, Sharp PA. 5,6-Dichloro-1-beta-D-ribofuranosylbenzimidazole 
inhibits transcription elongation by RNA polymerase II in vitro. J Biol Chem. 1989; 264:2250–
2257. [PubMed: 2914905] 

23. Marshall NF, Price DH. Purification of P-TEFb, a transcription factor required for the transition 
into productive elongation. J Biol Chem. 1995; 270:12335–12338. [PubMed: 7759473] 

24. Flynn RA, Almada AE, Zamudio JR, Sharp PA. Antisense RNA polymerase II divergent 
transcripts are P-TEFb dependent and substrates for the RNA exosome. PNAS. 2011; 108:10460–
10465. [PubMed: 21670248] 

25. Price DH. P-TEFb, a cyclin-dependent kinase controlling elongation by RNA polymerase II. Mol 
Cell Biol. 2000; 20:2629–2634. [PubMed: 10733565] 

Zhou et al. Page 16

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



26. Diribarne G, Bensaude O. 7SK RNA, a non-coding RNA regulating P-TEFb, a general 
transcription factor. RNA Biol. 2009; 6:122–128. [PubMed: 19246988] 

27. Choo S, Schroeder S, Ott M. CYCLINg through transcription: Posttranslational modifications of P-
TEFb regulate transcription elongation. Cell Cycle. 2010; 9:1697–1705. [PubMed: 20436276] 

28. Lenasi T, Barboric M. P-TEFb stimulates transcription elongation and pre-mRNA splicing through 
multilateral mechanisms. RNA Biol. 2010; 7:145–150. [PubMed: 20305375] 

29. Wang Y, Liu XY, De Clercq E. Role of the HIV-1 positive elongation factor P-TEFb and 
inhibitors thereof. Mini Rev Med Chem. 2009; 9:379–385. [PubMed: 19275730] 

30. Canduri F, Perez PC, Caceres RA, de Azevedo WF Jr. CDK9 a potential target for drug 
development. Med Chem. 2008; 4:210–218. [PubMed: 18473913] 

31. Romano G, Giordano A. Role of the cyclin-dependent kinase 9-related pathway in mammalian 
gene expression and human diseases. Cell Cycle. 2008; 7:3664–3668. [PubMed: 19029809] 

32. Zhou Q, Yik JH. The Yin and Yang of P-TEFb regulation: implications for human 
immunodeficiency virus gene expression and global control of cell growth and differentiation. 
Microbiol Mol Biol Rev. 2006; 70:646–659. [PubMed: 16959964] 

33. Garriga J, Grana X. Cellular control of gene expression by T-type cyclin/CDK9 complexes. Gene. 
2004; 337:15–23. [PubMed: 15276198] 

34. Rice AP, Herrmann CH. Regulation of TAK/P-TEFb in CD4+ T lymphocytes and macrophages. 
Curr HIV Res. 2003; 1:395–404. [PubMed: 15049426] 

35. De Falco G, Giordano A. CDK9: from basal transcription to cancer and AIDS. Cancer Biol Ther. 
2002; 1:342–347. [PubMed: 12432243] 

36. Li Q, Price JP, Byers SA, Cheng D, Peng J, Price DH. Analysis of the large inactive P-TEFb 
complex indicates that it contains one 7SK molecule, a dimer of HEXIM1 or HEXIM2, and two P-
TEFb molecules containing Cdk9 phosphorylated at threonine 186. J Biol Chem. 2005; 
280:28819–28826. [PubMed: 15965233] 

37. Chen R, Yang Z, Zhou Q. Phosphorylated positive transcription elongation factor b (P-TEFb) is 
tagged for inhibition through association with 7SK snRNA. J Biol Chem. 2004; 279:4153–4160. 
[PubMed: 14627702] 

38. Fong YW, Zhou Q. Relief of two built-In autoinhibitory mechanisms in P-TEFb is required for 
assembly of a multicomponent transcription elongation complex at the human immunodeficiency 
virus type 1 promoter. Mol Cell Biol. 2000; 20:5897–5907. [PubMed: 10913173] 

39. Garber ME, Mayall TP, Suess EM, Meisenhelder J, Thompson NE, Jones KA. CDK9 
autophosphorylation regulates high-affinity binding of the human immunodeficiency virus type 1 
tat-P-TEFb complex to TAR RNA. Mol Cell Biol. 2000; 20:6958–6969. [PubMed: 10958691] 

40. Peng J, Zhu Y, Milton JT, Price DH. Identification of multiple cyclin subunits of human P-TEFb. 
Genes Dev. 1998; 12:755–762. [PubMed: 9499409] 

41. Fu TJ, Peng J, Lee G, Price DH, Flores O. Cyclin K functions as a CDK9 regulatory subunit and 
participates in RNA polymerase II transcription. J Biol Chem. 1999; 274:34527–34530. [PubMed: 
10574912] 

42. Chang PC, Li M. Kaposi's sarcoma-associated herpesvirus K-cyclin interacts with Cdk9 and 
stimulates Cdk9-mediated phosphorylation of p53 tumor suppressor. J Virol. 2008; 82:278–290. 
[PubMed: 17942552] 

43. Yu DS, Zhao R, Hsu EL, Cayer J, Ye F, et al. Cyclin-dependent kinase 9-cyclin K functions in the 
replication stress response. EMBO reports. 2010; 11:876–882. [PubMed: 20930849] 

44. Garriga J, Peng J, Parreno M, Price DH, Henderson EE, Grana X. Upregulation of cyclin T1/
CDK9 complexes during T cell activation. Oncogene. 1998; 17:3093–3102. [PubMed: 9872325] 

45. Baumli S, Lolli G, Lowe ED, Troiani S, Rusconi L, et al. The structure of P-TEFb (CDK9/cyclin 
T1), its complex with flavopiridol and regulation by phosphorylation. Embo J. 2008; 27:1907–
1918. [PubMed: 18566585] 

46. Tahirov TH, Babayeva ND, Varzavand K, Cooper JJ, Sedore SC, Price DH. Crystal structure of 
HIV-1 Tat complexed with human P-TEFb. Nature. 2010; 465:747–751. [PubMed: 20535204] 

47. Marshall NF, Peng J, Xie Z, Price DH. Control of RNA polymerase II elongation potential by a 
novel carboxyl-terminal domain kinase. J Biol Chem. 1996; 271:27176–27183. [PubMed: 
8900211] 

Zhou et al. Page 17

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



48. Ramanathan Y, Rajpara SM, Reza SM, Lees E, Shuman S, et al. Three RNA polymerase II 
carboxyl-terminal domain kinases display distinct substrate preferences. J Biol Chem. 2001; 
276:10913–10920. [PubMed: 11278802] 

49. Bartkowiak B, Greenleaf AL. Phosphorylation of RNAPII: To P-TEFb or not to P-TEFb? 
Transcription. 2011; 2:115–119. [PubMed: 21826281] 

50. Bartkowiak B, Liu P, Phatnani HP, Fuda NJ, Cooper JJ, et al. CDK12 is a transcription elongation-
associated CTD kinase, the metazoan ortholog of yeast Ctk1. Genes Dev. 2010; 24:2303–2316. 
[PubMed: 20952539] 

51. Shim EY, Walker AK, Shi Y, Blackwell TK. CDK-9/cyclin T (P-TEFb) is required in two 
postinitiation pathways for transcription in the C. elegans embryo. Genes Dev. 2002; 16:2135–
2146. [PubMed: 12183367] 

52. Yamada T, Yamaguchi Y, Inukai N, Okamoto S, Mura T, Handa H. P-TEFb-mediated 
phosphorylation of hSpt5 C-terminal repeats is critical for processive transcription elongation. Mol 
Cell. 2006; 21:227–237. [PubMed: 16427012] 

53. Chen H, Contreras X, Yamaguchi Y, Handa H, Peterlin BM, Guo S. Repression of RNA 
polymerase II elongation in vivo is critically dependent on the C-terminus of Spt5. PLoS ONE. 
2009; 4:e6918. [PubMed: 19742326] 

54. Fujinaga K, Irwin D, Huang Y, Taube R, Kurosu T, Peterlin BM. Dynamics of human 
immunodeficiency virus transcription: P-TEFb phosphorylates RD and dissociates negative 
effectors from the transactivation response element. Mol Cell Biol. 2004; 24:787–795. [PubMed: 
14701750] 

55. Zhou K, Kuo WH, Fillingham J, Greenblatt JF. Control of transcriptional elongation and 
cotranscriptional histone modification by the yeast BUR kinase substrate Spt5. Proc Natl Acad Sci 
U S A. 2009; 106:6956–6961. [PubMed: 19365074] 

56. Pei Y, Shuman S. Characterization of the Schizosaccharomyces pombe Cdk9/Pch1 protein kinase: 
Spt5 phosphorylation, autophosphorylation, and mutational analysis. J Biol Chem. 2003; 
278:43346–43356. [PubMed: 12904290] 

57. Shore SM, Byers SA, Dent P, Price DH. Characterization of Cdk9(55) and differential regulation 
of two Cdk9 isoforms. Gene. 2005; 350:51–58. [PubMed: 15780980] 

58. Herrmann CH, Carroll RG, Wei P, Jones KA, Rice AP. Tat-associated kinase, TAK, activity is 
regulated by distinct mechanisms in peripheral blood lymphocytes and promonocytic cell lines. J 
Virol. 1998; 72:9881–9888. [PubMed: 9811724] 

59. Sung TL, Rice AP. miR-198 inhibits HIV-1 gene expression and replication in monocytes and its 
mechanism of action appears to involve repression of cyclin T1. PLoS Pathog. 2009; 5:e1000263. 
[PubMed: 19148268] 

60. Kiernan RE, Emiliani S, Nakayama K, Castro A, Labbe JC, et al. Interaction between cyclin T1 
and SCF(SKP2) targets CDK9 for ubiquitination and degradation by the proteasome. Mol Cell 
Biol. 2001; 21:7956–7970. [PubMed: 11689688] 

61. Michels AA, Fraldi A, Li Q, Adamson TE, Bonnet F, et al. Binding of the 7SK snRNA turns the 
HEXIM1 protein into a P-TEFb (CDK9/cyclin T) inhibitor. Embo J. 2004; 23:2608–2619. 
[PubMed: 15201869] 

62. Yik JH, Chen R, Pezda AC, Samford CS, Zhou Q. A human immunodeficiency virus type 1 Tat-
like arginine-rich RNA-binding domain is essential for HEXIM1 to inhibit RNA polymerase II 
transcription through 7SK snRNA-mediated inactivation of P-TEFb. Mol Cell Biol. 2004; 
24:5094–5105. [PubMed: 15169877] 

63. Michels AA, Nguyen VT, Fraldi A, Labas V, Edwards M, et al. MAQ1 and 7SK RNA interact 
with CDK9/cyclin T complexes in a transcription-dependent manner. Mol Cell Biol. 2003; 
23:4859–4869. [PubMed: 12832472] 

64. Nguyen VT, Kiss T, Michels AA, Bensaude O. 7SK small nuclear RNA binds to and inhibits the 
activity of CDK9/cyclin T complexes. Nature. 2001; 414:322–325. [PubMed: 11713533] 

65. Yang Z, Zhu Q, Luo K, Zhou Q. The 7SK small nuclear RNA inhibits the CDK9/cyclin T1 kinase 
to control transcription. Nature. 2001; 414:317–322. [PubMed: 11713532] 

Zhou et al. Page 18

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



66. Byers SA, Price JP, Cooper JJ, Li Q, Price DH. HEXIM2, a HEXIM1-related protein, regulates 
positive transcription elongation factor b through association with 7SK. J Biol Chem. 2005; 
280:16360–16367. [PubMed: 15713662] 

67. Yik JH, Chen R, Pezda AC, Zhou Q. Compensatory contributions of HEXIM1 and HEXIM2 in 
maintaining the balance of active and inactive positive transcription elongation factor b complexes 
for control of transcription. J Biol Chem. 2005; 280:16368–16376. [PubMed: 15713661] 

68. Barboric M, Kohoutek J, Price JP, Blazek D, Price DH, Peterlin BM. Interplay between 7SK 
snRNA and oppositely charged regions in HEXIM1 direct the inhibition of P-TEFb. Embo J. 
2005; 24:4291–4303. [PubMed: 16362050] 

69. He N, Jahchan NS, Hong E, Li Q, Bayfield MA, et al. A La-Related Protein Modulates 7SK 
snRNP Integrity to Suppress P-TEFb-Dependent Transcriptional Elongation and Tumorigenesis. 
Mol Cell. 2008; 29:588–599. [PubMed: 18249148] 

70. Krueger BJ, Jeronimo C, Roy BB, Bouchard A, Barrandon C, et al. LARP7 is a stable component 
of the 7SK snRNP while P-TEFb, HEXIM1 and hnRNP A1 are reversibly associated. Nucleic 
Acids Res. 2008; 36:2219–2229. [PubMed: 18281698] 

71. Markert A, Grimm M, Martinez J, Wiesner J, Meyerhans A, et al. The La-related protein LARP7 is 
a component of the 7SK ribonucleoprotein and affects transcription of cellular and viral 
polymerase II genes. EMBO Rep. 2008; 9:569–575. [PubMed: 18483487] 

72. Xue Y, Yang Z, Chen R, Zhou Q. A capping-independent function of MePCE in stabilizing 7SK 
snRNA and facilitating the assembly of 7SK snRNP. Nucleic Acids Res. 2010; 38:360–369. 
[PubMed: 19906723] 

73. Jeronimo C, Forget D, Bouchard A, Li Q, Chua G, et al. Systematic analysis of the protein 
interaction network for the human transcription machinery reveals the identity of the 7SK capping 
enzyme. Mol Cell. 2007; 27:262–274. [PubMed: 17643375] 

74. Biglione S, Byers SA, Price JP, Nguyen VT, Bensaude O, et al. Inhibition of HIV-1 replication by 
P-TEFb inhibitors DRB, seliciclib and flavopiridol correlates with release of free P-TEFb from the 
large, inactive form of the complex. Retrovirology. 2007; 4:47. [PubMed: 17625008] 

75. D'Orso I, Frankel AD. RNA-mediated displacement of an inhibitory snRNP complex activates 
transcription elongation. Nature structural & molecular biology. 2010; 17:815–821.

76. Krueger BJ, Varzavand K, Cooper JJ, Price DH. The mechanism of release of P-TEFb and 
HEXIM1 from the 7SK snRNP by viral and cellular activators includes a conformational change 
in 7SK. PLoS One. 2010; 5:e12335. [PubMed: 20808803] 

77. Barboric M, Yik JH, Czudnochowski N, Yang Z, Chen R, et al. Tat competes with HEXIM1 to 
increase the active pool of P-TEFb for HIV-1 transcription. Nucleic Acids Res. 2007; 35:2003–
2012. [PubMed: 17341462] 

78. Schulte A, Czudnochowski N, Barboric M, Schonichen A, Blazek D, et al. Identification of a 
cyclin T-binding domain in Hexim1 and biochemical analysis of its binding competition with 
HIV-1 Tat. J Biol Chem. 2005; 280:24968–24977. [PubMed: 15855166] 

79. Sedore SC, Byers SA, Biglione S, Price JP, Maury WJ, Price DH. Manipulation of P-TEFb control 
machinery by HIV: recruitment of P-TEFb from the large form by Tat and binding of HEXIM1 to 
TAR. Nucleic Acids Res. 2007; 35:4347–4358. [PubMed: 17576689] 

80. Muniz L, Egloff S, Ughy B, Jady BE, Kiss T. Controlling Cellular P-TEFb Activity by the HIV-1 
Transcriptional Transactivator Tat. PLoS Pathog. 2010; 6:e1001152. [PubMed: 20976203] 

81. Sobhian B, Laguette N, Yatim A, Nakamura M, Levy Y, et al. HIV-1 Tat assembles a 
multifunctional transcription elongation complex and stably associates with the 7SK snRNP. Mol 
Cell. 2010; 38:439–451. [PubMed: 20471949] 

82. Yang Z, Yik JH, Chen R, He N, Jang MK, et al. Recruitment of P-TEFb for stimulation of 
transcriptional elongation by the bromodomain protein Brd4. Mol Cell. 2005; 19:535–545. 
[PubMed: 16109377] 

83. Bisgrove DA, Mahmoudi T, Henklein P, Verdin E. Conserved P-TEFb-interacting domain of 
BRD4 inhibits HIV transcription. Proc Natl Acad Sci U S A. 2007; 104:13690–13695. [PubMed: 
17690245] 

84. Wu SY, Chiang CM. The double bromodomain-containing chromatin adaptor Brd4 and 
transcriptional regulation. J Biol Chem. 2007; 282:13141–13145. [PubMed: 17329240] 

Zhou et al. Page 19

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



85. Hargreaves DC, Horng T, Medzhitov R. Control of inducible gene expression by signal-dependent 
transcriptional elongation. Cell. 2009; 138:129–145. [PubMed: 19596240] 

86. Marshall RM, Grana X. Mechanisms controlling CDK9 activity. Front Biosci. 2006; 11:2598–
2613. [PubMed: 16720337] 

87. He N, Liu M, Hsu J, Xue Y, Chou S, et al. HIV-1 Tat and host AFF4 recruit two transcription 
elongation factors into a bifunctional complex for coordinated activation of HIV-1 transcription. 
Mol Cell. 2010; 38:428–438. [PubMed: 20471948] 

88. Smith E, Lin C, Shilatifard A. The super elongation complex (SEC) and MLL in development and 
disease. Genes & development. 2011; 25:661–672. [PubMed: 21460034] 

89. Lin C, Garrett AS, De Kumar B, Smith ER, Gogol M, et al. Dynamic transcriptional events in 
embryonic stem cells mediated by the super elongation complex (SEC). Genes & development. 
2011; 25:1486–1498. [PubMed: 21764852] 

90. Takahashi H, Parmely TJ, Sato S, Tomomori-Sato C, Banks CA, et al. Human Mediator Subunit 
MED26 Functions as a Docking Site for Transcription Elongation Factors. Cell. 2011; 146:92–
104. [PubMed: 21729782] 

91. He N, Zhou Q. New insights into the control of HIV-1 transcription: when Tat meets the 7SK 
snRNP and super elongation complex (SEC). Journal of Neuroimmune Pharmacology. 2011; 
6:260–268. [PubMed: 21360054] 

92. Mohan M, Lin C, Guest E, Shilatifard A. Licensed to elongate: a molecular mechanism for MLL-
based leukaemogenesis. Nature reviews. Cancer. 2010; 10:721–728.

93. Barrandon C, Bonnet F, Nguyen VT, Labas V, Bensaude O. The transcription-dependent 
dissociation of P-TEFb-HEXIM1-7SK RNA relies upon formation of hnRNP-7SK RNA 
complexes. Mol Cell Biol. 2007; 27:6996–7006. [PubMed: 17709395] 

94. Van Herreweghe E, Egloff S, Goiffon I, Jady BE, Froment C, et al. Dynamic remodelling of 
human 7SK snRNP controls the nuclear level of active P-TEFb. Embo J. 2007; 26:3570–3580. 
[PubMed: 17611602] 

95. Prasanth KV, Camiolo M, Chan G, Tripathi V, Denis L, et al. Nuclear organization and dynamics 
of 7SK RNA in regulating gene expression. Mol Biol Cell. 2010; 21:4184–4196. [PubMed: 
20881057] 

96. Singh J, Padgett RA. Rates of in situ transcription and splicing in large human genes. Nature 
structural & molecular biology. 2009; 16:1128–1133.

97. Egyhazi E, Ossoinak A, Pigon A, Holmgren C, Lee JM, Greenleaf AL. Phosphorylation 
dependence of the initiation of productive transcription of Balbiani ring 2 genes in living cells. 
Chromosoma. 1996; 104:422–433. [PubMed: 8601337] 

98. Fish RN, Kane CM. Promoting elongation with transcript cleavage stimulatory factors. Biochim 
Biophys Acta. 2002; 1577:287–307. [PubMed: 12213659] 

99. Price DH, Sluder AE, Greenleaf AL. Dynamic interaction between a Drosophila transcription 
factor and RNA polymerase II. Mol Cell Biol. 1989; 9:1465–1475. [PubMed: 2725511] 

100. Sims RJ 3rd, Belotserkovskaya R, Reinberg D. Elongation by RNA polymerase II: the short and 
long of it. Genes & Development. 2004; 18:2437–2468. [PubMed: 15489290] 

101. Gu W, Reines D. Identification of a decay in transcription potential that results in elongation 
factor dependence of RNA polymerase II. The Journal of biological chemistry. 1995; 270:11238–
11244. [PubMed: 7744757] 

102. Sigurdsson S, Dirac-Svejstrup AB, Svejstrup JQ. Evidence that transcript cleavage is essential for 
RNA polymerase II transcription and cell viability. Molecular cell. 2010; 38:202–210. [PubMed: 
20417599] 

103. Laptenko O, Lee J, Lomakin I, Borukhov S. Transcript cleavage factors GreA and GreB act as 
transient catalytic components of RNA polymerase. Embo J. 2003; 22:6322–6334. [PubMed: 
14633991] 

104. Rasmussen EB, Lis JT. Short transcripts of the ternary complex provide insight into RNA 
polymerase II elongational pausing. Journal of molecular biology. 1995; 252:522–535. [PubMed: 
7563071] 

Zhou et al. Page 20

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



105. Nechaev S, Fargo DC, dos Santos G, Liu L, Gao Y, Adelman K. Global analysis of short RNAs 
reveals widespread promoter-proximal stalling and arrest of Pol II in Drosophila. Science. 2010; 
327:335–338. [PubMed: 20007866] 

106. Ujvari A, Pal M, Luse DS. RNA polymerase II transcription complexes may become arrested if 
the nascent RNA is shortened to less than 50 nucleotides. The Journal of biological chemistry. 
2002; 277:32527–32537. [PubMed: 12087087] 

107. Adelman K, Marr MT, Werner J, Saunders A, Ni Z, et al. Efficient release from promoter-
proximal stall sites requires transcript cleavage factor TFIIS. Mol Cell. 2005; 17:103–112. 
[PubMed: 15629721] 

108. Nakanishi T, Shimoaraiso M, Kubo T, Natori S. Structure-function relationship of yeast S-II in 
terms of stimulation of RNA polymerase II, arrest relief, and suppression of 6-azauracil 
sensitivity. The Journal of biological chemistry. 1995; 270:8991–8995. [PubMed: 7721809] 

109. Mason PB, Struhl K. Distinction and relationship between elongation rate and processivity of 
RNA polymerase II in vivo. Mol Cell. 2005; 17:831–840. [PubMed: 15780939] 

110. Sopta M, Carthew RW, Greenblatt J. Isolation of three proteins that bind to mammalian RNA 
polymerase II. The Journal of biological chemistry. 1985; 260:10353–10360. [PubMed: 
3860504] 

111. Flores O, Maldonado E, Reinberg D. Factors involved in specific transcription by mammalian 
RNA polymerase II. Factors IIE and IIF independently interact with RNA polymerase II. The 
Journal of biological chemistry. 1989; 264:8913–8921. [PubMed: 2566609] 

112. Krogan NJ, Kim M, Ahn SH, Zhong G, Kobor MS, et al. RNA polymerase II elongation factors 
of Saccharomyces cerevisiae: a targeted proteomics approach. Mol Cell Biol. 2002; 22:6979–
6992. [PubMed: 12242279] 

113. Cojocaru M, Jeronimo C, Forget D, Bouchard A, Bergeron D, et al. Genomic location of the 
human RNA polymerase II general machinery: evidence for a role of TFIIF and Rpb7 at both 
early and late stages of transcription. Biochem J. 2008; 409:139–147. [PubMed: 17848138] 

114. Shilatifard A, Lane WS, Jackson KW, Conaway RC, Conaway JW. An RNA polymerase II 
elongation factor encoded by the human ELL gene. Science. 1996; 271:1873–1876. [PubMed: 
8596958] 

115. Thirman MJ, Levitan DA, Kobayashi H, Simon MC, Rowley JD. Cloning of ELL, a gene that 
fuses to MLL in a t(11;19)(q23;p13.1) in acute myeloid leukemia. Proc Natl Acad Sci U S A. 
1994; 91:12110–12114. [PubMed: 7991593] 

116. Shilatifard A, Duan DR, Haque D, Florence C, Schubach WH, et al. ELL2, a new member of an 
ELL family of RNA polymerase II elongation factors. Proc Natl Acad Sci U S A. 1997; 94:3639–
3643. [PubMed: 9108030] 

117. Miller T, Williams K, Johnstone RW, Shilatifard A. Identification, cloning, expression, and 
biochemical characterization of the testis-specific RNA polymerase II elongation factor ELL3. 
The Journal of biological chemistry. 2000; 275:32052–32056. [PubMed: 10882741] 

118. Gerber M, Ma J, Dean K, Eissenberg JC, Shilatifard A. Drosophila ELL is associated with 
actively elongating RNA polymerase II on transcriptionally active sites in vivo. The EMBO 
journal. 2001; 20:6104–6114. [PubMed: 11689450] 

119. Eissenberg JC, Ma J, Gerber MA, Christensen A, Kennison JA, Shilatifard A. dELL is an 
essential RNA polymerase II elongation factor with a general role in development. Proc Natl 
Acad Sci U S A. 2002; 99:9894–9899. [PubMed: 12096188] 

120. Chen Y, Yamaguchi Y, Tsugeno Y, Yamamoto J, Yamada T, et al. DSIF, the Paf1 complex, and 
Tat-SF1 have nonredundant, cooperative roles in RNA polymerase II elongation. Genes Dev. 
2009; 23:2765–2777. [PubMed: 19952111] 

121. Rondon AG, Gallardo M, Garcia-Rubio M, Aguilera A. Molecular evidence indicating that the 
yeast PAF complex is required for transcription elongation. EMBO reports. 2004; 5:47–53. 
[PubMed: 14710186] 

122. Kim J, Guermah M, Roeder RG. The human PAF1 complex acts in chromatin transcription 
elongation both independently and cooperatively with SII/TFIIS. Cell. 2010; 140:491–503. 
[PubMed: 20178742] 

Zhou et al. Page 21

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



123. Bai X, Kim J, Yang Z, Jurynec MJ, Akie TE, et al. TIF1gamma controls erythroid cell fate by 
regulating transcription elongation. Cell. 2010; 142:133–143. [PubMed: 20603019] 

124. He N, Chan CK, Sobhian B, Chou S, Xue Y, Liu M, Alber T, Benkirane M, Zhou Q. Human 
Polymerase-Associated Factor complex (PAFc) connects the Super Elongation Complex (SEC) 
to RNA polymerase II on chromatin. PNAS. 2011 in press. 

125. Pokholok DK, Hannett NM, Young RA. Exchange of RNA polymerase II initiation and 
elongation factors during gene expression in vivo. Molecular cell. 2002; 9:799–809. [PubMed: 
11983171] 

126. Lin C, Smith ER, Takahashi H, Lai KC, Martin-Brown S, et al. AFF4, a component of the ELL/P-
TEFb elongation complex and a shared subunit of MLL chimeras, can link transcription 
elongation to leukemia. Mol Cell. 2010; 37:429–437. [PubMed: 20159561] 

127. Yokoyama A, Lin M, Naresh A, Kitabayashi I, Cleary ML. A higher-order complex containing 
AF4 and ENL family proteins with P-TEFb facilitates oncogenic and physiologic MLL-
dependent transcription. Cancer Cell. 2010; 17:198–212. [PubMed: 20153263] 

128. Mueller D, Garcia-Cuellar MP, Bach C, Buhl S, Maethner E, Slany RK. Misguided 
transcriptional elongation causes mixed lineage leukemia. PLoS Biol. 2009; 7:e1000249. 
[PubMed: 19956800] 

129. Levine M. Paused RNA polymerase II as a developmental checkpoint. Cell. 2011; 145:502–511. 
[PubMed: 21565610] 

130. Eissenberg JC, Shilatifard A, Dorokhov N, Michener DE. Cdk9 is an essential kinase in 
Drosophila that is required for heat shock gene expression, histone methylation and elongation 
factor recruitment. Mol Genet Genomics. 2007; 277:101–114. [PubMed: 17001490] 

131. Smith ER, Winter B, Eissenberg JC, Shilatifard A. Regulation of the transcriptional activity of 
poised RNA polymerase II by the elongation factor ELL. Proc Natl Acad Sci U S A. 2008; 
105:8575–8579. [PubMed: 18562276] 

132. Harper DP, Aplan PD. Chromosomal rearrangements leading to MLL gene fusions: clinical and 
biological aspects. Cancer research. 2008; 68:10024–10027. [PubMed: 19074864] 

133. Jaehning JA. The Paf1 complex: platform or player in RNA polymerase II transcription? 
Biochimica et biophysica acta. 2010; 1799:379–388. [PubMed: 20060942] 

134. Slany RK, Lavau C, Cleary ML. The oncogenic capacity of HRX-ENL requires the 
transcriptional transactivation activity of ENL and the DNA binding motifs of HRX. Molecular 
and cellular biology. 1998; 18:122–129. [PubMed: 9418860] 

135. Muntean AG, Tan J, Sitwala K, Huang Y, Bronstein J, et al. The PAF complex synergizes with 
MLL fusion proteins at HOX loci to promote leukemogenesis. Cancer cell. 2010; 17:609–621. 
[PubMed: 20541477] 

136. Balamotis MA, Pennella MA, Stevens JL, Wasylyk B, Belmont AS, Berk AJ. Complexity in 
transcription control at the activation domain-mediator interface. Science signaling. 2009; 2:ra20. 
[PubMed: 19417216] 

137. Kohler A, Hurt E. Exporting RNA from the nucleus to the cytoplasm. Nature reviews. Molecular 
cell biology. 2007; 8:761–773.

138. Cramer P, Bushnell DA, Kornberg RD. Structural basis of transcription: RNA polymerase II at 
2.8 angstrom resolution. Science. 2001; 292:1863–1876. [PubMed: 11313498] 

139. Xu YX, Manley JL. The prolyl isomerase Pin1 functions in mitotic chromosome condensation. 
Molecular cell. 2007; 26:287–300. [PubMed: 17466629] 

140. Kelly WG, Dahmus ME, Hart GW. RNA polymerase II is a glycoprotein. Modification of the 
COOH-terminal domain by O-GlcNAc. The Journal of biological chemistry. 1993; 268:10416–
10424. [PubMed: 8486697] 

141. Shuman S. Structure, mechanism, and evolution of the mRNA capping apparatus. Progress in 
nucleic acid research and molecular biology. 2001; 66:1–40. [PubMed: 11051760] 

142. Cho EJ, Takagi T, Moore CR, Buratowski S. mRNA capping enzyme is recruited to the 
transcription complex by phosphorylation of the RNA polymerase II carboxy-terminal domain. 
Genes & development. 1997; 11:3319–3326. [PubMed: 9407025] 

Zhou et al. Page 22

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



143. McCracken S, Fong N, Yankulov K, Ballantyne S, Pan G, et al. The C-terminal domain of RNA 
polymerase II couples mRNA processing to transcription. Nature. 1997; 385:357–361. [PubMed: 
9002523] 

144. Bentley DL. Rules of engagement: co-transcriptional recruitment of pre-mRNA processing 
factors. Current opinion in cell biology. 2005; 17:251–256. [PubMed: 15901493] 

145. Ho CK, Shuman S. Distinct roles for CTD Ser-2 and Ser-5 phosphorylation in the recruitment and 
allosteric activation of mammalian mRNA capping enzyme. Molecular cell. 1999; 3:405–411. 
[PubMed: 10198643] 

146. Moteki S, Price D. Functional coupling of capping and transcription of mRNA. Mol Cell. 2002; 
10:599–609. [PubMed: 12408827] 

147. Rodriguez CR, Cho EJ, Keogh MC, Moore CL, Greenleaf AL, Buratowski S. Kin28, the TFIIH-
associated carboxy-terminal domain kinase, facilitates the recruitment of mRNA processing 
machinery to RNA polymerase II. Molecular and cellular biology. 2000; 20:104–112. [PubMed: 
10594013] 

148. Wen Y, Shatkin AJ. Transcription elongation factor hSPT5 stimulates mRNA capping. Genes & 
development. 1999; 13:1774–1779. [PubMed: 10421630] 

149. Yamaguchi Y, Inukai N, Narita T, Wada T, Handa H. Evidence that negative elongation factor 
represses transcription elongation through binding to a DRB sensitivity-inducing factor/RNA 
polymerase II complex and RNA. Mol Cell Biol. 2002; 22:2918–2927. [PubMed: 11940650] 

150. Mandal SS, Chu C, Wada T, Handa H, Shatkin AJ, Reinberg D. Functional interactions of RNA-
capping enzyme with factors that positively and negatively regulate promoter escape by RNA 
polymerase II. Proc Natl Acad Sci U S A. 2004; 101:7572–7577. [PubMed: 15136722] 

151. Cowling VH, Cole MD. Myc Regulation of mRNA Cap Methylation. Genes & cancer. 2010; 
1:576–579. [PubMed: 21170289] 

152. Cole MD, Cowling VH. Specific regulation of mRNA cap methylation by the c-Myc and E2F1 
transcription factors. Oncogene. 2009; 28:1169–1175. [PubMed: 19137018] 

153. Das R, Yu J, Zhang Z, Gygi MP, Krainer AR, et al. SR proteins function in coupling RNAP II 
transcription to pre-mRNA splicing. Molecular cell. 2007; 26:867–881. [PubMed: 17588520] 

154. Barboric M, Lenasi T, Chen H, Johansen EB, Guo S, Peterlin BM. 7SK snRNP/P-TEFb couples 
transcription elongation with alternative splicing and is essential for vertebrate development. 
Proc Natl Acad Sci U S A. 2009; 106:7798–7803. [PubMed: 19416841] 

155. Yoh SM, Cho H, Pickle L, Evans RM, Jones KA. The Spt6 SH2 domain binds Ser2-P RNAPII to 
direct Iws1-dependent mRNA splicing and export. Genes & development. 2007; 21:160–174. 
[PubMed: 17234882] 

156. Mortillaro MJ, Blencowe BJ, Wei X, Nakayasu H, Du L, et al. A hyperphosphorylated form of 
the large subunit of RNA polymerase II is associated with splicing complexes and the nuclear 
matrix. Proc Natl Acad Sci U S A. 1996; 93:8253–8257. [PubMed: 8710856] 

157. Yuryev A, Patturajan M, Litingtung Y, Joshi RV, Gentile C, et al. The C-terminal domain of the 
largest subunit of RNA polymerase II interacts with a novel set of serine/arginine-rich proteins. 
Proc Natl Acad Sci U S A. 1996; 93:6975–6980. [PubMed: 8692929] 

158. Misteli T, Spector DL. RNA polymerase II targets pre-mRNA splicing factors to transcription 
sites in vivo. Molecular cell. 1999; 3:697–705. [PubMed: 10394358] 

159. Hirose Y, Manley JL. RNA polymerase II and the integration of nuclear events. Genes & 
development. 2000; 14:1415–1429. [PubMed: 10859161] 

160. Maniatis T, Tasic B. Alternative pre-mRNA splicing and proteome expansion in metazoans. 
Nature. 2002; 418:236–243. [PubMed: 12110900] 

161. Munoz MJ, de la Mata M, Kornblihtt AR. The carboxy terminal domain of RNA polymerase II 
and alternative splicing. Trends in biochemical sciences. 2010; 35:497–504. [PubMed: 
20418102] 

162. Lin S, Coutinho-Mansfield G, Wang D, Pandit S, Fu XD. The splicing factor SC35 has an active 
role in transcriptional elongation. Nat Struct Mol Biol. 2008; 15:819–826. [PubMed: 18641664] 

163. Fong YW, Zhou Q. Stimulatory effect of splicing factors on transcriptional elongation. Nature. 
2001; 414:929–933. [PubMed: 11780068] 

Zhou et al. Page 23

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



164. Barilla D, Lee BA, Proudfoot NJ. Cleavage/polyadenylation factor IA associates with the 
carboxyl-terminal domain of RNA polymerase II in Saccharomyces cerevisiae. Proc Natl Acad 
Sci U S A. 2001; 98:445–450. [PubMed: 11149954] 

165. Licatalosi DD, Geiger G, Minet M, Schroeder S, Cilli K, et al. Functional interaction of yeast pre-
mRNA 3' end processing factors with RNA polymerase II. Molecular cell. 2002; 9:1101–1111. 
[PubMed: 12049745] 

166. Shell SA, Martincic K, Tran J, Milcarek C. Increased phosphorylation of the carboxyl-terminal 
domain of RNA polymerase II and loading of polyadenylation and cotranscriptional factors 
contribute to regulation of the ig heavy chain mRNA in plasma cells. J Immunol. 2007; 
179:7663–7673. [PubMed: 18025212] 

167. Nagaike T, Logan C, Hotta I, Rozenblatt-Rosen O, Meyerson M, Manley JL. Transcriptional 
activators enhance polyadenylation of mRNA precursors. Molecular cell. 2011; 41:409–418. 
[PubMed: 21329879] 

168. Farber LJ, Kort EJ, Wang P, Chen J, Teh BT. The tumor suppressor parafibromin is required for 
posttranscriptional processing of histone mRNA. Molecular carcinogenesis. 2010; 49:215–223. 
[PubMed: 19908240] 

169. Rozenblatt-Rosen O, Nagaike T, Francis JM, Kaneko S, Glatt KA, et al. The tumor suppressor 
Cdc73 functionally associates with CPSF and CstF 3' mRNA processing factors. Proc Natl Acad 
Sci U S A. 2009; 106:755–760. [PubMed: 19136632] 

170. Takagaki Y, Manley JL. Complex protein interactions within the human polyadenylation 
machinery identify a novel component. Molecular and cellular biology. 2000; 20:1515–1525. 
[PubMed: 10669729] 

171. Martincic K, Alkan SA, Cheatle A, Borghesi L, Milcarek C. Transcription elongation factor 
ELL2 directs immunoglobulin secretion in plasma cells by stimulating altered RNA processing. 
Nature immunology. 2009; 10:1102–1109. [PubMed: 19749764] 

Zhou et al. Page 24

Annu Rev Biochem. Author manuscript; available in PMC 2014 December 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Summary points

1. RNA polymerase II elongation control is essential for the regulation of gene 

expression.

2. Promoter proximally paused polymerases under the control of NELF and DSIF 

are prevalent across metazoan genomes.

3. P-TEFb controls the transition into productive elongation generating mature 

mRNAs in a process at the 5' end of genes.

4. The 7SK snRNP allows regulated release of active P-TEFb by specific 

transcription factors.

5. Productive elongation complexes are influenced by DSIF, PAFc, SEC and other 

factors.

6. RNA processing is functionally coupled with transcription elongation.
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Future Issues

1. Are there other negative factors besides DSIF and NELF that are involved in 

promoter proximal pausing?

2. Does divergent transcription have a functional consequence?

3. What regulates directional preference in productive elongation at divergent 

promoters?

4. What are the mechanisms for delivery of active P-TEFb to specific genes?

5. How is P-TEFb re-sequestered in the 7SK snRNP?

6. What are all the factors needed for productive elongation, how are they 

sequentially recruited and then removed at the 3' end of genes?
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Figure 1. Divergent transcription, promoter proximally paused polymerases, and productive 
elongation
Many promoters (purple box) allow Pol II to initiate and elongate in both directions using 

two transcription start sites. Transcription upstream of the gene gives rise to short unstable 

transcripts and transcription into the gene produces paused polymerases that are poised for 

entry into productive elongation or termination. The thickness of the arrows is represent 

relative flow of polymerases; initiation (black), termination (pink), transition into productive 

elongation (green).
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Figure 2. Pol II and elongation factor occupancy from ChIP-Seq
(A) MES cell ChIP-Seq datasets from Rahl et al. 2010 (9) were used to generate the views 

of Pol II from control or Flavopiridol treated cells as well as Ser5 and Ser2 phosphorylation 

of the CTD of the large subunit of Pol II across two neighboring genes on mouse 

chromosome 4. The data for each track for each gene was normalized so that the area under 

all curves was equal (except for the Ser2P for TCEB3 for which there was no data). (B) 

Metagene analysis of MES cell ChIP-Seq data (9) for Pol II, Spt5 subunit of DSIF and 

NELFe subunit of NELF. The relative distributions of the polymerase and factors were 

compiled for the region from −10,000 to +10,000 bp around the TSSs for ~20,000 RefSeq 

genes. In (A) and (B) background signals from the lowest 10% of the 20,000 data points in 

each distribution were averaged and subtracted from all data points and the resulting curves 

were normalized so that the total area under each was equal. (C) Diagram of the engaged 

polymerase with nascent transcript (red line) under the influence of DSIF and NELF.
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Figure 3. Regulation of P-TEFb by the 7SK snRNP
7SK snRNA is depicted in a cartoon view in which the secondary structures known to be 

involved in its function are shown. The LA Related Protein, LARP7, is constitutively 

associated with 7SK and the Methyl Phosphate Capping enzyme, MePCE, which methylates 

the triphosphate at the 5’ end of 7SK is also bound. After binding to the major 5’ stem and 

loop HEXIM1 or HEXIM2 (HEXIM) undergoes a conformational change and binds to and 

inhibits P-TEFb. When P-TEFb is released from the 7SK snRNP, HEXIM is also released 

and there is a structural change in 7SK. hnRNPs then replace P-TEFb and HEXIM.
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Figure 4. P-TEFb mediated transition into productive elongation
Regulation of HIV transcription is used as an example of how P-TEFb is released from the 

7SK snRNP and specifically recruited to its site of action. HIV Tat interacts with P-TEFb in 

the 7SK snRNP leading to extraction of P-TEFb and the formation of a Tat P-TEFb 

complex. P-TEFb is recruited to the poised polymerase on the HIV LTR by an interaction 

with the HIV nascent transcript TAR, where it phosphorylates DSIF (P) as well as NELF 

and the polymerase (not shown). Also not shown is the SEC which can accompany and 

potentially help recruit P-TEFb.
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Figure 5. The super elongation complex, SEC
In the absence of sequence-specific recruitment factors such as HIV-1 Tat and the MLL 

fusions, the SEC complex, which is assembled around the scaffolding protein AFF4, is 

recruited to the elongating Pol II through the interaction of the YEATS domain of either 

ENL or AF9 with the PAF1 subunit of PAFc. This allows the SEC to use its P-TEFb and 

ELL2 functional modules to exert a multitude of effects (e.g. direct stimulation of the Pol II 

catalytic rate by ELL2, phosphorylation of Ser2 on the Pol II CTD and DSIF by P-TEFb, 

and phosphorylation and release of NELF by P-TEFb) that result in the synergistic 

activation of Pol II elongation.
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Figure 6. Coupling of 3' end processing with transcription
Polyadenylation factors such as CstF, CPSF and symplekin are recruited to the Pol II 

elongation complex through the concerted actions of the phospho-Ser2 CTD and 

transcription elongation factors ELL2 and PAFc, which track along with Pol II during 

productive elongation. Once the cleavage/polyadenylation signals (AAUAAA followed by a 

G/U-rich sequence) emerge in the nascent mRNA, they are recognized by the processing 

machinery to result in efficient polyadenylation.
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