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Transcription elongation by RNA polymerase II (RNAP II)
involves the coordinated action of numerous regulatory
factors. Among these are chromatin-modifying enzymes,
which generate a stereotypic and conserved pattern of
histone modifications along transcribed genes. This pattern
implies a precise coordination between regulators of histone
modification and the RNAP II elongation complex. Here I
review the pathways and molecular events that regulate co-
transcriptional histone modifications. Insight into these
events will illuminate the assembly of functional RNAP II
elongation complexes and how the chromatin landscape
influences their composition and function.

Introduction

The discovery of the first histone-modifying enzymes
solidified the concept of histone posttranslational modifica-
tions as instrumental in the activation or repression of tran-
scription.1,2 Subsequent studies unveiled an unanticipated
variety of histone modifications. Remarkably, high-resolution
mapping of chromatin modifications on a genome-wide scale
has revealed that they are generally correlated, either posi-
tively or negatively, with gene activity, strongly arguing that
transcriptional regulation is the primary determinant of chro-
matin modification patterns.3

A subset of modifications is primarily associated with the cod-
ing regions of transcribed genes, suggesting their involvement in
RNAP II elongation. These include histone H3 methylated at
lysines 4, 36, and 79 (H3K4me, H3K36me, and H3K79me),
and histone H2B monoubiquitylated on lysine 120 (H2Bub1).4

Thus, the known genomic landscape of histone modifications
suggests a complex relationship with RNAP II transcription: in
some cases, histone modifications are a consequence, rather than
a cause, of transcriptional activity.

Such a conceptual shift has broadened the scope of gene regu-
latory functions thought to be influenced by histone modifica-
tions. In particular, co-transcriptional histone modifications have
been shown to have roles in directing nucleosome dynamics dur-
ing transcription, preventing improper transcription initiation

within coding regions, regulating RNA processing, and promot-
ing recruitment of DNA repair factors. The ways in which his-
tone modifications influence elongating RNAP II has been the
subject of a number of thorough reviews.3-7

The emerging roles of histone modifications during elonga-
tion raise the question of how patterns of modifications are gen-
erated in concert with the elongation process. Here I review our
current knowledge of the molecular links between chromatin-
modifying enzymes and the RNAP II elongation complex,
highlighting recent advances and outstanding questions.

Landscape of Histone Modifications Within
Transcribed Genes

RNAP II elongation is associated with a program of histone
modification that is remarkably consistent across genes and spe-
cies. Signature features of this program are a 50 peak of trimethyl
H3K4 and a 30 peak of trimethyl H3K36. H2Bub1, H3K79me,
and dimethyl forms of both H3K4 and H3K36 are all found
broadly distributed across coding regions. In addition, acetylated
forms of histones are generally high near gene 5’ ends and low
within coding regions.

There is significant regulatory crosstalk between different co-
transcriptional histone modifications. For example, formation of
H3K79me, and in certain cases H3K4me, requires H2Bub1.
The mechanisms underlying these relationships are not fully
understood but likely involve direct contact between the ubiqui-
tin and histone methyltransferases, as well as effects on methyl-
transferase complex recruitment and stability.8 In mammalian
cells, these methylation events may also require the monoubiqui-
tylation of H2B at K34, whose roles in elongation have yet to be
defined.9

There is also crosstalk between histone methylation (at H3K4
and H3K36) and histone acetylation in gene coding regions,
involving methyl-lysine recognition by multiple histone acetyl-
transferase (HAT) and histone deacetylase (HDAC) complexes.
Indeed, H3K4me and H3K36me broadly influence the interac-
tions of regulatory factors with chromatin.10

Points of Contact on the RNAP II Elongation
Complex: A Tale of 2 CTDs

Association of regulatory partners with the RNAP II elon-
gation complex generally depends upon Rpb1, the RNAP II
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large subunit, and Spt5. Both proteins are universally con-
served components of the transcriptional machinery. However,
eukaryotic variants contain highly unusual C-terminal
domains (CTDs) comprising multiple repeats of a short amino
acid motif; these CTDs constitute the binding platform on
which the RNAP II elongation complex is built.11,12 The
canonical Rpb1 CTD motif is Y1S2P3T4S5P6S7 and is nearly
invariant across species, although CTDs are typically com-
posed of a combination of canonical and non-canonical
repeats. The composition and length of the Spt5 CTD repeat
is more variable, both within individual CTD domains and
between species. The consensus repeated motif in human Spt5
is GS(R/Q)TP(M/L)Y.13,14 The fission yeast S. pombe Spt5
contains a related but distinct motif of consensus
GSKTPAWNS, whereas the consensus repeat in budding yeast
Spt5 is highly divergent (SAWGGQ).15-17

The Rpb1 CTD
All of the phosphorylatable residues within the repeated

motif are phosphorylated at various stages of the transcription
cycle.18 Most phospho-specific interactions with the Rpb1
CTD studied to date, including those related to histone mod-
ifications, involve the S2 and S5 positions. Phosphorylation
of these sites within heptad repeat motif (S5-P and S2-P) has
been studied extensively using phospho-specific antibodies
suitable for chromatin immunoprecipitation (ChIP) experi-
ments.18 S5-P and S2-P show highly conserved distribution
patterns within gene coding regions: S5-P is preferentially
enriched proximal to promoters, whereas S2-P peaks toward
gene 3’ ends. Numerous biochemical and structural studies of
phospho-CTD interaction domains recognizing S2-P and
S5-P have reinforced the notion that S5-P acts early in elon-
gation, whereas S2-P acts later. For example, mRNA capping
enzymes, which act on nascent mRNA 50 ends, are directly
engaged and allosterically activated by S5-P. On the other
hand, factors involved in mRNA 30 end cleavage and polya-
denylation directly bind to S2-P.12,19

Few direct interactions involving phosphorylation of Y1, T4,
or S7 have been characterized, although S7-P plays an important
role in snRNA biogenesis through interaction with the Integrator
complex.20 The roles of these sites in directing chromatin modifi-
cations have not yet been defined.

The Spt5 CTD
Like the Rpb1 CTD, this domain participates in diverse

co-transcriptional events, and genetic studies in yeast have
revealed significant functional overlap between the Spt5
CTD and that of Rpb1.15,21-23 The Spt5 CTD is typically
phosphorylated on threonine of the repeat sequence (the vari-
ant Spt5 CTD in budding yeast is phosphorylated on
serine).14-17 Interestingly, capping enzyme interactions with
the Spt5 CTD are abolished by phosphorylation, whereas
binding of the histone modification co-factor Rtf1 is
enhanced.13,21,24,25 As such, phosphorylation of the Spt5
CTD is beginning to emerge as an important part of the
transition from early to late elongation.

Phosphorylation of the Rpb1 and Spt5 CTDs by
Transcription-Associated CDKs

The regulatory pathways coupling histone-modifying enzymes
to the RNAP II elongation complex begin with transcription-
associated cyclin-dependent kinases (CDKs) that primarily target
the Rpb1 and Spt5 CTDs. These include the TFIIH component
Cdk7, the positive transcription elongation factor b (P-TEFb)
component Cdk9, and Cdk12/13. Current evidence suggests a
complex collaboration between these protein kinases in generat-
ing the pattern of Rpb1 CTD phosphorylation along genes, as
both in vitro and in vivo experiments indicate that they each
phosphorylate multiple Rpb1 CTD sites.18 In contrast, the con-
served, phosphorylated threonine of the Spt5 CTD is a unique
target of Cdk9 in vivo.14,26,27

Cdk7 acts at early stages of transcription elongation. Specific
inhibition of Cdk7 in yeast (using “analog-sensitive” alleles that
are susceptible to inhibition by bulky ATP analogs) impairs
mRNA capping and reduces levels of S5-P near the 5’ ends of
genes.28–30 Similar experiments in mammalian cell lines show
that Cdk7 activity is necessary for stable association of RNAP II
and Spt5 at promoter-proximal pause sites, consistent with a
defect in early elongation.31,32

Cdk9 activity is important for formation of stable elongating
forms of RNAP II. Cdk9 was originally identified as part of
P-TEFb, whose activity relieves promoter-proximal pausing of
RNAP II in metazoans.33,34 Pausing is imposed by the unphos-
phorylated form of Spt5 (as part of the DRB sensitivity inducing
factor or DSIF complex) and a negative elongation factor
(NELF) complex. Cdk9-dependent phosphorylation of the Rpb1
CTD, the Spt5 CTD, and a subunit of NELF releases RNAP II
from the pause.33,34 Phosphorylation of these sites by Cdk9 has
positive roles in elongation beyond pause relief per se, since it is
also a prominent feature of elongation in yeast where pausing is
not generally observed.16,17,26,35

Cdk9 activity has been linked to S2-P on the Rpb1 CTD
based on the sensitivity of this modification to DRB and flavopir-
idol, protein kinase inhibitors with specificity for Cdk9.36,37

However, Cdk9-related kinases Cdk12 and Cdk13 are also sensi-
tive to DRB and flavopiridol and likely contribute to S2-P levels
in vivo.38 The orthologs of Cdk12 in Drosophila, in C. elegans,
and in yeast (Ctk1 in S. cerevisiae; Lsk1 in S. pombe) are major
Rpb1 S2 kinases in these organisms, and S2-P and Ctk1 share
important functions in mRNA 3’-end processing.39-43

Co-Transcriptional Histone H2B Ubiquitylation

Given that H2Bub1 helps to orchestrate the co-transcriptional
histone modification pattern in transcribed genes, the mecha-
nisms regulating H2Bub1 dynamics during transcription are a
key part of the co-transcriptional chromatin modification pro-
gram (see Fig. 1). H2Bub1 is catalyzed by a complex composed
of the E2 ubiquitin conjugating enzyme Rad6 and E3 ubiquitin
ligase enzymes related to budding yeast Bre1 (RNF20 and
RNF40 in humans).6 The complex also contains a non-catalytic
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subunit that is not conserved between differ-
ent eukaryotes but is nonetheless essential
for H2Bub1 formation. In the human com-
plex, this subunit, termed WAC, is impli-
cated in interaction of the complex with
elongating RNAP II.44 The WAC WW
domain interacts with RNAP II in vivo, and
depletion of WAC impairs the interaction
of RNF20/40 with RNAP II, consistent
with a role for WAC in directly coupling
RNF20/40 to elongating RNAP II. Purified
WAC interacts with the phosphorylated
Rpb1 CTD with some preference for the
S2-P form.44 An S2A mutant form of
RNAP II (in which serine 2 of each Rpb1
CTD repeat is replaced with alanine) is
unable to support full levels of H2Bub1 in
human cells, consistent with the involve-
ment of S2-P in recruitment of the RNF20/
RNF40/WAC complex.45

H2Bub1 requires the activity of P-TEFb/
Cdk9, which may directly participate in
RNF20/RNF40/WAC recruitment through
Rpb1 CTD phosphorylation.45 Cdk9 also promotes H2Bub1
through recruitment of the Polymerase Associated Factor (PAF)
complex.46,47 PAF is a necessary cofactor for H2Bub1, and also
plays important roles in RNAP II elongation and mRNA 3’ end
processing.48 Cdk9 activity drives the recruitment of PAF in part
through the phosphorylation of the Spt5 CTD.16,17,24,25,49 The
Rtf1 subunit of PAF directly binds to Spt5-P through its con-
served Plus 3 domain.13,24,25,49 Structural studies of the Plus 3
domain from human Rtf1 have revealed the molecular basis for
this interaction. The Plus 3 domain adopts a fold similar to the
Tudor domain, which typically recognizes methyl-arginine and
methyl-lysine.13 However, critical aromatic residues required for
methyl group recognition are not conserved in Plus 3. A co-crys-
tal structure of the Plus 3-Spt5-P complex (containing a phos-
phopeptide derived from the CTD of human SPT5) revealed an
extended interface containing 2 distinct interaction surfaces
bridging the Plus3 domain and Spt5-P. Phosphothreonine recog-
nition involves hydrogen-bonding interactions between con-
served arginine side chains on Plus 3 and the phosphate oxygens.
The hydrophobic Spt5 CTD residues C-terminal to the phos-
phosite (a conserved feature of the Spt5 CTD repeat) are accom-
modated by a hydrophobic surface on the Plus 3 domain.
Importantly, mutagenesis studies showed that both parts of the
interaction surface are necessary for stable complex formation in
vitro.13

Introduction of Plus 3 domain mutations that abrogate the
Spt5 interaction into budding yeast results in loss of the entire
complex from transcribed genes, confirming the biological
importance of this interface.13 However, PAF makes additional
contacts with the RNAP II elongation machinery. In fact, both
the Ctr9 and Cdc73 subunits of budding yeast PAF have
domains that interact with the Rpb1 and Spt5 phospho-CTDs in
vitro.49,50 How these domains recognize phospho-CTD is still

unclear. Notably, the Cdc73 phospho-CTD interaction domain
(PCID) is a highly conserved domain with structural similarity
to nucleotide binding domains in Ras family GTPases.51

The existence of multiple mechanisms for PAF complex
recruitment to elongating RNAP II may reflect the divergent
functions of PAF components in elongation. Many of the bio-
chemical activities of PAF, including stimulation of RNAP II
elongation on DNA and chromatin templates, are independent
of Rtf1.52–54 In vivo, functional assays demonstrate that Rtf1 is
more closely aligned with histone H2B ubiquitylation enzymes
than with other PAF components.55,56 Underscoring these differ-
ences is the fact that Rtf1 protein isolated from fission yeast or
metazoan cells does not co-purify with the other PAF subu-
nits.24,57–59 Thus, the recognition of different phosphosites by
Rtf1 or PAF may indicate functionally distinct Cdk9 “pathways”
that are differentially utilized during elongation.

The molecular basis for the requirement of PAF/Rtf1 for
H2Bub1 remains an open question. A direct interaction between
purified human PAF complex and RNF20/40, mediated by the
Paf1 subunit, has been reported, but this has not been confirmed
in other studies.44,60,61 Human Cdc73 has also been reported to
interact with RNF20.62 Remarkably, the N-terminal domain of
Rtf1, when overexpressed in yeast, can direct H2Bub1 formation
independently of the entire PAF complex.56 The mechanism is
not known, but this phenomenon underscores the importance of
Rtf1 for the co-transcriptional histone modification program.

Adding to the complexity of Cdk9-dependent mechanisms
involved in H2Bub1 formation is the fact that Rad6, the cognate
E2 enzyme for H2Bub1, is itself phosphorylated by Cdk9.47,63,64

Rad6 phosphorylation occurs at a conserved serine in proximity
to the active site and directly stimulates ubiquitin conjugating
activity.47 The relative importance of Cdk9 activity toward Spt5
or Rad6 for H2Bub1 is currently unclear.

Figure 1. Engagement of the phosphorylated Rpb1 and Spt5 CTD domains by H2Bub1 regulators.
Dashed arrows indicate unknown interactions between PAF/Rtf1 and the RNF20/40 complex. See
text for details.
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Histone Methyltransferases Directly Associate with
the Rpb1 CTD

H3K4 methylation by Set1
Set1 enzymes are the catalytic subunits of H3K4 methyltrans-

ferase complexes termed Set1C or COMPASS.8 COMPASS-
type methyltransferase complexes carry out all H3K4 methyla-
tion in yeast. A variety of additional H3K4 methyltransferases
have been described in metazoa, including the mixed lineage leu-
kemia (MLL1) protein and its homologs. MLL and COMPASS
complexes have a number of shared subunits, suggesting that
they have partially overlapping functions.

Consistent with the presence of H3K4me near the 5’ ends of
genes, Set1C/COMPASS has been shown to interact specifically
with the S5-P form of the Rpb1 CTD (Fig. 2). The S5-P form of
Rpb1 is associated with Set1C purified from yeast or mammalian
cells.65,66 In vitro studies implicate the Wdr82 subunit of the
human Set1C in binding directly to the S5-P CTD.66 This inter-
action is stimulated by the N-terminal RRM domain of Set1,
which is required for Wdr82 interaction with Set1C/COMPASS
and, in turn, for association of Set1C with RNAP II in vivo.

The MLL1 complex, which also associates with the S5-P form
of RNAP II, does not contain Wdr82 or an RRM domain, sug-
gesting an alternate mode of RNAP II interaction.67 Indeed,
PAF1 interacts directly with MLL1, and the PAF complex partic-
ipates in Hox gene activation by MLL1 fusion proteins.68,69

Direct interaction with PAF is also important for association of
COMPASS with the elongation complex, although the nature of
this interaction has yet to be defined.65

H3K36 methylation by Set2
H3K36 is methylated within the coding regions of transcribed

genes by Set2 family enzymes. In yeast, Set2 is the sole methyl-
transferase for H3K36 and generates mono-, di-, and trimethyla-
tion at this site. This contrasts with the situation in metazoans, in
which Set2 homologues (SETD2/HYPB in human) are primarily
trimethylases and mono- and di-methyl forms are catalyzed by a

variety of other methyltransferases (including nuclear receptor
interacting proteins NSD1, 2, and 3).7

Set2 co-purifies with RNAP II and binds directly to the
RNAP II CTD through its C-terminal SRI (Set2-Rpb1 interac-
tion) domain70-73 (Fig. 3). The SRI domains of the yeast and
human proteins bind weakly to singly phosphorylated S2-P and
S5-P CTD repeats, but have a much higher affinity for CTD
repeats that are simultaneously phosphorylated on both serines 2
and 5. Longer arrays of doubly phosphorylated repeats result in
tighter binding, arguing that Set2 SRI recognizes hyperphos-
phorylated forms of the Rpb1 CTD.74

Structural studies have shown that the SRI domain, present in
Set2 enzymes and in the DNA repair protein RECQ5, is unique
among characterized PCID’s.74-76 Solution structures of this
domain from budding yeast Set2 and the human ortholog HYPB
reveal a compact, 3-helix bundle. Phospho-CTD recognition, as
inferred from NMR titration and mutagenesis experiments, pri-
marily involves a portion of helix 2 that includes both positively
charged and hydrophobic side chains. Although the specific con-
tacts between modified CTD residues and this region are not
known, the positive charges are presumed to directly engage the
phosphate groups. The hydrophobic residues likely contact tyro-
sine 1 of the CTD repeat, a property shared by a number of other
PCIDs.76

How Set2 is recruited to elongating RNAP II in vivo is still
unclear. In budding yeast, deletion of CTK1, encoding the major
Rpb1-Ser2 kinase, eliminates H3K36me, consistent with the
importance of S2-P for binding of the SRI domain in vitro.70,71

Cdk7 and Cdk9 also promote H3K36me3, suggesting that sev-
eral kinases may cooperate to generate the dually phosphorylated
forms of the Rpb1 CTD recognized by the Set2 SRI domain in
vitro.26,31,77,78 However, several lines of evidence point to a more
complex regulation of Set2 recruitment. Although deletion of the
C-terminal SRI domain in budding yeast Set2 eliminates all
forms of H3K36me in vivo, a larger deletion that also removes
the adjacent WW and cysteine-rich domains actually leads to a
partial restoration of Set2 function.79 This Set2 N-terminal frag-

ment is targeted to gene coding regions and
mediates H3K36me2 independently of
Ctk1, although H3K36me3 remains absent.
This suggests that the SRI domain may also
be needed to counteract a negative regula-
tory role of the WW and cysteine-rich
domains. As WW domains typically bind to
phosphoserine or phosphothreonine resi-
dues,80 negative regulation of Set2 may
involve direct recognition of a phosphopro-
tein. A clue to the nature of this negative
regulation comes from recent studies in
budding yeast indicating that the WW and/
or cysteine-rich domains promote the deg-
radation of Set2 when it is not bound to the
phosphorylated Rpb1-CTD.81,82 Regula-
tion of Set2 stability is also proposed to link
the PAF complex and the elongation factor
Spt6 to H3K36me3, since loss of either of

Figure 2. Engagement of the phosphorylated Rpb1 CTD and H2Bub1 by the Set1/COMPASS
complex.
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these factors reduces levels of S2-P, Set2,
and H3K36me3.70,79,81,83,84 This mecha-
nism represents an attractive strategy for
tightly coupling a histone-modifying activ-
ity to RNAP II, but how generally it is
implemented remains an open question.
For example, the mammalian and fission
yeast Spt6/Iws1 complexes promote
H3K36me3 without affecting Set2 stability,
and PAF does not seem to have a major role
in formation of H3K36me3 outside of bud-
ding yeast.24,57,85,86

Levels of H3K36me in gene coding
regions in metazoans are related to mRNA
splicing. In mammalian cells, H3K36me is
more abundant at intron-containing genes
than at intronless genes, suggesting that
mRNA splicing is mechanistically linked to
H3K36me deposition during transcrip-
tion.87 Strikingly, small-molecule inhibitors
of splicing reduce H3K36me3 levels both
globally and at individual genes, and pat-
terns of alternative splicing are correlated
with altered patterns of H3K36me3 and
HYPB recruitment. Deciphering the molecular basis for this phe-
nomenon is an important goal for future studies.

Targeting Histone H3 Lysine 79 Methylation

Connections between the conserved H3K79 methyltransferase
Dot1 and the RNAP II elongation complex remain enigmatic. In
metazoans, Dot1 associates with transcription factors AF9,
AF10, AF17, and ENL, frequent fusion partners with MLL in
mixed-lineage leukemia.88 Interaction of these factors with
human DOT1L is of medical interest because it is necessary for
the leukemogenic activities of the fusion proteins, and DOT1L is
under investigation as a therapeutic target in these cancers.89 Bio-
chemical analyses suggest that DOT1L forms multiple distinct
complexes with these factors that contain either AF9 or
ENL.90,91 AF9 and ENL can be isolated as components of the
Super Elongation Complex (SEC), which also contains P-TEFb
and other elongation factors.88 Both proteins contribute to tran-
scription activation by the SEC.91,92 However, interaction of
AF9/ENL with the SEC is mutually exclusive with that of
DOT1L, and DOT1L has been suggested to negatively regulate
SEC activity and elongation.90,91,93 Further study is needed to
uncover how DOT1L complexes are recruited to elongating
RNAP II and their functions in elongation.

HAT and HDAC Complexes in Transcription
Elongation

Histone acetylation (at multiple sites on histones H3 and H4)
is strongly associated with transcriptional activity in promoters

and gene coding regions and likely facilitates nucleosome remod-
eling and removal during transcription. Concordantly, HAT
complexes promote elongation and localize to coding regions of
highly transcribed genes,94-98 but the nature of their interactions
with the RNAP II elongation machinery has not been defined.

Although histone acetylation generally correlates with tran-
scription its levels are low in coding regions relative to promoters.
This difference likely reflects mechanisms to maintain chromatin
structure in the wake of transcribing RNAP II and to prevent
transcription of non-coding RNAs from within gene coding
regions.4 Multiple HDAC complexes have been shown to act
within gene bodies.98-105 The specific contacts between HDACs
and the RNAP II elongation complex are mostly unknown.
However, a direct interaction has been reported between the
Rpd3S HDAC complex and Rpb1 CTD repeat peptides phos-
phorylated on serines 2 and 5.106 Recognition of these phospho-
sites fits nicely with the close functional relationship between this
complex and Set2, which also binds to multiply phosphorylated
CTD repeats. There is also in vivo evidence that proper engage-
ment of Rpd3S with coding regions requires Cdk9-dependent
Spt5 phosphorylation, although whether this involves a direct
interaction is unknown.107

Feedback Regulation of the RNAP II Elongation
Complex by Histone Modifications

A variety of functions has been ascribed to co-transcriptional
histone modifications. Interestingly, there is evidence that these
functions could involve feedback regulation of the mechanisms
that direct their formation. Initial support for this came from
studies in budding yeast, which found that loss of function

Figure 3. Engagement of the phosphorylated Rpb1 CTD by Set2/HYPB. CTD recognition is medi-
ated by the SRI domain, whereas Set2 protein lacking this domain is targeted for destruction.
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mutations in SET2 and genes encoding components of the
Rpd3S HDAC complex bypassed the essential function of Bur1
(the S. cerevisiae ortholog of Cdk9).77,101 Because Bur1 activity is
required both for H3K36 methylation by Set2 and for Rpd3S
activity, these findings suggested negative feedback regulation of
Bur1 by Set2/Rpd3S. Although the molecular basis for these
genetic interactions is not yet understood, they suggest that
Bur1-dependent H3K36me and Rpd3S action in coding regions
serves to counter the positive influence of Bur1 activity on
elongation.

Another study in budding yeast demonstrated a negative effect
of H2Bub1 on the activity of Ctk1. This was attributed to
H2Bub1-mediated inhibition of an interaction between the Ctk1
complex and histone H2A/H2B dimers. Removal of H2Bub1 by
the deubiquitylating enzyme Ubp8 was shown to promote Ctk1
activity and S2-P at select genes.108

In S. pombe, an analogous, albeit more complex, interaction
was described between Cdk9 and H2Bub1. H2Bub1 and Cdk9-
dependent Spt5-P were found to regulate one another through
positive feedback. However, genetic interactions actually sug-
gested a negative feedback relationship between H2Bub1 and
Cdk9 that presumably involves another Cdk9 target in addition
to Spt5.26 Whereas the positive feedback involves Rtf1, the nega-
tive feedback relationship involves the PAF complex, suggesting
that H2Bub1 participates in multiple aspects of Cdk9 regula-
tion.24 Feedback regulation of Cdk9 by H2Bub1 may be a con-
served feature of RNAP II elongation, since a) loss of Rtf1 also
bypasses Bur1 mutations in S. cerevisiae,101 and b) positive feed-
back between Cdk9 and RNF20 has been observed in mamma-
lian cells.109

Perspectives

The basic outline of pathways connecting histone modifica-
tion to elongating RNAP II has come into view, but a detailed

understanding of the underlying interactions is lacking. The his-
tone-modifying enzymes reviewed here are emerging therapeutic
targets in human disease, and thus the mechanisms that target
them to the RNAP II elongation complex are of key impor-
tance.89,110,111 Because of the apparent feedback relationships
between the modifying enzymes and the factors that recruit
them, further insight into the recruitment mechanisms is also
likely to enhance our understanding of the gene regulatory func-
tions of these conserved histone modifications.

The questions to be addressed moving forward reflect the fun-
damental gaps in our understanding of the RNAP II elongation
complex: How do combinations of CTD kinases generate bind-
ing sites for histone-modifying enzymes in vivo? What are the rel-
evant phospho-targets and what specific interactions do they
engage in? A thorough examination of these issues will involve
detailed in vitro and in vivo approaches to define the relevant
phosphorylation-dependent interactions and their downstream
consequences. There are now tools available in both yeast and
metazoan cells for mutational analysis of the chromosomally
encoded Rpb1 and Spt5 CTD domains, and for specific inhibi-
tion of CTD kinases in vivo.28,39,112-116 These will undoubtedly
play invaluable roles in future investigation of these important
issues.
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