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Abstract

Particular chromatin modifications are associated with different states of gene transcription, yet 

determining which modifications are causal ‘drivers’ in promoting transcription is incompletely 

understood. Here, we discuss new developments describing the ordered, mechanistic role of select 

histone marks occurring during distinct steps in the RNA Polymerase II (Pol II) transcription 

cycle. In particular, we highlight the interplay between histone marks in specifying the “next step” 

of transcription. While many studies have described correlative relationships between histone 

marks and their occupancy at distinct gene regions, we focus on studies that elucidate clear 

functional consequences of specific histone marks during different stages of transcription. These 

recent discoveries have refined our current mechanistic understanding of how histone marks 

promote Pol II transcriptional progression.
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Histone marks & gene transcription

The basic unit of chromatin is the nucleosome, which consists of a histone octamer (two 

copies each of H3, H4, H2A, and H2B) with 146 base pairs of DNA wrapped around the 

histones. The N-terminal histone “tails” are unstructured and protruded from the nucleosome 

[1], and are subject to extensive posttranslational modifications, or histone marks (reviewed 

in [2]), The potential functional role of histone marks was first postulated by Allfrey in 1964 

[3] and subsequently developed into the histone code hypothesis [4]. Histone marks occur as 

a balance between different groups of enzymes and have diverse functions, many of which 

are not yet completely understood. In metazoans, the genes encoding histone proteins occur 
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in clusters [5], making direct testing of particular histone modification sites in cells or in 
vivo extremely technically challenging. Therefore, most studies utilize cell-free systems 

and/or infer functions of histone modifications through modulating expression or activity of 

the enzymes that create, remove, or bind these histone marks. The enzymes that deposit 

histone marks, or “writers,” utilize cofactors that are often metabolites, including ATP, 

acetyl-CoA, or S-adenosylmethionine (SAM), to write the histone modifications of 

phosphorylation, acetylation, and methylation, respectively. Other enzymes called “erasers” 

remove histone modifications. Lastly, “readers” directly bind to modified histones, serving 

as effector proteins. Readers often do not act alone, but instead are part of larger, multi-

subunit protein complexes, that include additional enzymes, scaffolds, etc., to exert 

downstream functions [4].

Epigenetic reader proteins have particular domains that interact with modified histone 

residues (reviewed in [6]). Importantly, many reader proteins do not only have one reader 

domain, but also often have several different domains, suggesting these proteins may be able 

to recognize combinations of different histone marks at the same time. Therefore, the 

presence or absence of neighboring marks may impact the affinity of a reader domain 

binding to a particular residue. Lysine residues on histone proteins are particularly abundant 

[7], and are more abundant than the other modifiable residues. These residues are subject to 

many different modifications, the best studied of which are methylated and acetylated 

lysines. Histone marks on several lysine residues are deposited on particular areas of the 

genome and associated with distinct states of gene transcription (Figure 1), and these 

patterns are generally conserved from yeast to humans. Chromatin immunoprecipitation 

assays first followed by microarrays (ChIP-chip), and now sequencing (ChIP-seq) have 

yielded extensive information about a variety of histone modifications and localizations in 

the genome [8,9]. Promoters of transcriptionally active genes are associated with enriched 

trimethylation on histone H3 lysine 4 (H3K4me3)) and lysine acetylation on histone H3 and 

H4, while actively transcribing genes tend to have higher levels of H3K36me3 and 

H3K79me3 in the gene body. Active cis-regulatory enhancer elements are defined by both 

H3K27ac and high levels of H3K4me1 relative to H3K4me3. Repressed genes have a much 

higher density of nucleosomes, and can be marked by H3K9 methylation, H3K27me3, and 

H4K20me3. While the correlation of these modifications with different genomic regions and 

states of gene expression has been widely described, whether and how they are functional in 

transcription (i.e. if they are causal or not) is still debated.

Functions of histone marks in the RNA Pol II transcription cycle

Transcription of mRNA is catalyzed by Pol II, and supported by many additional general 

transcription factors (GTFs), which proceeds in a series of ordered steps known as the 

transcription cycle [10,11] (Figure 2). While it is estimated that the GTFs and the Mediator 

complex are composed of about 60 proteins in yeast [12], many more additional factors help 

regulate transcription [11]. Gene transcriptional programs are driven by transcription factors, 

which bind directly to specific DNA elements and recruit coregulators to activate or repress 

transcription. Additional proteins, non-coding RNAs, and cis-regulatory elements are critical 

for transcriptional regulation and can interact with the GTFs and Pol II, locally at the 

promoter or genic regions, or at distal regulatory elements such as enhancers. These proteins 
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include coregulators that can function as scaffolds for the assembly of large protein 

complexes, enzymatic chromatin modifiers, and/or ATP-dependent remodelers [13]. In 

addition, long non-coding RNAs and enhancer-derived RNAs (eRNA) also can serve critical 

regulatory functions [14,15]. The chromatin environment is crucial during the process of 

transcription, serving a plethora of functions, including repressing spurious transcription, 

facilitating long-range enhancer-promoter interactions, and recruiting regulatory reader 

protein complexes. Here, we review the role of histone lysine residues associated with gene 

expression and how select modifications can serve to functionally “drive” different steps of 

the transcription cycle. The roles of chromatin in co-transcriptional processes such as 

splicing are comprehensively reviewed elsewhere [16,17].

Formation of the PIC & Transcription Initiation

Recruitment of GTFs and Pol II to promoters and formation of the pre-initiation complex 

(PIC) is required prior to the first step of transcription initiation, which occurs with opening 

of the DNA template and incorporation of the first nucleotide to start the mRNA chain. 

Recruitment of the Pol II GTFs is thought to occur in a stepwise, ordered fashion, and has 

been extensively reviewed [10]. It is estimated that many genes are regulated at the step of 

transcription initiation through the rate of recruitment of Pol II, which is driven by 

transcription factor binding to regulatory elements [18]. Additionally, histone modifications 

now are used to define transcriptionally active promoters and the best characterized of these 

modifications is H3K4me3.

Genome-wide studies in a variety of eukaryotic organisms demonstrate that H3K4me3 is 

enriched near the transcriptional start sites (TSSs) on many gene promoters and is positively 

associated with gene transcript levels [19]. H3K4me3 is written by a variety of 

methyltransferases, including the mixed lineage leukemia (MLL) and SET domain 

containing 1A & B (SETD1A/B) complexes (reviewed in [20,21]). The presence of 

H3K4me3 at promoters stimulates activator-dependent transcription in cell free assays, 

demonstrating a causal function [22–24]. H3K4me3 stimulates transcription by recruiting a 

variety of reader proteins, including TFIID, a key complex of GTFs that includes the TATA-

binding protein (TBP) and TBP associated factors (TAFs), and is essential for promoter 

recognition and PIC formation. This recognition occurs through the direct binding activity of 

the TBP-associated factor 3 (TAF3) [23,25]. Mutating the plant homeodomain (PHD) 

domain in TAF3 reduces binding to H3K4me3 in vitro and significantly reduces TAF3 

localization to promoter regions. Furthermore, this mutation also reduced in vitro 
transcription [23] and decreased the activity of a Gal4-ASH2L (a core component of the 

MLL H3K4 methyltransferase complexes)-dependent reporter construct [25]. The Roeder 

lab further directly examined the impact of H3K4me3 on PIC formation by performing in 
vitro ChIP on chromatin-assembled templates. They found that templates bearing H3K4me3 

displayed increased occupancy of TFIID and Pol II specifically at the promoter and 

concluded that H3K4me3 is important for formation and/or stabilization of the PIC [23]. 

Together, these data suggest that H3K4me3 is integral for PIC assembly and Pol II 

transcription initiation.
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Despite this evidence that H3K4me3 is important for promoting transcription initiation 

through the recruitment of TFIID, not all cellular genes show dependency on H3K4me3. For 

example, the loss of H3K4me3 in embryonic stem cells at CpG island-containing promoters 

did not affect steady state transcription, but the ectopic expression of H3K4me3 at new loci 

did increase transcriptional output [26]. Additionally, knockdown of core subunits of 

mammalian H3K4 methyltransferase complexes reduces global levels of H3K4 methylation 

[27–29], but this loss does not affect the steady state expression of every gene. An 

interesting example of when H3K4me3 does not correlate with transcription is at “bivalent 

genes”. In embryonic stem cells, both H3K4me3 and H3K27me3 occur at the same gene, 

which poises the gene for transcription activation once the repressive H3K27me3 mark is 

removed in response to differentiation cues [30,31]. Furthermore, TFIID has multiple modes 

of recruitment to core promoter elements, such as the TATA box and Initiator, that have been 

extensively characterized (reviewed in [10]), which may be more important in certain 

chromatin contexts or may serve to compensate for the loss of H3K4me3. Additionally, not 

all genes are subject to regulation at the level of transcription initiation, as different steps of 

the transcription cycle can also be rate-limiting and therefore may not impact steady state 

levels of transcription.

Promoter Clearance & Pol II Pause Release

The transition between transcription initiation and elongation is also a critical regulatory step 

for the expression of many genes. Studies measuring nascent transcription and Pol II 

occupancy demonstrate that Pol II is paused in the 5′ region of many genes [32–34], and 

this pausing is now estimated to impact between 30 – 70% of metazoan genes (reviewed in 

[35–37]). After initiation, Pol II must translocate from the core promoter region (promoter 

clearance), which is characterized by further unwinding of the DNA template and 

stabilization of the transcription bubble upon formation of at least a 6 bp DNA-RNA duplex 

[12,38,39]. After promoter clearance, Pol II often pauses in the promoter proximal region 

prior to productive RNA chain extension (elongation). At this point, Pol II will be released 

once it receives a signal, most often consisting of phosphorylation by positive transcription 

elongation factor b (P-TEFb). P-TEFb is a complex of cyclin T1 or T2 and cyclin-dependent 

kinase 9 (CDK9), which phosphorylates serine 2 of the Pol II C-terminal domain (CTD) 

[40–43]. This phosphorylation event is associated with release of Pol II from a paused state 

(see below), along with the phosphorylation of negative elongation factors (reviewed in 

[44]). For examples on the coordination between Pol II CTD phosphorylations and the 

histone code, see Box 1.

Histone lysine acetylation is associated with productive transcription, and several readers of 

lysine acetylation are positively associated with Pol II pause release in metazoans. 

Bromodomain protein 4 (BRD4) is a scaffold protein containing two bromodomains, which 

recognize multiple acetylated residues in close proximity on histones [45]. Importantly, 

BRD4 can interact with P-TEFb to facilitate Pol II pause release from promoter proximal 

regions [46,47]. Interestingly, H3K9ac is highly associated with H3K4me3 at active gene 

promoters, and is selectively promoted on H3K4me3-containing nucleosomes through the 

reading and writing actions of GCN5/PCAF-containing histone acetyltransferase (HAT) 

complexes [24,48] (for additional examples of interplay between histone marks, see Box 2). 
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Since H3K4me3 recruits components of the PIC, this interplay raises the question: what is 

the role of H3K9ac in downstream transcriptional processes? Our recent studies demonstrate 

a function for this particular histone mark, H3K9ac, in Pol II pause release of a subset of 

genes in HeLa cells [49]. This action is not through BRD4, but instead through the reading 

capabilities of the YEATS domain-containing proteins ALL1-fused gene from chromosome 

9 protein (AF9), and to a lesser extent, eleven-nineteen leukemia (ENL), to H3K9ac. In this 

case, AF9 and/or ENL again recruit P-TEFb to acetylated histone residues, but as subunits of 

the entire super elongation complex (SEC), which functions to release Pol II from a paused 

state [50]. Notably, we demonstrate that mutating H3K9 to arginine reduces transcription 

after Pol II pause release in a cell-free system, and loss of H3K9ac leads to an increase in 

Pol II pausing on select genes in HeLa cells. These data suggest that H3K9ac can mediate 

Pol II pause release through recruitment of the entire SEC.

In addition to histone lysine acetylation, it is becoming more appreciated that additional acyl 

short chain modifications are common histone modifications [7] and may also play critical 

roles in transcription (reviewed in [51]). The Allis and Shi laboratories recently 

demonstrated that lysine crotonylation is associated with lipopolysaccharide stimulation of 

Pol II transcription in macrophages [52,53]. Furthermore, p300-dependent crotonylation on 

H3K18 (H3K18cr) stimulates cell-free transcription, thereby directly demonstrating a causal 

role. In cells, the level of H3K18cr is sensitive to changes in the cellular crotonyl-CoA pool 

[52], thus suggesting that different acyl modifications may arise from global cellular changes 

in metabolites and directly impact transcription. Recently, YEATS domains were 

characterized as readers of crotonylated histone lysine residues, in addition to acetylated 

residues. The S. cerevisiae YEATS domain-containing protein Taf14 [54] and the 

mammalian AF9 and ENL proteins [53] all bind to crotonylated histone lysines. Structural 

studies suggest that while bromodomains tend to have a shallower binding grove, the 

YEATS domains can accommodate the additional side-chain length of crotonylation [53], 

suggesting that the recognition of longer acyl chains on lysines may be selective to YEATS 

domains. It would therefore be interesting to see if crotonylation or other acyl modifications 

have any role in recruitment of the SEC and Pol II pause release.

Transcription Elongation

Once Pol II escapes promoter proximal pausing, it undergoes the process of productive 

elongation. During transcription elongation, Pol II must transcribe the entire length of the 

gene and contend with nucleosomes in its path and the surrounding chromatin environment. 

Importantly, there have been many complexes identified that assist Pol II during 

transcription elongation, including (but not limited to) P-TEFb-containing complexes as 

mentioned above, the Pol II associated factor 1 (Paf1) complex, TFIIF, facilitator of 

chromatin transcription (FACT), elongin complexes, and disruptor of telomeric silencing-

like (DOT1L)-containing complexes [55–59].

Several lysine methylation events are associated with transcription elongation. H3K36me3 is 

associated with active transcription and localizes to gene bodies [33,60] and is deposited by 

Set2 in yeast [61] and SETD2 in humans [62]. Set2 travels with Pol II during transcription 

and deposits H3K36me3 in a co-transcriptional manner [63,64]. Surprisingly, H3K36me3 is 
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repressive towards transcription, as localization of H3K36me3 to a gene promoter via Set2 

tethering decreases transcription [61]. The appearance of H3K36me3 in gene bodies recruits 

an H3K36me3 reader, which differs between species. For example, in budding yeast the 

histone deacetylase (HDAC) complex Rpd3S reads H3K36me3 through a PWWP domain in 

its Eaf3 subunit. H3K36me3 and this subsequent recruitment event in yeast prevents 

spurious transcription initiation in intragenic regions, including a subset of intragenic 

antisense transcripts, as Rpd3S is necessary for removing transcription-coupled histone 

acetylation and restoring nucleosome positioning after transcription elongation [65,66]. 

Interestingly, a similar mechanism for repressing noncoding RNA transcription initiating 

from cryptic promoters closer to the 5′ end of yeast genes occurs through the binding 

another HDAC complex (Set3C) to dimethylated H3 lysine 4 (H3K4me2) via its PHD 

domain [67].

In contrast, mammalian cells have distinct mechanisms to repress spurious transcription 

through H3K36me3. The Impey lab demonstrated that a histone H3K4me3 demethylase, 

KDM5B, co-localizes with H3K36me3 in embryonic stem cells. This co-localization is 

dependent on the protein MRG15, which is the orthologue of the yeast Eaf3 (the H3K36me3 

reader of the Rpd3S complex). Loss of KDM5B localization results in increased intragenic 

H3K4me3 and increased spurious transcription on a subset of genes in embryonic stem cells 

[68]. In addition, the de novo DNA methyltransferases DNMT3a and DNMT3b are reported 

to be readers of H3K36me3. While DNA methylation in promoter regions is associated with 

transcription repression, gene body DNA methylation is associated with active transcription 

[69]. The Jeltsch lab first reported that DNMT3a selectively binds to H3K36me3 through its 

PWWP domain, and that H3K36me3 is necessary for maximal methylation activity of 

DNMT3a in cell-free assays [70]. Additionally, multiple groups have described that the 

genome-wide occupancy of DNMT3b in mammalian cells significantly overlaps with 

H3K36me3 in gene bodies [71–73]. Extensive work by the Oliviero laboratory demonstrated 

that DNMT3b co-localizes with H3K36me3, and knockdown of either DNMT3b or SETD2 

increases intragenic transcription through the creation of new TSSs [73]. Therefore, while 

H3K36me3 is associated with actively transcribing genes across multiple species, it serves to 

recruit reader complexes through multiple different mechanisms to prevent transcription 

arising from unwanted places throughout the gene body.

In addition to recruiting proteins critical for preventing spurious transcription as described 

above, H3K36me3 also impacts different aspects of transcription. Knockdown of SETD2 

and reduction of H3K36me3 decreases the occupancy of the FACT elongation complex on 

chromatin and FACT-mediated histone displacement during transcription [74]. However, it is 

unknown at this point whether or not FACT directly interacts with H3K36me3 or SETD2, or 

if this recruitment is bridged by another reader protein. Additionally, ZMYND11 was 

discovered to bind to K36me3 specifically on the replication-independent histone variant 

H3.3 [75,76], which regulates both pre-mRNA processing through intron retention [75] and 

transcription elongation [76].

Another histone modification associated with transcription elongation is methylation on 

H3K79. This mark was first demonstrated to be associated with active chromatin on select 

genes [77,78], and both H3K79me2 and H3K79me3 are associated with active transcription 

Gates et al. Page 6

Trends Biochem Sci. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on a global level [60,79,80]. H3K79 methylation is mainly localized to intragenic regions, 

but in a distinct pattern as compared to H3K36me3: H3K79me2 and H3K79me3 

occupancies peak earlier than H3K36me3, and are more enriched towards the 5′ end of 

genes compared to the 3′ end [60,81]. Methylation on H3K79 is catalyzed by DOT1 in 

yeast and DOT1L in mammals (reviewed in [82]). In different biochemical purifications, 

DOT1L is a constituent member of several elongation complexes, including the ENL-

associated proteins (EAP) [57], DotCom [59], and AF4-purified complexes [58]. DOT1L 

binds to the Pol II CTD, and is thought to travel with elongating Pol II and deposit 

methylation on H3K79 in a co-transcriptional manner [83]. While many studies describe the 

correlation between H3K79 methylation and transcription, many questions still remain. The 

mechanistic function of H3K79 methylation is unknown, and readers for H3K79 

methylation still need to be identified. The identification of H3K79 methylation readers 

would likely offer significant insights into direct functional roles of H3K79 methylation in 

Pol II-mediated transcription.

Transcription Termination

The process of transcription termination is highly regulated and carried out using multiple 

cellular mechanisms (recently reviewed in [84]). Many events occur during the process of 

termination, including: polyadenylation of the mRNA transcript after cleavage promoted by 

AAUAAA elements, slowing down and/or pausing of Pol II, release of the mRNA from Pol 

II for nuclear export and translation, and eviction of Pol II from the DNA template. The role 

of histone modifications during this process remains incompletely understood and only 

recently have particular modifications been found to associate with termination sites [85,86]. 

Even with the utilization of ChIP-seq studies, particular histone modifications enriched at 

the transcription termination site (TTS) have not been revealed to the extent at which they 

define active promoter regions and enhancer elements.

The Proudfoot lab has described one of the few histone marks associated with transcription 

termination. They discovered that H3K9me2 is deposited near the 3′ end of genes, 

specifically at genes that show termination-associated Pol II pausing [86]. The pausing of 

Pol II in the 3′ end of genes often is associated with Pol II CTD serine 2 phosphorylation 

and proper transcription termination [84]. H3K9me2 is typically associated with 

heterochromatin formation and can be generated for gene silencing on active genes [87,88]. 

Interestingly, the deposition of H3K9me2 near TTSs is dependent on R-loop formation and 

antisense transcription, in which double-stranded RNA is formed, recruiting RNA-induced 

silencing complex (RISC) components. In addition, the histone methyltransferase G9a is 

recruited, which deposits H3K9me2 at these sites and in turn recruits the reader protein 

heterochromatin protein 1 γ (HP1γ) [89]. Importantly, the activity of G9a is necessary for 

3′ Pol II pausing and effective termination [86], suggesting H3K9me2 may be a critical 

mark for transcription termination. It would be interesting to tease apart the mechanism by 

which HP1γ acts in transcription termination, and if it is similar or distinct from HP1-

dependent heterochromatin formation, resulting in transcription repression.

Another histone mark that is associated with transcription termination on DNA damage-

response genes is phosphorylation on H3T45. The presence of H3T45phos is necessary for 
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productive transcription termination after exposure to DNA damaging agents, which was 

revealed by inhibiting the kinase, AKT1, and expressing a mutant histone H3T45A, to 

decrease levels of H3T45phos [85]. These observations are intriguing, and raise some 

additional questions. For example, is this phosphorylation event specific to the DNA damage 

response, or does it occur in response to other cellular stimuli? Additionally, what is the 

exact mechanistic function of this phosphorylation event: does it recruit a reader protein, 

impact chromatin structure, etc.? It will be interesting to see what other histone marks 

contribute to the process of transcription termination.

Concluding Remarks

The observation that histone marks correlate with distinct genomic regions and states of 

gene expression raises questions regarding their functional role in different steps of the Pol 

II transcription cycle. Here, we have highlighted studies providing clear roles for H3K4me3, 

H3K9ac, H3K36me3, and other lysine marks in the context of particular stages of 

transcription (Figure 3, Key Figure). For discussion on the functional roles of histone marks 

at enhancers, see Box 3. However, there are many histone marks observed to correlate with 

transcription for which mechanistic functions are not yet elucidated. Furthermore, with the 

revelation of additional types of posttranslational modifications, exciting advances remain to 

be discovered about the role of other histone marks in the transcription cycle.
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Box 1

Coordination of the Pol II CTD and histone codes

The highly conserved Pol II CTD (reviewed extensively in [44] and [90]) consists of a 

series of heptad repeats with a consensus sequence of Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-

Ser7. The number of repeats varies across species; for example, there are 26 repeats in 

yeast and 52 in humans. The CTD undergoes extensive posttranslational modifications 

comprising its own “CTD code”, including phosphorylation on the serines, threonines, 

and tyrosines, and isomerization of the prolines. Since the heptad sequence is repeated 

numerously, there is extensive combinatorial complexity of the different modifications. 

These modifications serve to direct recruitment of proteins involved in the transcription 

cycle and co-transcriptional processes, such as mRNA capping and splicing [91]. 

Furthermore, particular modifications are associated with distinct regions of genes and 

states of transcription, similar to histone modifications. For example, in human cells 

serine 5 phosphorylation (Ser5phos) peaks at the 5′ end of genes, and displays reduced 

signal further downstream. In contrast, signals for serine 2 phosphorylation (Ser2phos) 

are observed starting near the TSS, but peak much further downstream towards the TTS. 

As these CTD modifications are associated with distinct genic regions, they are also 

associated with particular histone marks.

Many epigenetic modifying enzymes interact with the Pol II CTD [90]. For example, in 

budding yeast the SAGA HAT complex has been reported to facilitate not only 

transcription activation but also RNA export through binding of its subunit Sus1 to the 

phosphorylated CTD [92]. Here we focus on the best-characterized direct interactions, 

which occur during transcription elongation. For example, the histone methyltransferase 

Set2 in S. cerevisiae binds to both Ser5phos and Ser2phos [93], providing a possible 

explanation for how H3K36me3 is deposited in a co-transcriptional manner. Furthermore, 

the Rpd3S HDAC complex that reads H3K36me3 also interacts with Ser5phos [94]. 

Likewise, DOT1L binds to both Ser5phos and Ser2phos [83], linking the CTD code to 

H3K79 methylation and transcription elongation. However, how and why DOT1L and 

H3K79me2/3 are possibly exchanged for SET2 and H3K36me3 remains unknown. 

Recently, the Bentley laboratory reported a connection among the kinetics of Pol II 

movement, the Pol II CTD, and the histone code. Expressing several different Pol II 

mutants in mammalian cells that harbor slower elongation rates through chromatin 

shifted the localization of H3K36me3 more toward the 5′ end of genes, which was 

accompanied by increased levels of Ser2phos in the same regions. Interestingly, this also 

altered the occupancy of H3K4me2 and increased divergent anti-sense transcription [95]. 

These examples illustrate part of the coordination that occurs between the Pol II CTD 

code and the histone code during transcription elongation, with additional interplay likely 

occurring throughout the transcription cycle.
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Box 2

Interplay between histone tail modifications

In addition to the interplay described between H3K4me3 and H3K9ac, other histone 

marks have been demonstrated to impact one another. One well-characterized example is 

the stimulation of H3K4me3 by ubiquitination on histone H2B (reviewed in [96]). 

Additionally, there are several examples of histone phosphorylation promoting 

neighboring lysine acetylation. Recently, the Allis lab demonstrated that phosphorylation 

on histone H3 serine 28 (H3S28phos) results in increased H3K27ac, mediated by 

enhanced binding of the HAT p300 to H3S28phos, which is linked with transcriptional 

activation in stimulated macrophages [97]. Additionally, the HAT GCN5 binds to 

phosphorylated H3 serine 10 (H3S10phos), resulting in increased acetylation on H3K9 

and H3K14 [98,99]. Using the FOSL1 gene as a model to study transcriptional responses 

to serum stimulation, the Oliviero laboratory demonstrated that the phosphorylation 

binding protein 14-3-3 also binds to H3S10phos upon serum stimulation. 14-3-3 recruits 

the HAT MOF, which in turn acetylates histone H4 at lysine 16 and promotes binding of 

BRD4 along with P-TEFb for subsequent transcription elongation [100]. It therefore 

seems likely that kinase cascades in response to environmental cues and signaling 

molecules will alter histone modifications and impact transcriptional responses, such as 

Pol II pause release via H3K9ac. Furthermore, since p300 can catalyze crotonylation in 

addition to acetylation [52], it will be interesting to determine if other short chain acyl 

modifications are stimulated thorough histone phosphorylations.

Furthermore, reader proteins often have multiple domains and have the potential to 

recognize combinations of histone marks. A prime example of this occurs with the 

protein bromodomain PHD finger transcription factor (BPTF), which utilizes both a PHD 

domain to recognize H3K4me3 and a neighboring bromodomain to bind histone H4 

lysine 16 acetylation (H4K16ac) on the same nucleosome [101]. This occurrence of 

multiple epigenetic reader domains located in close proximity to one another is found on 

many proteins, and moreover, reader proteins often work as part of larger protein 

complexes, which may contain multiple proteins that have additional epigenetic binding 

domains. Elucidating the combinatorial binding activities and functions of these reader 

domains will likely reveal additional functions of histone marks and epigenetic readers in 

transcription.
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Box 3

The function of histone marks at enhancers

Enhancers are designated by some distinct histone marks compared to gene promoters, 

including high levels of H3K4me1 relative to H3K4me3 (reviewed in [102]). Together 

with H3K4me1, H3K27ac often denotes active enhancers, and these two modifications 

have clear interplay with one another. The writers of H3K4me1, MLL3 and MLL4, 

interact with the writers of H3K27ac, p300 and CBP, and are required for the binding of 

these HATs to chromatin [103,104]. This suggests that H3K4me1 may precede H3K27ac 

in a step-wise fashion, and the Roeder lab additionally showed that the presence of the 

MLL4 complex stimulates p300-mediated H3K27ac in a cell-free system. However, the 

ability of MLL4 to write H3K4me1 was also dependent on the presence of p300 and 

acetyl-CoA [104], suggesting that the interplay between H3K4me1 and H3K27ac may be 

more complex than previously thought.

While H3K4me1 levels are often used to identify enhancer regions along with other 

chromatin states or modifications, the role of H3K4me1 in enhancer function is unclear. 

The presence of H3K4me1 is often thought to designate primed enhancers, while 

increased levels of H3K27ac designates active enhancers [102]. The Wysocka lab 

recently discovered that while the presence of MLL3 and MLL4 are important for 

enhancer activity, their enzymatic functions at enhancers is not required, as loss of 

H3K4me1 through mutating the SET domains in MLL3 and MLL4 does not greatly 

reduce transcription from either enhancers or promoters [105]. Importantly, this study 

raises the question of the functional role of H3K4me1 at enhancers.

A potential answer regarding the function of H3K4me1 in enhancer activity has been 

proposed by the Shi laboratory, which suggests that even though H3K4me1 is a marker of 

enhancers, this histone mark may actually indicate reduced enhancer activity. When 

enhancers are activated and transcribe eRNA, there may be a transient signal of 

H3K4me3 at these enhancers, which needs to be lost in order to repress enhancer 

function, resulting in H3K4me1 as a “left over” mark. This reduction of enhancer activity 

is thought to be important to prevent enhancers from becoming overactive, which is 

associated with an oncogenic state. The Shi laboratory found that the histone H3 K4 

lysine demethylase 5C (KDM5C) is recruited to enhancers through receptor for activated 

C-kinase 7 (RACK7), and then converts H3K4me3 to H3K4me1 after hormone 

stimulation, in order to reduce enhancer activity [106]. They further demonstrated that 

knockout of RACK7 reduces KDM5C occupancy at enhancers and results in “overactive 

enhancers,” and also increases tumorigenicity of breast cancer cells [106]. Taken 

together, these studies suggest that the potential mechanistic roles of these marks in 

enhancer function, either in promoting eRNA transcription or communication with the 

promoter to impact mRNA transcription, still require further study.
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Trends Box

• Histone tails are extensively posttranslationally modified (“marked”) by the 

balance of writers and erasers

• Genome-wide localization of histone marks occurs at distinct genic regions 

(e.g., promoters, enhancers, gene bodies) often correlating with different 

functional impacts on Pol II transcription

• Different histone marks recruit specific readers important for each stage of the 

Pol II transcription cycle (H3K4me3/TFIID for initiation, H3K9ac/SEC for 

pause release, H3K36me3/DNMT3a/b for elongation, and H3K9me2/HP1γ 
for termination)

• Interplay between histone modifications can regulate transitions between 

different stages of the transcription cycle with the best example being 

H3K4me3 triggering H3K9ac
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Outstanding Questions Box

• As Pol II transcriptional regulation is a complex process with many GTFs, 

sequence-specific DNA binding transcription factors, coregulators, and a 

plethora of histone marks, what are the particular cellular contexts that rely 

most on epigenetic mechanisms of transcriptional regulation?

• Since donor molecules for epigenetic writers are small metabolites (e.g., ATP, 

acetyl-CoA, SAM), how does the metabolic state of the cell impact 

transcriptional regulation?

• Might “transcriptional bursting” be influenced by the ‘local’ production of 

small metabolites utilized in chromatin modifications?

• What are the readers for other histone marks associated with transcription 

elongation (H3K79me2/3) and DNA-damage induced termination 

(H3T45phos)?

• Are other “functions” of Pol II affected in an epigenetic manner, such as: 

transcription re-initiation, and the intrinsic ability of Pol II to “proofread” or 

correct misincorporated nucleotides?
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Figure 1. Genomic localization of histone H3 modifications associated with active transcription
Simplified illustration of histone modification occupancy as defined by ChIP-seq assays is 

presented. Regions in color represent what a typical ChIP signal would look like at a given 

eukaryotic gene (teal = H3K27ac, purple = H3K4me1, light blue = H3K9ac, green = 

H3K4me3, yellow/orange = H3K79me2/3, pink/red = H3K36me3). H3K4me3 and H3K9ac 

are associated with transcriptionally active gene promoter regions, while H3K36me3 and 

H3K79me3 are localized to gene bodies of actively transcribing genes. H3K27ac localizes to 

both active gene promoters and enhancer regions, and H3K4me1 is predominantly enriched 

at enhancers. In contrast, repressed genes have different methylation marks and lack histone 

acetylation (not shown). NDR = nucleosome depleted region. Arrow denotes the 

transcription start site (TSS). TTS = transcription termination site.
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Figure 2. The RNA Polymerase II (Pol II) transcription cycle
Schematic of the Pol II transcription cycle is presented. The transcription cycle begins with 

setting up the preinitiation complex (PIC) that includes Pol II and general transcription 

factors (GTFs), which are localized to core promoter elements around the transcription start 

site (TSS). Activator binding often drives recruitment of Pol II, designated as TF 

(transcription factor). On repressed genes, nucleosomes need to be moved or evicted in order 

to allow access of the GTFs to the promoter prior to PIC formation. Initiation occurs when 

Pol II creates the first phosphodiester bond and begins incorporating nucleotides into the 

mRNA chain. Pol II is phosphorylated near the TSS at serine 5 on its C-terminal domain 

(CTD), indicated by the green stars. After the RNA chain length reaches about 8 

nucleotides, Pol II begins to leave the promoter. However, Pol II often pauses and needs to 

undergo pause release for full promoter clearance. Pause release is accompanied by 

phosphorylation mediated by P-TEFb targeting the Pol II CTD on serine 2, along with 

negative elongation factors (not shown). This release allows transcription to proceed to the 

next step of elongation, in which Pol II proceeds through the gene body and generates the 

full-length mRNA transcript with the help of elongation factors. The final stage of 

transcription is termination, in which the mRNA is cleaved and polyadenylated (not shown), 

and Pol II is released from the DNA template. TTS = transcription termination site. Finally, 

for the generation of multiple transcripts, the transcription cycle will repeat itself through an 

additional step of re-initiation.

Gates et al. Page 20

Trends Biochem Sci. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Readers of select histone marks can drive progression through the transcription cycle
Here the transcription cycle is depicted using different colors: blue = PIC formation and 

initiation, green = pause release, yellow = elongation, and red = termination. Histone marks 

discussed in this review are shown, along with some of their readers, which exert particular 

functions on the transcription cycle. Known interplay between H3K4me3 and H3K9ac is 

displayed with the arrow.

Gates et al. Page 21

Trends Biochem Sci. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Histone marks & gene transcription
	Functions of histone marks in the RNA Pol II transcription cycle
	Formation of the PIC & Transcription Initiation
	Promoter Clearance & Pol II Pause Release
	Transcription Elongation
	Transcription Termination

	Concluding Remarks
	References
	Figure 1
	Figure 2
	Figure 3

