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SUMMARY

Increasing evidence suggests that linker histone H1
can influence distinct cellular processes by acting
as a gene-specific regulator. However, the mecha-
nistic basis underlying such H1 specificity and
whether H1 acts in concert with other chromatin-
altering activities remain unclear. Here, we show
that one of the H1 subtypes, H1.2, stably interacts
with Cul4A E3 ubiquitin ligase and PAF1 elongation
complexes and that such interaction potentiates
target gene transcription via induction of H4K31ubi-
quitylation, H3K4me3, and H3K79me2. H1.2, Cul4A,
and PAF1 are functionally cooperative because their
individual knockdown results in the loss of the corre-
sponding histone marks and the deficiency of target
gene transcription. H1.2 interacts with the serine
2-phosphorylated form of RNAPII, and we argue
that it recruits the Cul4A and PAF1 complexes to
target genes by bridging the interaction between
the Cul4A and PAF1 complexes. These data define
an expanded role for H1 in regulating gene transcrip-
tion and illustrate its dependence on the elongation
competence of RNAPII.

INTRODUCTION

Linker histone H1 is a small basic protein that can bind to the

nucleosome and provides the structural and functional flexibility

of chromatin. A typical H1 structure consists of a central globular

domain (GD) flanked by unstructured N-terminal and C-terminal

tails (NTs and CTs, respectively) (Ponte et al., 2003). In vitro

studies revealed that incorporation of H1 into chromatin impairs

transcription events by stabilizing the nucleosome, controlling

nucleosome spacing, and/or folding nucleosome arrays into
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30 nm chromatin fiber (Bustin et al., 2005; Georgel et al.,

2003). In contrast to this original view, genetic studies in model

organisms suggest that H1 is not a global repressor of transcrip-

tion but rather plays a more dynamic and gene-targeted role,

participating in the up- or downregulation of small groups of

genes (Alami et al., 2003; Brown et al., 1996; Fan et al., 2005;

Shen andGorovsky, 1996). HowH1 participates in these specific

features of transcriptional responses is still largely unknown, but

its functional cooperation with other factors is believed to be part

of the underlying mechanism.

Human cells contain at least six somatic histone H1 subtypes,

H1.1–H1.5 and H1.0, which exhibit significant sequence diver-

gence in NTs and CTs. Although each individual H1 subtype is

not essential for cell viability, differential localization of H1 sub-

types in the nucleus and variations in their relative concentra-

tions among different cell types allow the assumption that each

H1 subtype contributes to the regulation of specific gene tran-

scription (Barra et al., 2000; Jedrusik and Schulze, 2007; Zhang

et al., 2012b). Besides distinct patterns of expression and local-

ization in different tissues and cell types, H1 has also been

postulated to associate with other regulatory proteins to control

their activity. For example, mouse H1b is recruited to the MyoD

promoter by Msx1 homeoprotein and cooperates with Msx1 in

delaying the differentiation of progenitor cells into muscle (Lee

et al., 2004). A single H1 variant exists in Drosophila, and it phys-

ically recruits Su(var)3-9 histone methyltransferase to establish

heterochromatic gene silencing (Lu et al., 2013). Another striking

example is the demonstration made by us that human H1.2

forms a stable complex with a group of proteins and regulates

p53-mediated transactivation (Kim et al., 2008). All these results

implicate the requirement of extra factors in gene-specific action

of H1 subtypes, but the detailed mechanisms have not been

elucidated.

Cul4A is the E3 ubiquitin ligase that forms a stable complex

with DDB1 and ROC1 to catalyze ubiquitylation of a variety of

proteins including core histones. Selective depletion of Cul4A re-

duces the level of H3 and H4 ubiquitylation but has little effect on
hors
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H2A and H2B ubiquitylation, indicating that Cul4A is the major

ubiquitin ligase activity mediating H3 and H4 ubiquitylation

(Wang et al., 2006). Although Cul4A shares a high degree of

sequence similarity with its homolog Cul4B, the Cul4A�/� lethal

phenotype indicates that Cul4A possesses more distinct func-

tions and distinguishes it from the Cul4B E3 ligase (Li et al.,

2002; Liu et al., 2009). Ubiquitylation of core histones by Cul4A

was originally implicated in cell-cycle regulation and cellular re-

sponses to DNA damage. However, evidence supporting its

involvement in gene regulation comes from studies showing

that Cul4A cooperates with other remodeling factors whose ac-

tivities are closely related to the transcription process (Kotake

et al., 2009). Also related to the current study, the PAF1 complex

is a well-characterized complex that was originally identified in

yeast as an RNAPII-interacting protein complex (Mueller and

Jaehning, 2002). The complex is capable of facilitating several

histone modifications and influencing the phosphorylation of

the RNAPII carboxy-terminal domain (CTD), coupling them to

transcription elongation through chromatin by RNAPII (Krogan

et al., 2003; Ng et al., 2003). As an early step in transcriptional

activation in human cells, the PAF1 complex recruits the E3 ubiq-

uitin ligase BRE1 to establish H2Bmonoubiquitylation on coding

regions (Kim et al., 2009). This modification is essential for the

recruitment and/or function of specific HMTs that promote

H3K4 and K79 methylation events that ultimately result in active

transcription. Although these results establish sequential and

interdependent modification pathways, H3 methylations at K4

and K79 have also been found to be persistently enriched

regardless of neighboring H2BK120 ubiquitylation (Chandrase-

kharan et al., 2010; Foster and Downs, 2009; Wang et al.,

2009). These observations evoke the interesting possibility that

an additional mechanism is involved in regulating the methyl-

ation reactions.

In this study, we purified factors that interact with each of six

human H1 subtypes and determined whether these factors are

related to gene-specific functions of H1 subtypes. Our purifica-

tion identified the selective association of H1.2 with the Cul4A

E3 ubiquitin ligase and PAF1 elongation complexes. This associ-

ation is functional because H1.2 knockdown severely impaired

the ability of the Cul4A and PAF1 complexes to generate active

histone marks as well as to facilitate transcriptional elongation.

H1.2 interacts physically with the serine 2 (Ser2)-phosphorylated

form of RNAPII and so allows the timely recruitment of the Cul4A

and PAF1 complexes to target genes at an early elongation

stage.

RESULTS

Linker Histone H1.2 Binds the Cul4A Ubiquitin Ligase
Complex and the PAF1 Complex
To gain insight into the distinct roles of linker histone H1 sub-

types, we generated HeLa S3 cell lines stably expressing six

human H1 subtypes fused to Flag and HA epitope tags. After

confirming that the expression levels of the H1 subtypes were

comparable (data not shown), ectopic H1 and its associated

partners were purified from nuclear extracts derived from the

cell lines using sequential immunoprecipitations (IPs) with Flag

and HA antibodies. Recently, H1.2-interacting proteins were pu-
Cell Re
rified by utilizing a three-step purification protocol consisting of

P11 cation exchange chromatography, anti-Flag affinity chroma-

tography, and glycerol gradient centrifugation (Kim et al., 2008).

However, in the present study, the rapid two-step purification

procedure was employed to ensure optimal protein-protein in-

teractions. Proteins that were copurified with each of H1 sub-

types were subsequently identified by multidimensional protein

identification technology (MudPIT). In agreement with our recent

study (Kim et al., 2008), the purification of ectopic H1.2 from

nuclear extracts detected multiple cofactors and ribosomal pro-

teins as binding partners (data not shown). Most of these pro-

teins were also copurified with other linker histones (data not

shown). Somewhat surprisingly, however, the proteomic anal-

ysis and immunoblotting led us to discover that two of the sub-

types, H1.1 and H1.2, interact with the Cul4A ubiquitin ligase

complex and the PAF1 transcriptional elongation complex (Fig-

ures 1A and 1B). Substantial interactions of H1.1 and H1.2 with

VprBP, a substrate-specific adaptor for the Cul4 E3 ubiquitin

ligase, were also detected. Interestingly, WDR5, another sub-

strate adaptor of the Cul4 E3 ligase, was copurified with all six

linker histone subtypes. These results indicate that the presence

of WDR5 in H1-associated complexes does not solely depend

on its ability to interact with the Cul4A. Because H1.1 is minimally

expressed in HeLa cells (Happel et al., 2009; Figure S1A), the

physiological significance of H1.1 data obtained in our purifica-

tion could be questioned. For this reason, we decided to focus

on the H1.2 interactions with the Cul4A and PAF1 complexes

in the present study. Also of note, immunoblot analysis with

H1.2 antibody indicated that ectopic H1.2 was expressed at

similar levels to endogenous H1.2 and evenly distributed in sol-

uble and insoluble chromatin fractions (Figure S1B).

In agreement with our purification results, initial validation ex-

periments involving H1.2 IP confirmed H1.2 interaction with

endogenous Cul4A and PAF1 under physiological conditions

(Figure S1C). As a more direct approach toward confirming the

physical association of H1.2 with the Cul4A and PAF1 com-

plexes, we analyzed the interaction of GST-H1.2 with the highly

purified recombinant Cul4A and PAF1 complexes (Figures S1D–

S1G). Our assays showed that GST-H1.2 protein interacts with

both complexes, whereas GST alone does not (Figures 1C and

1E, lanes 2 and 3). To identify the domain of H1.2 required for as-

sociation with the Cul4A and PAF1 complexes, we performed

GST pull-down experiments using three distinct regions of

H1.2. The H1.2 CT containing amino acids 110–213 interacted

with the Cul4A complex, whereas the H1.2 NT containing amino

acids 1–34 and theH1.2GD containing amino acids 35–109were

unable to show any interaction (Figure 1C). The same sets of

H1.2 proteins were also tested for their ability to interact with

the PAF1 complex. Similar to the Cul4A complex, the PAF1 com-

plex also retained its affinity only for H1.2 CT (Figure 1E, lane 6).

To determine the subunits mediating the Cul4A and PAF1 com-

plex interactions with H1.2, GST pull-down experiments were

repeated with individual recombinant subunits of the complexes.

As shown in Figure 1D, Cul4A was very efficient in binding H1.2,

whereas the binding of DDB1 and ROC1 was undetectable or

significantly weaker. Additionally, PAF1 and Leo1 bound H1.2

as efficiently as the PAF1 complex (Figure 1F). The observed in-

teractions were specific because the five other Cullin family
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Figure 1. Identification of the Cul4A and PAF1 Complexes as Interaction Partners of Linker Histone H1.2

(A) The six human H1 subtypes and their associated factors were isolated from nuclear extracts of HeLa S3 cells stably expressing Flag-HA-H1 subtypes through

sequential immunoaffinity chromatographies. Three independent affinity purifications fromHeLa nuclear extracts expressing Flag-HA-H1 subtypes were used for

the MudPIT mass spectrometry assay. Among the reproducible and significant (p < 0.001) proteins identified in all three analyses, all subunits of both Cul4A and

PAF1 complexes were detected by multiple peptides. The table summarizes the peptide count and the amino acid coverage of Cul4A and PAF1 components

copurified with H1 subtypes.

(B) The purified samples shown in (A) were resolved on 4%–20%SDS-PAGE, and the presence of the Cul4A and PAF1 complexes was confirmed by immunoblot

analysis.

(C) The reconstituted CDR E3 ligase complex was incubated with glutathione Sepharose beads containing GST alone, GST-H1.2 full length (FL), GST-H1.2 NT,

GST-H1.2 GD, and GST-H1.2 CT. The bound proteins were analyzed by immunoblotting with the indicated antibodies. Input corresponds to 10% of the CDR

complex used in the binding reactions.

(D) GST alone (lane 2) or GST-H1.2 (lane 3), immobilized on glutathione Sepharose beads, was incubated with recombinant Cul4A, DDB1, and ROC1. After

washing with washing buffer (WB), the bound proteins were immunoblotted with Flag antibody. Of the input proteins, 10% were examined by immunoblotting

(lane 1).

(E) For the pull-down experiments, the purified PAF1 complex was incubated with GST or the indicated GST-H1.2 fusions and subjected to immunoblotting after

extensive washing. Input lane represents 10% of the PAF1 complex used in the binding reactions.

(F) GST pull-down assays were conducted as described in (D) but using Flag-tagged subunits of the PAF1 complex that were individually expressed and purified

from Sf9 cells. Binding of each protein was analyzed by immunoblotting. Lane 1 represents 10% of the input.

See also Figure S1.
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proteins (Cul1–Cul3, Cul4B, and Cul5) showed no detectable

binding to H1.2 (Figure S1H), and two other H1 subtypes (H1.0

and H1.4) are unable to interact with Cul4A and PAF1

(Figure S1I).

The Cul4A Requires H1.2 and WDR5 to Ubiquitylate
Histone H4 at K31
Having demonstrated a direct interaction between H1.2 and the

Cul4A complex, we asked whether the Cul4A complex copuri-

fied with H1.2 possesses histone ubiquitin ligase activity. To

this end, the purified H1.2-associated factors were incubated

with individual histones, histone octamers, or nucleosomes in

the presence of His-tagged ubiquitin, and ubiquitylated histones

were differentiated from unmodified forms by immunoblotting

with His antibody. Results shown in Figure 2A indicate that the

purified factors can mediate ubiquitylation of all individual free

histones. Similar assays using histone octamers as substrates

revealed that H3 and H4 are preferentially ubiquitylated by the

purified factors (Figure S2A). However, when nucleosomes, the

more physiological substrates, were used for ubiquitin assays,

the H1.2-associated factors showed ubiquitin ligase activity

mainly toward H4 present in the nucleosome (Figures 2B

and S2B).

To determine whether histones are real physiological sub-

strates for Cul4A, 293T cells expressing HA-tagged ubiquitin

were transiently transfected with a plasmid encoding Flag-his-

tone alone or together with a plasmid encoding Myc-Cul4A.

Flag-histones were immunopurified from cell lysates and then

subjected to immunoblot analysis with Flag antibody. Equal

amounts of Flag-H2A and Flag-H2B were immunopurified from

cells transfected with or without Cul4A, and no changes in high

molecular mass forms were detected after expression of Cul4A

(Figure 2C, lanes 1–4). Similarly, a majority of ectopic H3 immu-

noprecipitated from Cul4A-transfected cells showed the same

migration rates as the unmodified form of H3 in immunoblotting

analysis (Figure 2C, lanes 5 and 6). In contrast, a slow migrating

band was observed in an anti-Flag immunoblot of Flag-H4 puri-

fied from Cul4A-transfected cells (Figure 2C, lane 8). This shifted

band was not detected in mock-transfected control cells (Fig-

ure 2C, lane 7), demonstrating a direct correlation between

Cul4A expression and H4 ubiquitylation.

The finding that H1.2 stably associates with Cul4A in our puri-

fication prompted us to check whether Cul4A modifies H4 in an

H1.2-dependent manner. To this end, core histones were

expressed in 293T cells infected with the lentivirus encoding a

control shRNA or H1.2 shRNA (Figure S2C, lanes 1 and 2, and

Figure S2D) and then Flag immunoprecipitates were analyzed

for the extent of H4 ubiquitylation. Immunoblot analysis showed

a significant decrease in H4 ubiquitylation, but no detectable

change in H2A, H2B, and H3 ubiquitylation, after H1.2 knock-

down (Figure 2C, lanes 9–16). Thus, functional and physical

interactions between H1.2 and Cul4A are essential for Cul4A to

act as the E3 ubiquitin ligase for H4.

The H1.2-associated complex contains twoWD40 repeat pro-

teins, VprBP andWDR5, which are known to act as adaptors that

recruit Cul4 to specific substrates. To explore their functional

participation in Cul4A-mediated H4 ubiquitylation, we prepared

the recombinant Cul4A complexes fromSf9 insect cells express-
Cell Re
ing GST-Cul4A, GST-DDB1, and untagged ROC1 together with

His-VprBP or His-WDR5 (Figure S2E). In histone ubiquitylation

assays using the reconstituted complexes, the Cul4A-DDB1-

ROC1 (abbreviated CDR) complex showed a detectable activity

toward H3 and H4 (Figure S2G, lanes 1, 3, 5, and 7), and the

presence of VprBP (abbreviated V) influenced the ubiquitylation

reactions at varying degrees (lanes 9, 11, 13, and 15). Notably, in

the presence ofWDR5, the CDR complex showed a higher activ-

ity to catalyze H4 ubiquitylation, suggesting that WDR5 (abbrevi-

atedW) selectively targets Cul4A activity toward H4 (Figure S2G,

lanes 17, 19, 21, and 23). Because neddylation is known to facil-

itate Cul4A E3 ligase activity (Higa and Zhang, 2007), we also

prepared neddylated forms of CDR, CDRV, and CDRW (Fig-

ure S2F) and tested them in our assays. Under our experimental

conditions, the neddylation of Cul4A significantly elevated the

level of H4 ubiquitylation by the CDRW complex (Figure S2G,

compare lane 24 with lane 23) but did not influence H4 ubiquity-

lation by the CDR and CDRV complexes (lanes 7, 8, 15, and 16).

In accordance with these results, similar modification assays

using reconstituted nucleosomes confirmed that nucleosomal

H4 is specifically ubiquitylated by the neddylated CDRW com-

plex, but not by the neddylated CDRV complex (Figure 2D). After

establishing the requirement of WDR5 in Cul4A-mediated H4

ubiquitylation in vitro, we further tested its role in vivo using

293T cells depleted of VprBP or WDR5 (Figure S2C, lanes 5–8).

As shown in Figure 2E, H4 ubiquitylation is severely compro-

mised when WDR5 is depleted in cells. In contrast, depletion of

VprBP did not cause obvious changes in H4 ubiquitylation. As

predicted from these results, VprBP failed to interact with H4,

but WDR5 showed a strong interaction with H4 (Figure S2H).

In an attempt to map the primary ubiquitylation site in H4, we

deleted the first 32 amino acids or the last 25 amino acids of H4.

Coexpression of these deletionmutants with Cul4A revealed that

the N-terminally truncated H4 cannot be modified by Cul4A,

whereas the C-terminally truncated H4 is still well ubiquitylated

(Figure 2F, lanes 1–6). Because the truncated N-terminal region

contains six lysine residues, we next mutated them to elucidate

which lysines serve as a primary ubiquitylation site(s). Cul4A was

able to ubiquitylate H4 mutated at K5, K8, K12, and K16 (Fig-

ure 2F, lanes 7–10), but mutation of K20 or K31 completely abol-

ished Cul4A-mediated ubiquitylation (Figure 2F, lanes 11–16). To

investigate further whether H4 is indeed ubiquitylated at these

two sites in vivo, Flag-H4 was transiently expressed in cells

and immunoprecipitated with Flag antibody. Consistent with

previous studies by Danielsen et al. (2011) and Yan et al.

(2009), our mass spectrometric analysis of the purified Flag-H4

identified ubiquitylations at K31, K79, and K91 (Figures 2G and

S2I). Interestingly, although changing K20 to R abolished

Cul4A-dependent H4 ubiquitylation, our analysis failed to detect

ubiquitylation at this site, leading us to the tentative conclusion

that K31 is a physiologically relevant substrate for Cul4A.

Given that Cul4A is the only E3 ubiquitin ligase activity in the

purified H1.2-associated factors and is capable of modifying

H4K31, we next asked whether Cul4A in the CDRW complex is

able to ubiquitylate H4 in a similar way. Mutation of H4K31 led

to a marked reduction in the level of H4 ubiquitylation mediated

by the reconstituted CDRW complex (Figure 2H). To further

confirm this observation in vivo, we tested whether WDR5 is
ports 5, 1690–1703, December 26, 2013 ª2013 The Authors 1693



Figure 2. Requirements of H1.2 and WDR5 for Cul4A-Mediated H4 Ubiquitylation

(A) The purified H1.2-associated factors were assayed for in vitro ubiquitin ligase activity using individual core histones in the presence of E1, E2, and His-ubiquitin

(His-Ub). Reactions were separated on 15% SDS-PAGE and analyzed by immunoblotting with His antibody.

(legend continued on next page)
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Figure 3. Regulation of Cul4A Activity by

PAF1

(A) HeLa H1-depleted nucleosomes were incu-

bated with neddylated CDRW and/or PAF1

complexes in the presence of E1, E2, and Flag-

ubiquitin for in vitro ubiquitylation assays. The

ubiquitylated histones were detected by immu-

noblotting with Flag antibody.

(B) Mock- or PAF1-depleted 293T cells were

transfected with expression vectors encoding

Flag-H4 and/or Cul4A for 48 hr. Flag-H4 was pu-

rified and analyzed by immunoblotting with Flag

antibody.

(C) Reconstituted PAF1 complex was incubated

with GST-CDRW complex or GST control. GST

fusion proteins were precipitated and subjected to

immunoblot analysis to detect the subunits of the

PAF1 complex. Input corresponds to 10% of the

materials used in the binding reactions.

(D) GST pull-down assays were performed using

componentsof thePAF1complexwithGSTorGST-

CDRW complex. After extensive washing, bound

proteinsweredetectedby immunoblottingwithFlag

antibody. Lane 1 represents 10% of the input.

(E) The indicated components of the CDRW com-

plex were individually incubated with Flag-PAF1

complex that was immobilized on M2 agarose.

Bound proteins were analyzed by immunoblotting.

A nonspecific band in the Cul4A immunoblot is

indicated by an asterisk. Lane 1 represents 10% of

the input.

See also Figure S3.
required for the Cul4A-mediated H4K31ubiquitylation in cells.

When the level of H4 ubiquitylation was measured by immuno-

blotting, it was indeed decreased inWDR5 knockdown cells (Fig-

ure 2I, lanes 1–4). In contrast, Cul4A had a very limited activity to

ubiquitylate H4 carrying K31R mutation, and this basal level of

H4K31 ubiquitylation remained unchanged after depletion of

WDR5 (Figure 2I, lanes 5–8). Collectively, these findings suggest

that Cul4A requires WDR5 as a molecular adaptor for efficient

ubiquitylation of H4 at K31.

PAF1 Is Essential for Cul4A-Mediated H4 Ubiquitylation
The fact that the PAF1 complex copurified with the H1.2-associ-

ated Cul4A complex raised the question of whether it plays a
(B) In vitro ubiquitylation assays were performed as in (A) but using HeLa H1-dep

(C) Mock- or H1.2-depleted 293T cells were transfected with expression vectors f

cell extracts were prepared and immunoprecipitated with Flag antibody. Levels

immunoblotting with Flag antibody. The mobility-shifted bands correspond to m

(D) The CDR, CDRV, and CDRWcomplexes containing neddylated Cul4A were as

substrates. Flag-ub, Flag-ubiquitin.

(E) Mock-, VprBP-, or WDR5-depleted cells were transfected with expression vec

and analyzed by immunoblotting with Flag antibody.

(F) Following the expression of Flag-WT andmutant H4 and/or Cul4A in 293T cells

in (C).

(G) Cell lysates from 293T cells transfected with Flag-H4 were immunoprecipita

to ubiquitylated H4 was excised and analyzed by LC-MS/MS. The MS/MS

24-DNIQGITKPAIR-35.

(H) The CDRW complex containing unneddylated or neddylated Cul4A was assa

(I) Mock- or WDR5-depleted cells were transfected with expression vectors for Cu

whole-cell lysates, and their ubiquitylation was probed with Flag antibody.

See also Figure S2.
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potential role in regulating the Cul4A E3 ligase activity. To

address this question, the PAF1 complex was reconstituted in

Sf9 cells and included in the in vitro ubiquitylation reactions.

Interestingly, H4 ubiquitylation by the CDRW complex was obvi-

ously increased when the PAF1 complex was included in the

reaction (Figure 3A). To further evaluate the role of the PAF1

complex in H4K31 ubiquitylation in vivo, 293T cells stably trans-

duced with a control or PAF1 shRNA (Figure S2C, lanes 1 and 4)

were transfected with Flag-H4, and then Flag immunoprecipi-

tates were analyzed for the extent of de novo ubiquitylation by

immunoblotting with Flag antibody. As expected, silencing en-

dogenous PAF1 almost completely abolished H4 ubiquitylation

(Figure 3B). The PAF1 complex had previously been reported
leted oligonucleosomes as substrates.

or Flag-core histones and/or Cul4A. Forty-eight hours posttransfection, whole-

and the monoubiquitylation status of ectopic histones were determined by

onoubiquitylated histones.

sayed for ubiquitin ligase activity using HeLa H1-depleted oligonucleosomes as

tors for Flag-H4 and/or Myc-Cul4A. Flag-H4 proteins were immunoprecipitated

, the ubiquitylation of ectopic H4 proteins was monitored by immunoblotting as

ted with Flag antibody and resolved in SDS-PAGE. The band corresponding

spectrum shows that the Lys 31 residue is ubiquitylated in the peptide

yed for ubiquitin ligase activity using WT or K31-mutated H4.

l4A andWT or mutant H4. Ectopic H4 proteins were immunoprecipitated from

ports 5, 1690–1703, December 26, 2013 ª2013 The Authors 1695



Figure 4. Dependence of H3K4 and K3K79

Methylation on H4K31 Ubiquitylation

(A) 293T cells were transfected with plasmids

coding for HA-ubiquitin and Flag-WT or K31-

mutated H4 in the presence or absence of Cul4A

for 48 hr. After formaldehyde crosslinking, mono-

nucleosomes were prepared and subjected to IPs

using Flag antibody. The levels of histone modifi-

cations in the isolated nucleosomeswere analyzed

by immunoblotting.

(B) Mock-, H1.2-, or PAF1-depleted 293T cells

were transfected with expression vectors for HA-

ubiquitin and Flag-H4 and/or Cul4A. Mono-

nucleosomes were prepared as in (A), and histone

modifications were analyzed by immunoblotting.
to modulate H2B ubiquitylation (Kim et al., 2009; Wood et al.,

2003), but here we show that it is linked to H4 ubiquitylation.

Although several mechanisms could explain the requirement

for the PAF1 complex in H4K31 ubiquitylation, one possible

explanation is that the PAF1 complex recruits the Cul4A ubiquitin

ligase activity to target nucleosomes. In light of this possibility,

we assayed for a direct interaction between the PAF1 complex

and the CDRW complex. The GST pull-down experiments

demonstrated a physical interaction of the purified PAF1 com-

plex with the GST-CDRW complex, but not with GST alone

(Figure 3C). To identify the subunits of the PAF1 complex that

interact with the CDRW complex, each of the six PAF1 sub-

units was checked for binding to the GST-CDRW. The PAF1

subunit by itself was able to bind to the CDRW complex, but

no binding of other PAF1 subunits was detected (Figure 3D). In

parallel binding experiments with an immobilized PAF1 complex,

the Cul4A exhibited the binding activity, whereas three other

components of the CDRW complex were incapable of gener-

ating detectable interactions (Figures 3E and S3). These results
1696 Cell Reports 5, 1690–1703, December 26, 2013 ª2013 The Authors
suggest that PAF1 is necessary and is

likely to function together with Cul4A for

H4K31 ubiquitylation.

H4K31 Ubiquitylation by Cul4A Is
Required for H3K4 and H3K79
Methylation
Given the well-documented requirement

of H2B ubiquitylation for H3K4 and

H3K79 methylation (Dover et al., 2002;

McGinty et al., 2008; Osley, 2004; Sun

and Allis, 2002; Weake and Workman,

2008), we examined whether H4K31

ubiquitylation also affects these two

methylation marks. 293T cells were tran-

siently transfected with a plasmid encod-

ing Flag-wild-type (WT) or K31-mutated

(K31R) H4 together with vectors for HA-

ubiquitin and Cul4A. Mononucleosomes

were prepared from the transfected cells

by extensive sonication of formalde-

hyde-crosslinked chromatin, and ectopic

H4-containing nucleosomes were selec-
tively purified with Flag antibody. As confirmed by immunoblot-

ting, similar levels of ectopic H4 proteins were incorporated into

the purified mononucleosomes (Figure 4A). Examination of the

effect of Cul4A on H3K4 methylation disclosed that H3K4me1

and H3K4me3 were considerably increased after the expression

of Cul4A. In contrast, H3K4me2 was not different between

Cul4A-transfected cells and control cells. Importantly, Cul4A-

induced H3K4me1/H3K4me3 exhibited H4K31 ubiquitylation

dependence because the H4K31 mutation markedly reduced

these modifications. In the case of H3K79 methylation,

H3K79me1 and H3K79me2, but not H3K79me3, reproducibly

showed an increase after Cul4A expression. That the observed

increase in H3K79me1/H3K79me2 was abolished by the

H4K31 mutation again indicates that these two modifications

are dependent on the Cul4A-driven H4K31 ubiquitylation. Also

of note, H2BK120 ubiquitylation was not affected by the

H4K31 mutation, strongly suggesting that the reduction of

H3K4me3/H3K79me2 in Cul4A-depleted cells was independent

of the known H2BK120 ubiquitylation pathway. In view of the



importance of H1.2 and PAF1 for Cul4A-mediated H4 ubiquityla-

tion, it was also reasonable to assume that H1.2 and PAF1

are necessary to create the H3K4 and H3K79 methylation

marks. Indeed, we observed an almost complete disappearance

of H3K4me1/H3K4me3 and H3K79me1/H3K79me2 in cells

depleted of either H1.2 or PAF1 (Figure 4B). On the contrary,

the same depletion resulted in no detectable change in

H3K4me2 andH3K79me3 (Figure 4B). Furthermore, as expected

from previous studies, H2BK120 ubiquitylation was reduced by

PAF1 depletion, but not by H1.2 depletion. Collectively, these

results place H3K4me1/H3K4me3 and H3K79me1/H3K79me2

at a late stage of chromatin remodeling after and dependent of

the Cul4A-mediated ubiquitylation of H4K31.

H1.2, Cul4A, and PAF1 Are Colocalized and Function
at Shared Target Genes
To examine whether the above-described interactions among

H1.2, Cul4A, and PAF1 reflect functional interactions leading to

transcriptional activation, we set out to conduct gene expression

microarray analysis with total RNA isolated from 293T cells

expressing shRNAs against H1.2, Cul4A, or PAF1 (Figure S2C).

Using a 1.5-fold cutoff, we detected 1,412 genes downregulated

and 909 genes upregulated upon knockdown of H1.2, Cul4A, or

PAF1 (Figure 5A; Table S1). Among the downregulated genes,

the expression of 274, 387, and 1,004 genes was found to be

reduced by H1.2, Cul4A, and PAF1 shRNAs, respectively.

When the three gene lists were compared, we detected 65 genes

commonly repressed by H1.2, Cul4A, and PAF1 shRNAs. Gene

ontology analysis showed that genes regulating developmental

process and anatomical structural development were overrepre-

sented in the downregulated genes (Figure S4A). Consistent with

the previous publications implicating the PAF1 complex and

specific H1 subtypes in the control of Hox gene transcription

(Zhang et al., 2012b; Zhu et al., 2005), prominent among the

downregulated genes were the clustered Hox genes. The micro-

array results were further confirmed by quantitative RT-PCR

(qRT-PCR) analyses of 12 downregulated and 2 unaffected

genes (Figures 5B and S4C).

To check whether cooperative functions of H1.2, Cul4A, and

PAF1 in stimulating gene transcription reflect their targeted re-

cruitments, we next investigated their localization across a large

range of HoxA2 genes by chromatin immunoprecipitation (ChIP)

assays. Crosslinked chromatin was isolated from control cells

and cells depleted of H1.2, Cul4A, or PAF1, and the precipitated

DNAwasamplifiedbyquantitativePCR(qPCR)usingprimers spe-

cific for seven different regions of the gene. We found that H1.2

binding was enriched in coding regions, especially region F (Fig-

ure 5C, H1.2). Additionally, the distribution of Cul4A across the

coding regions was similar to that of H1.2, whereas PAF1 peaked

around the transcription start site (Figure 5C, region D) and grad-

ually decreased over the coding regions (Cul4A and PAF1). The

observed crosstalk among H1.2, Cul4A, and PAF1 in mediating

HoxA2 gene transcription raised the possibility that they could

localize at target genes in a mutually dependent manner. Indeed,

depletion of H1.2 reduced the levels of Cul4A and PAF1 at the

HoxA2 locus (Cul4A and PAF1). Similarly, individual depletions

of Cul4A and PAF1 diminished the localization of both Cul4A

and PAF1 (Cul4A and PAF1) but did not lead to any substantial
Cell Re
reduction ofH1.2occupancy (H1.2). Consistentwith these results,

ectopic expression of H1.2 in H1.2-depleted cells increased the

levels of Cul4A and PAF1 atHoxA2 locus (Figure S4D) and reacti-

vated target gene transcription (Figures 5B and S4C). Expectedly,

however, expressing Cul4A and PAF1 in cells depleted of Cul4A

and PAF1 did not affect the distribution of H1.2 across HoxA2

gene but stimulated target gene transcription (Figure S4F). These

rescue experiments excluded possible off-target effects of H1.2,

Cul4A, and PAF1 shRNAs, strengthening our results. In addition,

the facts that knockdown of H1.0 or H1.4 has little effect on tran-

scription of H1.2 target genes (Figure S4E) and that H1.2, Cul4A,

andPAF1wereminimally localized atMYF6 and TMEM55Agenes

(Figure S4F) strongly suggest that H1.2 is an initial regulator of

Cul4A and PAF1 recruitment and function.

Because the PAF1 complex indirectly regulates H3K4me3 and

H3K79me2 through its role in H2B ubiquitylation (Kim et al.,

2009; Krogan et al., 2003;Muntean et al., 2010), we also checked

the levels of these twomodifications at theHoxA2 locus. Consis-

tent with our nucleosome purification studies (Figure 4), colocal-

ization of H1.2, Cul4A, and PAF1 was accompanied by a marked

accumulation of H3K4me3 and H3K79me2 downstream of the

transcription start site (Figure 5C, H3K4me3 and H3K79me2).

These data raised the question of whether H3K4me3 and

H3K79me2 at the HoxA2 gene are dependent on the presence

of H1.2, Cul4A, and PAF1. In fact, the predicted roles for

Cul4A, PAF1, and H1.2 are confirmed by the observation that

the levels of H3K4me3 and H3K79me2 were reduced in

response to the individual depletion of H1.2, Cul4A, and PAF1

(H3K4me3 and H3K79me2). Taken together, these results

strongly argue that H1.2, Cul4A, and PAF1 function coordinately

in upregulating target genes; their concerted actions are linked

to H3K4me3 and H3K79me2.

Recruitments of H1.2, Cul4A, and PAF1 at Target Genes
Are Dependent upon RNAPII pSer2
Because PAF1 and H3K4me3/H3K79me2 are known to act in

chromatin transcription elongation (Gerber and Shilatifard,

2003; Kim et al., 2010), our results support the view that H1.2,

Cul4A, and PAF1 could target elongation steps for their activity.

Congruent with these ideas, when HoxA2 gene transcription

was analyzed by qRT-PCR using primers annealing 30 ends of

mRNA molecules, the levels of 30 transcripts were significantly

decreased after depletion of H1.2, Cul4A, or PAF1 (Figure S5A).

In contrast, similar levels of 50 HoxA2 transcripts were detected

in cells deficient of H1.2, Cul4A, or PAF1 (Figure S5A). These re-

sults were further validated by rescue experiments demon-

strating that the ectopic expression of H1.2, PAF1, and Cul4A

largely overrides the elongation defects arising from depletion

of H1.2, Cul4A, and PAF1 (Figure S5A). Although our approaches

measure steady-state mRNA levels, these results suggest that

H1.2, Cul4A, and PAF1 stimulate Pol II elongation leading a

higher level of full-length transcripts. To more directly assess

the cooperative roles of H1.2, Cul4A, and PAF1 in the elongation

stage of transcription, we checked whether the recruitments of

H1.2, Cul4A, and PAF1 to the HoxA2 gene are dependent on

RNAPII and intimately linked to CTD Ser5 and Ser2 phosphoryla-

tion, which are distinct properties of the initiation and elongation

forms of RNAPII. Comparison of overall levels of Ser5 and Ser2
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Figure 5. Coordinated Actions of H1.2, Cul4A, and PAF1 in Target Gene Transcription

(A) 293T cells were depleted of H1.2, Cul4A, or PAF1 and subjected tomicroarray analysis. Venn diagrams show the overlapping target genes of H1.2, Cul4A, and

PAF1. See also Table S1.

(B) To validate the gene expression array data, the mRNA levels of the nine downregulated and one unaffected genes in H1.2/Cul4A/PAF1-depleted cells

were quantified by qRT-PCR using primers listed in Supplemental Experimental Procedures. The rescue effects of H1.2/Cul4A/PAF1 expression in

(legend continued on next page)
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phosphorylation showed a dramatic decrease in Ser2 phosphor-

ylation but only a modest change in Ser5 phosphorylation in fla-

vopiridol-treated cells relative to control cells (Figure S5B).

Beyond global effects, ChIP analysis at the HoxA2 locus also

showed a significant drop of Ser2 phosphorylation, but not

Ser5phosphorylation,within the transcribed region after flavopir-

idol treatment (Figure 6, RNAPII pSer5 andRNAPII pSer2). Flavo-

piridol treatment also reduced co-occupancy ofH1.2, Cul4A, and

PAF1 around the transcription start site and coding region (H1.2,

Cul4A, and PAF1). More intriguingly, blocking Ser2 phosphoryla-

tion by flavopiridol resulted in a distinct decrease in the levels of

H3K4me3 and H3K79me2 around the coding region (H3K4me3

and H3K79me2). These results support the notion that RNAPII

is required for the initial recruitment and stable localization of

H1.2, Cul4A, and PAF1 at the HoxA2 locus and that this process

is tightly regulated by CTD Ser2 phosphorylation.

Ser2 Phosphorylation Promotes RNAPII Association
with H1.2
To gain support for the ChIP results above, we next checked

whether H1.2, Cul4A, and PAF1 can interact with RNAPII to facil-

itate their occupancy at target genes. In vitro pull-down experi-

ments using whole-cell extracts showed that RNAPII bound

strongly to H1.2 and moderately to the PAF1 complex but was

not retained by the CDRW complex (Figure 7A, lanes 3, 8, and

13). In line with the requirement of CTD Ser2 phosphorylation

for the H1.2-CTD interaction, the observed binding of H1.2 to

RNAPII was perturbed in cell extracts prepared from flavopiri-

dol-treated cells (Figure 7A, compare lane 5 with lane 3). To

further confirm that the interaction between H1.2 and Ser2-

phosphorylated CTD is direct, we repeated pull-down experi-

ments using synthetic CTD peptides immobilized on streptavi-

din-agarose beads. H1.2 can bind Ser2-phosphorylated CTD

peptides, but not unmodified or Ser5-phosphorylated CTD (Fig-

ure 7B, lane 3–5, and Figure S6). Moreover, the H1.2 interaction

with Ser2-phosphorylated CTD was dependent upon its CT (Fig-

ure 7C). The selective interaction between H1.2 and Ser2-phos-

phorylated RNAPII is further supported by the failure to detect

their interaction in IP of cell extracts prepared from flavopiri-

dol-treated cells (Figure 7D). Moreover, the Cul4A and PAF1

complexes bind to elongating RNAPII in an H1.2-dependent

manner (Figure 7E). These data further support our model that

H1.2 is critical in regulating the recruitment and function of

Cul4A and PAF1 during chromatin transcription elongation.

DISCUSSION

Although linker histone H1 is often regarded as a basic compo-

nent of chromatin, a growing body of evidence challenges this
H1.2/Cul4A/PAF1-depleted cells were also analyzed as indicated. The values are

represent the mean ± SD of three independent experiments (*p < 0.05; **p < 0.01;

by Bonferroni’s post hoc test.

(C) ChIP experiments were performed in 293T cells depleted of H1.2, Cul4A, or

enriched input samples were determined for seven locations across the huma

Supplemental Experimental Procedures. Percent input is determined as the amou

signals obtained from a control rabbit IgG are shown by dotted lines, and error b

See also Figure S4.
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original idea and suggests that particular H1 subtypes are impor-

tant in regulating gene expression at a more specific level (Kim

et al., 2008; Lee et al., 2004; Studencka et al., 2012; Zhang

et al., 2012a). Using a high-confidence proteomic screen, we

discovered the stable association of H1.2 with the Cul4A com-

plex and the PAF1 complex and began a systematic investiga-

tion of their contribution to chromatin transcription. Our initial

results demonstrate that the Cul4A ubiquitin ligase activity

mainly targets K31 of histone H4. Another important result was

the observation that H1.2 is necessary for the Cul4A activity

toward H4K31. This finding is intriguing because it supports

the idea that H1.2 can positively act on the histone-modification

process, independently of any role related to stabilization of

chromatin structure. The observation that H4K31-targeted ubiq-

uitylation by Cul4A is dependent on WDR5 is also important in

light of several recent reports suggesting that substrate-specific

adaptors are important for Cullin E3 ligase activity (Emanuele

et al., 2011; Higa et al., 2006; Jackson and Xiong, 2009).

WDR5 is an essential functional component of the SET1/MLL

complexes, which methylate H3K4 (Muntean et al., 2010; Trievel

and Shilatifard, 2009; Wysocka et al., 2005). Thus, it is tempting

to speculate that WDR5 on the one hand directly regulates

H4K31 ubiquitylation and, on the other hand, acts through

H3K4me3 for its stimulation activity. Our results contrast with a

recent report by Wang et al. (2006) showing that a complex con-

taining Cul4A, Cul4B, DDB1, DDB2, and ROC1 from HeLa

nuclear extracts can modify nucleosomes in the absence of

WDR5. These differences could be due to different experimental

conditions and approaches. We are also curious whether Cul4B

and DDB2 omitted from our complex might have an as yet unde-

scribed role in nucleosome modification.

Our results demonstrating that H4K31 ubiquitylation by Cul4A

is dependent on PAF1 fit well with the observed interaction of

the PAF1 complex with H1.2 and Cul4A in our initial purification.

This is also consistent with the notion that PAF1 actively orches-

trates with multiple histone-modifying factors in the formation

of histone marks linked to transcription (Kim et al., 2009). Of

note, although PAF1 can facilitate both H4K31 ubiquitylation

and H2BK120 ubiquitylation, what is unanticipated in these re-

sults is the H1.2-dependent recruitment and activity of PAF1.

These observations argue that the ability of PAF1 to influence

transcription-coupled histone modifications is dependent on

its interacting factors at target genes. Thus, it will be interesting

to learn whether any other chromatin or transcription regulators

also affect the distinct role of PAF1 in H4K31 ubiquitylation

andH2BK120 ubiquitylation.Wealso found thatCul4A-mediated

H4K31 ubiquitylation influences positively the accumulation of

H3K4me3 and H3K79me2. Much lower levels of H3K4me3

and H3K79me2 were detected after H1.2 depletion, again
expressed as fold changes from the mRNA levels in undepleted cells. Results

***p < 0.001). Statistical tests were performed using one-way ANOVA followed

PAF1 using the indicated antibodies. Precipitation efficiencies relative to non-

n HoxA2 region by qPCR with primers depicted at the bottom and listed in

nt of immunoprecipitated DNA relative to input DNA. Nonspecific background

ars represent the SD obtained from three independent experiments.
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Figure 6. Recruitments of H1.2, Cul4A, and PAF1 at HoxA2 Locus via RNAPII pSer2

293T cells were treated with DMSO or flavopiridol (200 nM) for 3 hr, and ChIP assays of the HoxA2 locus were performed using indicated antibodies. ChIP-

enriched DNA was quantified by qPCR using the primers indicated at the bottom. The dotted lines represent the signal from negative control rabbit IgG. The data

are the mean of three independent experiments ± SD. See also Figure S5.
highlighting the critical role of H1.2 within epigenetic regulatory

networks and, in particular, its function with PAF1 to establish

H3K4me3 and H3K79me2 marks. This striking finding suggests

that the presence of H1.2 is critical for H3K4me3 and

H3K79me2, linking Cul4A-mediated H4 ubiquitylation to two

active methylation marks. Recent studies have indicated that

the PAF1 complex is required for H2BK120 ubiquitylation during

the transcription process and that H3K4me3 and H3K79me2 are

dependent upon prior H2BK120 ubiquitylation (Dover et al.,

2002; Kim et al., 2009; McGinty et al., 2008; Sun and Allis,
1700 Cell Reports 5, 1690–1703, December 26, 2013 ª2013 The Aut
2002). However, we provided compelling evidence that H4K31

ubiquitylation has a bona fide stimulation effect on H3K4me3

and H3K79me2 and that this activity is independent of

H2BK120 ubiquitylation. Therefore, it will be important to deter-

mine whether H4K31 ubiquitylation and H2BK120 ubiquitylation

are localized differentially and whether they have any distinct

roles in generating H3K4me3 and H3K79me2. Interestingly, we

also found that blocking H4K31 ubiquitylation by K31R mutation

leads to significant decrease in H3K4me1 and H3K79me1.

Because H2BK120 ubiquitylation resulted in no changes in
hors



Figure 7. Selective Recognition of RNAPII pSer2 by H1.2

(A) Cell extracts were prepared from DMSO-treated or flavopiridol-treated cells and incubated with GST (lanes 2, 4, 7, and 8), GST-H1.2 (lanes 3 and 5), GST-

CDRW (lanes 8 and 10), Flag peptide (lanes 12 and 14), or Flag-PAF1 complex (lanes 13 and 15) immobilized on beads. After extensive washing, RNAPII binding

was analyzed by immunoblot with RNAPII antibody. Lanes 1, 6, and 11 represent 10% of the input.

(B) The biotinylated CTD heptapeptide repeats that were unmodified or phosphorylated at either position Ser2 or Ser5 were immobilized onto streptavidin-

agarose beads and incubated with Flag-H1.2. H1.2 binding to the CTD peptides was determined by immunoblotting with Flag antibody. Input corresponds to

10% of H1.2 used in the binding reactions.

(C) Unmodified or phosphorylated CTD peptides were immobilized and incubated with the indicated H1.2 domains and then pull-down assays were preformed as

in (B). Lane 1 represents 10% of H1.2 domains used in the binding reactions.

(D) Cell extracts were prepared from DMSO- or flavopiridol-treated cells as in (A) and immunoprecipitated with H1.2 antibody. The amount and phosphorylation

level of RNAPII pulled down were examined by immunoblotting.

(E) The Ser2-phosphorylated CTD peptides were immobilized and incubated with the Cul4A and PAF1 complexes in the presence or absence of H1.2 and then

pull-down assays were performed as in (B).

(F) Model for the cooperative role of H1.2, Cul4A, and PAF1. Our studies present evidence for H1.2 action targeting postinitiation steps, in which H1.2 selectively

recognizes RNAPII CTD Ser2 phosphorylation and brings the Cul4A and PAF1 complexes to target genes. The recruitment and activity of the Cul4A and PAF1

complexes, in turn, stimulate H4K31 ubiquitylation, H3K4me3, and H3K79me2, thereby leading to more productive elongation phase of transcription. Therefore,

selective tetheringofH1.2 to target loci viaCTDSer2phosphorylation is essential for theCul4AandPAF1complexes tomaintainanactivestateof gene transcription.

See also Figure S6.
H3K4me1 andH3K79me1 (Kimet al., 2009), this finding suggests

H4K31 ubiquitylation-dependent H3K4me1 and H3K79me1 and

proposes additional molecular mechanisms for the crosstalk.
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Our microarray analyses also revealed a clear interplay of

H1.2, Cul4A, and PAF1 and established that these factors play

nonredundant, cooperative roles in productive transcription of
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developmental regulatory genes. This demonstrates that H1.2

interacts functionally with factors responsible for active tran-

scription. Our ChIP assays on HoxA2 gene whose expression

was found to be dependent upon H1.2, Cul4A, and PAF1 also

show that H1.2, Cul4A, and PAF1 are recruited to target loci in

a coordinated manner. These findings indicate that the mecha-

nism found in modification processes indeed occurs during

gene transcription. To properly regulate their functions at target

genes, H1.2, Cul4A, and PAF1 appear to have adopted a strat-

egy, wherein PAF1 is positioned at the 50 end of the gene,

more closely to RNAPII, whereas H1.2 and Cul4A are more local-

ized to the coding region. We speculate that the chromatin dy-

namics and higher-order folding render H1.2, Cul4A, and PAF1

suitable for their interaction, thereby facilitating H4K31 ubiquity-

lation and transcription. The requirement for their simultaneous

localization in time is dependent upon the physical position of

RNAPII near the transcription start site of the gene. Furthermore,

we were able to identify an important role for RNAPII Ser2 phos-

phorylation in regulating H1.2 function based on several lines of

evidence. First, H1.2 can interact with the Ser2-phosphorylated

CTD, but not with the unmodified or Ser5-phosphorylated CTD.

Second, H1.2 is localized at target loci in a manner similar to

Ser2-phosphorylated RNAPII. Finally, flavopiridol treatment to

inhibit P-TEFb and block the CTD Ser2 phosphorylation abol-

ished H1.2 localization to HoxA2 gene. These observations

strongly suggest that H1.2 organizes specialized transcription

programs at coding regions and thus may participate in reac-

tions that are important for transcription elongation.

Based on our observations, together with previous studies, we

propose the following model for how H1.2 activates target gene

transcription (Figure 7F). In an initial state, H1.2 is localized at

target genes through its interaction with Ser2-phosphorylated

RNAPII. Once bound to target genes, H1.2 utilizes its CT domain

to recruit and/or stabilize the Cul4A and PAF1 complexes. A

multistep chromatin-remodeling process involving H4K31 ubiq-

uitylation, H3K4me3, and H3K79me2 then takes place to poten-

tiate transcription, especially at the level of elongation. In human

cells, Cul4A and PAF1 are free to cooperate with H1.2 through

direct protein-protein interactions, such that preventing them

from binding to H1.2 could be a novel strategy for controlling

H1.2-mediated transactivation. Furthermore, inactivating Cdk9

can also prevent CTD Ser2 phosphorylation-based localization

of H1.2 over the target sites and thus subsequently disrupt

concomitant recruitments of Cul4A and PAF1. Future experi-

ments will focus on identification of additional cellular regulators

required for gene-specific action of H1.2 and elucidation of the

molecular mechanism involved.
EXPERIMENTAL PROCEDURES

Ubiquitylation Assays

For in vitro ubiquitylation assays, individual core histones, histone octamers, or

HeLa H1-depleted oligonucleosomes were incubated with H1.2 complex

(100 ng) or reconstituted CDR/CDRV/CDRW complex (100 ng) in the presence

of E1 (25 ng; Sigma-Aldrich), E2 (50 ng, UbcH5c; Sigma-Aldrich), and of

His-/Flag-ubiquitin (500 ng) in the reaction buffer (50 mM Tris-HCl [pH 7.9],

5 mMMgCl2, 0.4mMDTT, and 4mMATP) for 0.5–1 hr at 37�C. To use the ned-

dylated complex in the assays, CDR/CDRV/CDRW complex was preincu-

bated with E1 (APPBP1; Boston Biochem), E2 (UBCH12; Boston Biochem),
1702 Cell Reports 5, 1690–1703, December 26, 2013 ª2013 The Aut
and His-Nedd8 (Boston Biochem) in the reaction buffer for 2 hr at 37�C. In vivo

ubiquitylation assays were performed as described by Yan et al. (2009). In

brief, 293T cells stably expressing shRNAs targeting H1.2, VprBP, WDR5,

and PAF1 were transfected with expression vectors encoding Flag-histone,

HA-ubiquitin, and/or Myc-Cul4A. Two days after transfection, cells were

washed with PBS and lysed in IP buffer (20 mM Tris [pH 7.5], 50 mM NaCl,

2.5% SDS, 2.5% sodium deoxycholate, and 0.5 mM PMSF). After IP with

anti-Flag M2 agarose beads, precipitated proteins were eluted with

0.2 mg/ml Flag peptide (Sigma-Aldrich) and analyzed by immunoblotting. To

determine H4 ubiquitylation site(s) in vivo, 293T cells were transfected with

Flag-H4 for 48 hr, and cleared lysates were immunoprecipitated with Flag

antibody. The precipitated H4 proteins were run on 15% SDS-PAGE, and

the ubiquitylated H4 band was cut out from a Coomassie-stained gel and sub-

jected to LC-MS/MS analysis. Details for other experimental procedures can

be found in Supplemental Experimental Procedures.
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