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Histone H3 Lys4 (H3K4) methylation is a chromatin feature enriched at gene cis-regulatory sequences such as
promoters and enhancers. Here we identify an evolutionarily conserved factor, BRWD2/PHIP, which colocalizes
with histone H3K4 methylation genome-wide in human cells, mouse embryonic stem cells, and Drosophila. Bio-
chemical analysis of BRWD2 demonstrated an association with the Cullin-4–RING ubiquitin E3 ligase-4 (CRL4)
complex, nucleosomes, and chromatin remodelers. BRWD2/PHIP binds directly to H3K4 methylation through a
previously unidentified chromatin-binding module related to Royal Family Tudor domains, which we named the
CryptoTudor domain. Using CRISPR–Cas9 genetic knockouts, we demonstrate that COMPASS H3K4 methyl-
transferase family members differentially regulate BRWD2/PHIP chromatin occupancy. Finally, we demonstrate
that depletion of the singleDrosophila homolog dBRWD3 results in altered gene expression and aberrant patterns of
histone H3 Lys27 acetylation at enhancers and promoters, suggesting a cross-talk between these chromatin modi-
fications and transcription through the BRWD protein family.
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Methylation of histone H3 on Lys4 (H3K4) is a chromatin
modification associated with promoters and transcrip-
tional cis-regulatory elements, and misimplementation
of H3K4 methylation patterns is implicated in a range
of human pathologies (Morgan and Shilatifard 2015;
Piunti and Shilatifard 2016). Histone H3K4 trimethy-
lation (H3K4me3) occurs predominantly at gene promot-
ers near their transcription start sites (TSSs) (Shilatifard
2012). Recently, it was demonstrated that intergenic
CpG island enhancers also carry H3K4me3 in mouse em-
bryonic stem cells (ESCs) (Shen et al. 2016; Hu et al. 2017).
In contrast to H3K4me3, H3K4me1 levels are low at
promoters, and this modification is distributed primarily
at intragenic and intergenic sites, some of which act as
enhancers (Piunti and Shilatifard 2016). Enhancers con-
taining H3K4me1 can be further categorized as active
or poised based on their levels of H3K27 acetylation
(H3K27ac) (Heintzman et al. 2007; Creyghton et al.
2010). Moreover, combinations of histone H3K4methyla-
tion with H3 or H4 acetylation can contribute to multiva-

lent binding of effector proteins (Ruthenburg et al. 2007,
2011; Li et al. 2016; Savitsky et al. 2016). Defining both
the implementation and recognition mechanisms of
H3K4 methylation is essential for understanding this
modification’s molecular function.
Histone H3K4 methylation is catalyzed by the COM-

PASS family of SET domain methyltransferase enzymes,
which in mammals comprises six proteins: SET1A,
SET1B, MLL1, MLL2, MLL3, and MLL4 (Shilatifard 2012;
Piunti and Shilatifard 2016). These enzymes differ in their
product specificity and genome-wide localization. SET1A
is responsible for bulk promoter H3K4me3 inmammalian
cells (Shilatifard 2012). In contrast,MLL2 is responsible for
H3K4me3 at “bivalent” chromatin in ESCs and controls
H3K4me3 at the aforementioned intergenic CpG island
enhancers (Piunti and Shilatifard 2016; Hu et al. 2017).
MLL3 and MLL4 uniquely catalyze H3K4me1 at inter-
genic sites (Hu et al. 2013a). Recent cancer genomic
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studies have identified frequent mutations in MLL3,
MLL4, and their cofactor, UTX, a in broad spectrum of hu-
man malignancies (Morgan and Shilatifard 2015).

Methylation of histone H3K4 triggers the recruitment
of specific effector proteins thatmediate downstream pro-
cesses (Kouzarides 2007). Known H3K4 methyl-binding
proteins, such as ING2, BPTF, CHD1, TAF3, and JMJD2A,
recognize various methylation states through their chro-
modomain, Tudor domain, and plant homeodomain
(PHD) histone-binding modules (Sims and Reinberg
2006; Kouzarides 2007). A number of methyl histone-
binding modules, including the Tudor domain, plant
agenet, chromodomain, PWWP, and MBT domains, con-
stitute a class known as the Royal Family (Maurer-Stroh
et al. 2003). Royal Family domains encode dissimilar ami-
no acid sequences but nevertheless adopt a common con-
served three-dimensional fold (Maurer-Stroh et al. 2003).
Defining the full repertoire ofH3K4methylation-interact-

ing factors is particularly important, as recent studies
have revealed methylation-dependent and methylation-
independent functions for COMPASS proteins (Terranova
et al. 2006; Hu et al. 2017).

Here, we report the identification of BRWD2/PHIP as a
H3K4 methylation-binding protein that recognizes this
modification through a previously uncharacterized Tu-
dor-like module, which we named the CryptoTudor
domain. CRISPR–Cas9 knockout of the COMPASS his-
tone H3K4 methyltransferases demonstrates that these
enzymes control BRWD2/PHIP chromatin occupancy in
a context-dependent manner. Finally, we demonstrate
that the depletion of the sole Drosophila homolog
dBRWD3 alters the distribution of histone Lys27 acetyla-
tion (H3K27ac) at promoters and enhancers, suggesting
the existence of a cross-talk between these epigenetic
modifications of histones that is mediated by the Crypto-
Tudor family of effectors.

Figure 1. BRWD2/PHIP colocalizes with histone H3K4 methylation. (A) An example University of California at Santa Cruz (UCSC) ge-
nome browser track of ChIP-seq for BRWD2/PHIP and histone modifications in HEK293 cells. (B) Genome-wide occupancy plots for
BRWD2/PHIP and histone modifications in HEK293 cells. The two left columns indicate whether peaks overlap with promoter TSSs
or are intergenic/intragenic (non-TSS). Signal is centered on BRWD2/PHIP peaks and extends 5 kb in each direction. (C ) Venn diagram
displaying the overlap of H3K4me1 (light green), H3K27ac (orange), and BRWD2/PHIP (purple) peaks in HEK293 cells. (D) An example
UCSC genome browser track of BRWD2/PHIP and histonemodification ChIP-seq inmouse v6.5 ESCs. (E) Genome-wide occupancy plots
of BRWD2/PHIP and histone modifications in v6.5 mouse ESCs. The two left columns indicate whether peaks overlap with a promoter
TSS or are intergenic/intragenic (non-TSS). Signal is centered on BRWD2/PHIP peaks and extends 5 kb in each direction. (F ) Venn diagram
displaying the overlap of H3K4me1 (light green), H3K4me3 (dark green), and BRWD2/PHIP (purple) peaks in v6.5 mouse ESCs.

Morgan et al.

2004 GENES & DEVELOPMENT



Results

BRWD2/PHIP colocalizes with histone H3K4
methylation in mammalian cells

We and others have detected BRWD2/PHIP in association
with active mammalian chromatin by mass spectrometry
(MS) (Herz et al. 2014; Ji et al. 2015; Surface et al. 2016).
To explore BRWD2/PHIP’s genome-wide localization
pattern in detail, we generated a Flag-tagged BRWD2/
PHIP HEK293 cell line and performed ChIP-seq (chroma-
tin immunoprecipitation [ChIP] combined with high-
throughput sequencing) (Fig. 1A). This revealed a striking
correlation between Flag-BRWD2/PHIP occupancy and
histone H3K4 methylation (Fig. 1A,B) and prompted us
to generate homemade antibodies against endogenous
BRWD2/PHIP. As an antibody specificity control, we gen-
erated CRISPR–Cas9 knockout clones of BRWD2/PHIP in
HCT116 cells (Supplemental Fig. 1A–C). Approximately
95%of BRWD2/PHIPChIP-seq peaks detected in parental
HCT116 cells are lost in BRWD2/PHIP knockout cells, in-
dicating that the vastmajority of signal is specific (Supple-
mental Fig. 1D–F). Endogenous BRWD2/PHIP colocalizes
with H3K4 methylated chromatin (Fig. 1A,B). Genome-
wide analysis revealed that BRWD2/PHIP binds to both
intergenic and intragenic sites enriched for H3K4me1 as
well as promoters that contain high levels of H3K4me3
and H3K27ac (Fig. 1B). The majority of BRWD2/PHIP
peaks (95%) in HEK293 cells coincides with H3K4me1
peaks, whereas ∼52% overlap with H3K27ac (Fig. 1C).
To examine the properties of BRWD2/PHIP in another
cellular context, we performed ChIP-seq in mouse v6.5
ESCs. Similarly to HCT116 cells, we also observed a
strong correlation between BRWD2/PHIP ChIP signal
and H3K4 methylation in mouse ESCs (Fig. 1D,E). In
ESCs, a subset of BRWD2/PHIP-bound promoters con-
tains H3K4me3 and low levels of H3K27me3 and likely
represents “bivalent” chromatin (Fig. 1E; Piunti and Shila-
tifard 2016). In contrast, intergenic BRWD2/PHIP peaks
were enriched for H3K4me1 but lack H3K27me3 signal
in ESCs (Fig. 1E). Similar to HEK293 cells, in ESCs, the
majority of BRWD2/PHIP peaks coincides with
H3K4me1 and/or H3K4me3 (Fig. 1F).

BRWD2/PHIP associates with Cullin-4 (CUL4)–RING
ubiquitin E3 ligase-4 (CRL4), chromatin regulators,
and active chromatin marks

To gain further insight into the function of BRWD2/
PHIP, we immunoprecipitated Flag-tagged BRWD2/PHIP
from non-cross-linked micrococcal nuclease (MNase)-di-
gested chromatin and identified interacting proteins by
tandem MS (Fig. 2A,B; Supplemental Fig. 2A). We ob-
served a strong enrichment of the CRL4, which comprises
CUL4A/B andDDB1 and is a previously reported BRWD2/
PHIP-interacting partner (Fig. 2B; Supplemental Fig. 2A;
Angers et al. 2006; Jin et al. 2006; Ozturk et al. 2013; Ra-
man et al. 2015). In addition, BRWD2/PHIP pull-downs
contain the COP9 signalosome (CSN), a CRL4 regulatory
complex that removes the Nedd8 modification from ac-

tive CUL4 (Duda et al. 2008; Lydeard et al. 2013; Cavadini
et al. 2016). We probed the BRWD2/PHIP CRL4 interac-
tion by purifying complexes from cells pretreated with
combinations of the CUL inhibitor MLN4924 (Pevonedi-
stat) (Soucy et al. 2009) and the proteasome inhibitor
MG132 (Fig. 2B; Supplemental Fig. 2B,C).MLN4924 treat-
ment blocks Nedd8 attachment to CUL4 and disrupts
BRWD2/PHIP association with the CSN complex and
the Nedd8-binding protein UBXD7 (Fig. 2B; Supplemen-
tal Fig. 2B; Soucy et al. 2009; den Besten et al. 2012;

Figure 2. BRWD2/PHIP associates with CRL4, chromatin regu-
lators, and active chromatin marks. (A) Silver-stained SDS-PAGE
gel of Flag immunoprecipitations from control parental HEK293
TRex-expressing and Flag-BRWD2/PHIP-expressing cells. (B) Di-
agram summarizing BRWD2/PHIP protein–protein interactions.
The solid black line indicates a strong interaction between
BRWD2/PHIP and DDB1–CUL4A/B. Black dashed lines indicate
interactions with chromatin remodelers and histones. Red
dashed lines indicate interactions sensitive to treatment with
MLN4924. (C ) Western blot confirming BRWD2/PHIP interac-
tion with CRL4 (DDB1 and CUL4A) and chromatin remodelers
(CHD4 and PHF6). The middle band detected in the BRWD2/
PHIP Western likely represents a BRWD2/PHIP protein cleavage
product that occurs during immunoprecipitation incubation. (D)
Western blot detecting histone modifications (H3K27ac,
H3K4me1, H3K4me3, and H3K27me3) and histone variants
(H2A.Z) associated with BRWD2/PHIP. Note that Flag-BRWD2/
PHIP is expressed at near-endogenous levels and is not detectable
with anti-Flag in the input but is detected after enrichment by
immunoprecipitation.
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Cavadini et al. 2016). In contrast, BRWD2/PHIP associa-
tion with CUL4A and DDB1 still occurs after MLN4924
treatment, although CUL4A levels appear slightly re-
duced (Supplemental Fig. 2C). Chromatin remodelers
and histone-binding proteins such as CHD4, PHF6, and
FACT were also detected in BRWD2/PHIP purifications;
however, these interactions are not altered by MLN4924
treatment (Fig. 2B,C; Supplemental Fig. 2B). We interro-
gated the modification state of the histones associated
with BRWD2/PHIP by Western blotting and found that
they contain marks of active chromatin (H3K27ac,
H3K4me1, H3K4me3, and H2A.Z), whereas the re-
pressed chromatin mark H3K27me3 was barely detect-
able (Fig. 2D).

The BRWD2/PHIP CryptoTudor domain mediates
H3K4me interaction

To identify the regions of BRWD2/PHIP responsible for
chromatin binding, we initially focused on its tandem
bromodomains. Unexpectedly, we identified a sequence
immediately upstream of the bromodomains that is high-
ly conserved between humans and Drosophila (Supple-
mental Fig. 3A). Secondary structure prediction analysis
using HHPRED and PHYRE2 (Kelley et al. 2015; Alva
et al. 2016) suggested a similarity to the three-stranded
β-barrel fold of Tudor Royal Family methyl-binding do-
mains (Supplemental Fig. 3B,C; Maurer-Stroh et al.
2003). Because of its cryptic nature and predicted similar-
ity to the Tudor domain, we named this region the
CryptoTudor domain. We purified the BRWD2/PHIP
CryptoTudor–bromodomain module (BRWD2–Crypt–
bromo) from Escherichia coli, incubated it with mamma-
lian nucleosomes, and subjected the captured histones to
MS to quantify post-translational modifications (Fig. 3A–

C). Consistent with our ChIP-seq studies, H3K4 methyl-
ated histones are enriched in BRWD2–Crypt–bromo
pull-downs (Fig. 3C). H3K4me1 is the most abundant
K4 methylation state, and its representation increases
from 31% in the input chromatin to 48% of the
BRWD2–Crypt–bromo pull-down material. H3K4me2
and H3K4me3 also exhibit enrichment from 0.8% (input)
to 2.5% (pull-down) and from 0.2% (input) to 0.7% (pull-
down), respectively. We also noted enrichment of specific
acetylated histone peptides; namely, H3K9ac, H3K14ac,
and H3K18ac. The most abundant of these is H3K14ac,
which increased from 58% of total input histones to
84% of the BRWD2–Crypt–bromo-enriched material.
Histone H3K9ac and H3K18ac are generally less abun-
dant than H3K14ac but also showed enrichment. Histone
H3K9ac increased from 3.2% (input) to 5.6% (pull-down),
and H3K18ac increased from 1.9% (input) to 3.5% (pull-
down). In contrast, H3K27ac was present at similar levels
in both input (0.6%) and pull-down samples (0.5%). Mod-
ifications associated with transcriptional repression
(H3K9me3 and H3K27me3) are depleted in BRWD2–
Crypt–bromo pull-downs relative to input (Fig. 3D). His-
tone H3K9me3 decreased from 2.5% (input) to 1.7%
(pull-down), and H3K27me3 decreased from 26% (input)
to 19% (pull-down). To test direct interactions between

the BRWD2–Crypt–bromo and histone modifications,
we performed peptide pull-down assays. Both human
and Drosophila Crypt–bromo modules interact with
monomethylated, dimethylated, and trimethylated
H3K4 but show no enrichment with H3K9me3 relative
to unmodified H3 peptide (Fig. 3D). Isothermal titration
calorimetry (ITC) experiments revealed that BRWD2–
Crypt–bromo binds to H3K4me1 and H3K4me3 with Kd

values in the low micromolar range, whereas minimal
binding is detected with an unmodified peptide (Fig. 3E).
Further characterization of the human BRWD2–Crypt–
bromo module revealed that it binds weakly to a triple-
acetylated (K9ac, K14ac, and K18ac) histone H3 peptide
(Fig. 3F). This interaction is strongly enhanced when the
H3 peptide contains H3K4me3 in addition to these three
acetyl marks (Fig. 3F). In contrast, no appreciable binding
is observed to peptides containing single acetyl modifica-
tions at H3K9, H3K14, H3K18, H3K27, or H4K20 (Fig. 3D,
F,G), suggesting that H3K4 methylation, not H3 or H4
acetylation, is the primary determinant of BRWD2–
Crypt–bromo binding to histone tails. Truncation experi-
ments revealed that the CryptoTudor domain is responsi-
ble for binding to H3K4methylation, whereas the isolated
tandem bromodomains are unable to bind histone H3
tails (Fig. 3G). We then tested mutations at conserved ar-
omatic residues within the CryptoTudor domain and
found that a Trp1081-to-alanine mutation (W1081A)
eliminates binding to H3K4 methylated peptides (Fig.
3H). Moreover, this position overlaps precisely with a ho-
mology model-predicted methyl-lysine-binding site (Fig.
3I). Collectively, our experiments suggest that BRWD2/
PHIP associates with H3K4 methylated chromatin via a
previously uncharacterized histone-binding domain relat-
ed to the Tudor Royal Family, which we name the Cryp-
toTudor domain.

The COMPASS family of histone H3K4 methylases
differentially regulates BRWD2/PHIP chromatin
occupancy

Members of the COMPASS enzyme family deposit H3K4
methylation at distinct sites in metazoan genomes (Shila-
tifard 2012; Piunti and Shilatifard 2016). Mammalian
MLL1 and MLL2 catalyze H3K4me3 at promoters of
developmentally regulated genes, whereas MLL3 and
MLL4 mediate H3K4me1 at intergenic and intragenic en-
hancer regions (Herz et al. 2012; Hu et al. 2013a; Piunti
and Shilatifard 2016). We tested the dependence of
BRWD2/PHIP chromatin binding on the activity of these
enzymes by performing ChIP-seq for BRWD2/PHIP and
H3K4 methylation in different cell lines (HCT116 and
v6.5 ESCs) carrying CRISPR deletions of various COM-
PASS family members. We compared parental HCT116
cells with cells null for MLL1 (MLL1 knockout) or cells
lacking the MLL4 SET domain (MLL4-ΔSET) (Fig. 4A;
Rickels et al. 2016). Deletion of MLL4 methyltransferase
activity in HCT116 cells results in a dramatic loss of
H3K4me1 from intergenic and intragenic regions accom-
panied by loss of BRWD2/PHIP binding (Fig. 4B,C). In con-
trast, MLL1 deletion causes only modest reductions in
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H3K4me1 and does not affect BRWD2/PHIP binding at
most MLL4-dependent sites (Fig. 4B,C). Unexpectedly, a
subset of sites (cluster 4) that lose H3K4me1 in MLL4-
ΔSET mutant cells gain both H3K4me1 and BRWD2/
PHIP binding when MLL1 is deleted in the same cell

type, suggesting that the specific recruitment of
BRWD2/PHIP to these new loci is caused by increased
H3K4me1 levels (Fig. 4C; Supplemental Fig. 4A). Thus,
it appears that theMLL1 andMLL4 complexes have oppo-
site effects on H3K4me1 and BRWD2/PHIP occupancy at

Figure 3. Characterization of the BRWD2/PHIP CryptoTudor domain. (A) Diagram depicting the recombinant BRWD2/PHIP CryptoTu-
dor–bromodomain (BRWD2/PHIP–Crypt–bromo) construct used for binding studies. N-terminal 10X-Histidine (red box) and C-terminal
1XFlag (green box) tags were included for protein purification. (B) Coomassie stained SDS-PAGE gel of in vitro chromatin capture exper-
iment using the BRWD2/PHIP–Crypt–bromo module. (Lane 1) Input MNase-digested chromatin. (Lane 2) Chromatin subjected to anti-
Flag immunoprecipitation without BRWD2/PHIP–Crypt–bromo. (Lane 3) Chromatin incubated with recombinant BRWD2/PHIP–
Crypt–bromo and subjected to anti-Flag immunoprecipitation. (C ) Quantitative MS analysis of histones captured in B. Bars indicate
the fraction of total histone represented by each modification state in the input (gray) or Flag immunoprecipitation material (red). (Un)
Unmodified; (me1) monomethylated; (me2) dimethylated; (me3) trimethylated; (Ac) acetylated. (D) Coomassie-stained SDS-PAGE gel
of histone peptide pull-downs performed with human (top) or Drosophila (bottom) Crypt–bromo constructs. Recombinant protein was
incubated with streptavidin beads alone (SA-beads) or the biotinylated histone peptides indicated. Ten percent of input and 20% of
each pull-down sample were loaded. (Bottom) Eluted proteins were subjected to dot blotting using streptavidin-HRP (SA-HRP). (E) ITC
experiments with human BRWD2–Crypt–bromo titrated with H3 unmodified (left), H3K4me1 (middle), and H3K4me3 (right) peptides.
(F ) Coomassie-stained SDS-PAGE gel of pull-downs performed with human BRWD2/PHIP–Crypt–bromo and a panel of histone peptides.
Ten percent of input and 20% of each pull-down sample were loaded. Streptavidin-HRP dot blot loading control is shown below the gel
image. (G) Coomassie-stained SDS-PAGE gel of a panel of histone peptide pull-downs performedwith humanBRWD2–Crypt–bromo (top),
the isolated CryptoTudor domain (middle), or the isolated tandem bromodomains (bottom). Ten percent of input and 20% of each pull-
down sample were loaded. Dot blot loading control is shown below each gel image. (H) Coomassie-stained gels of histone peptide pull-
downs performed with point mutations of the BRWD2 CryptoTudor domain. Dot blot loading controls are shown below the gels. (I ) Ho-
mology model generated using Modeller and HHPRED alignments (Alva et al. 2016). Positions of residues predicted to be involved in
methyl-lysine binding are highlighted in red.
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a discrete subset of loci. Similar to HCT116 cells, in v6.5
mouse ESCs, we observed loss of BRWD2/PHIP binding at
sites where H3K4me1 is reduced inMLL4-ΔSET cells (Fig.
4 D,F; Supplemental Fig. 4B; Cao et al. 2017). In mouse
ESCs, MLL2 controls H3K4me3 at both the promoters of
bivalent genes and intergenic CpG island regulatory ele-
ments (Hu et al. 2013b; Hu et al. 2017). InMLL2 knockout
ESCs (MLL2 knockout), we observed strong depletion of
H3K4me3 and H3K4me1 from intergenic sites accompa-
nied by loss of BRWD2/PHIP binding (Fig. 4E,F). Collec-
tively, these experiments demonstrate that BRWD2/
PHIP binding to chromatin is dependent on the COM-
PASS H3K4 methyltransferase family and that distinct

family members regulate BRWD2/PHIP binding in a con-
text-dependent manner.

Drosophila dBRWD3 controls H3K27ac distribution at
promoters and enhancers

The human genome contains three homologous BRWD
genes (BRWD1/WDR9, BRWD2/PHIP, and BRWD3)
with potential functional redundancy, whereas Droso-
phila harbors a single homolog, dBRWD3.We took advan-
tage of this and performed RNAi against dBRWD3 in
Drosophila S2 cells. dBRWD3 depletion appears to cause
a slight increase in bulk levels of histone H3K4me1 and

Figure 4. COMPASS complexes differentially regulate BRWD2/PHIP chromatin occupancy. (A) Diagram representing the experimental
design for ChIP-seq in HCT116 parental,MLL1 knockout, andMLL4-ΔSET cells. (B) RepresentativeUCSC genome browser track display-
ing a region between the FEM1CandCCDC112 genes atwhichH3K4me1 and BRWD2/PHIP chromatin occupancy is dependent onMLL4
enzymatic activity in HCT116 cells. Gray boxes indicate regions exhibiting diminished BRWD2/PHIP and H3K4me1 ChIP-seq signal in
MLL4-ΔSET HCT116 cells. (C ) Heat map displaying changes in ChIP-seq occupancy for BRWD2/PHIP, H3K4me1, H3K4me2, and
H3K4me3 in theMLL1 knockout andMLL4-ΔSET cell lines relative to wild-type HCT116. Signal is centered on peaks of H3K4me1. Col-
ors are scaled from a log2 fold change of−1.5 (green) to 1.5 (red). The two left columns indicatewhether peaks overlapwith a promoter TSS
or are intergenic/intragenic (non-TSS). Peaks were separated into four clusters, indicated at the left. (D) Diagram representing the exper-
imental design for ChIP-seq in v6.5 parental, MLL2 knockout, and MLL4-ΔSET ESCs. (E) Representative UCSC genome browser track
displaying a region upstream of the Commd3 and Bmi1 genes at which H3K4me3, H3K4me1, and BRWD2/PHIP occupancy is dependent
on MLL2 in v6.5 mouse ESCs. Gray boxes indicate regions that exhibit diminished BRWD2/PHIP, H3K4me1, and H3K4me3 ChIP-seq
signal in MLL2 knockout v6.5 cells. (F ) Heat map displaying changes is ChIP-seq occupancy for BRWD2/PHIP, H3K4me1, H3K4me2,
andH3K4me3 in theMLL2 knockout andMLL4-ΔSET cells relative towild-type v6.5 ESCs. Signal is centered on peaks of H3K4me1. Col-
ors are scaled from a log2 fold change of−1.5 (green) to 1.5 (red). The two left columns indicatewhether peaks overlapwith a promoter TSS
or are intergenic/intragenic (non-TSS). Occupancy was separated into three clusters, indicated at the left.
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H3K27ac relative to control RNAi-treated cells (Fig. 5A).
ChIP-seq studies revealed that the localization patterns
of H3K4me3 and H3K4me1 were largely unaffected by
dBRWD3depletion,whereasH3K27ac displayed a notable
alteration (Fig. 5B–D). Sharp peaks of H3K27ac typically

located at promoters show a prominent reduction in
signal, whereas many intergenic and intragenic sites dis-
played a spread in peak breadth (Fig. 5B–D; Supplemental
Fig. 5A,B). RNA sequencing (RNA-seq) analysis revealed a
correlation between these chromatin alterations and gene

Figure 5. dBRWD3 depletion alters chromatin modification patterns in Drosophila. (A) Western blotting of Drosophila S2 cells treated
withRNAi targeting lacZ (control) or two independentRNAi sequencestargetingdBRWD3.Westernblottingconfirmedefficientdepletion
of dBRWD3 and detected slightly elevatedH3K4me1 andH3K27ac levels. HistoneH3 and β-Tubulin served as loading controls. (B) UCSC
genome browser track example for bBRWD3, H3K4me1, H3K4me3, and H3K27ac ChIP-seq in Drosophila S2 cells that displays a region
where dBRWD3 depletion alters chromatin structure. The blue highlighted box indicates a region overlapping with a TSS where the
H3K27ac signal is dramatically decreased upon dBRWD3 knockdown. The red highlighted box indicates an intragenic non-TSS where
H3K27ac spreads in dBRWD3 knockdown cells. (C ) Density bar plots displaying Z-scores centered at TSS or non-TSS peaks of
H3K27ac.AtTSSs,H3K27ac signal is strongly diminished,whereas at non-TSSs, thismodification exhibits a spread in breadth. In contrast,
H3K4me1 andH3K4me3 distributions are not dramatically affected by dBRWD3 depletion, althoughH3K4me1 appears to showamodest
decrease at non-TSSs, and H3K4me3 shows a slight increase in breadth at TSSs. The Z-score color scale is at the right. (D) Metagene plots
displaying the occupancy of H3K4me1, H3K4me3, and H3K27ac in control and dBRWD3 knockdown S2 cells. Green arrows abovemeta-
gene plots indicate TSSs, and red filled circles indicate transcription termination sites. The color scale range for each pair of plots is indi-
cated at the bottom. (E) Metagene plot displaying differential signal for H3K27ac between dBRWD3 and control knockdown S2 cells (gene
order is identical to that inD). Green arrows abovemetagene plots indicate TSSs, and red filled circles indicate transcription termination
sites. The color scale is ranged from a log fold change of −1.5 (green) to +1.5 (red). RNA-seq data for these genes are at the right. (Red) Up-
regulated; (green) down-regulated. The geneswere separated into three clusters (indicated at the far right) based on their ChIP-seq patterns.
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expression. Up-regulated genes (cluster 2) demonstrate in-
creased intragenic H3K27ac (Fig. 5D,E). In contrast, down-
regulated genes (cluster 1) exhibit loss of H3K27ac at their
promoters (Fig. 5D,E).

Discussion

Herewe identify BRWD2/PHIP and dBRWD3 as previous-
ly uncharacterized H3K4 methyl-interacting proteins in
mammalian and Drosophila cells. We observed BRWD2/
PHIP binding to chromatin at both enhancers marked by
H3K4me1 and promoters, which carry predominantly
H3K4me3 (Piunti and Shilatifard 2016). Our in vitro bio-
chemical experiments further support the model that
BRWD2/PHIP recognizes monomethylated, dimethy-
lated, and trimethylated H3K4. This feature distinguishes
BRWD2/PHIP frommost otherH3K4methyl-binding pro-
teins, which exhibit more restricted binding specificities.
For instance, the TAF3–PHD (Vermeulen et al. 2007; van
Ingen et al. 2008), ING2–PHD (Shi et al. 2006), BPTF–PHD
(Wysocka et al. 2006; Ruthenburg et al. 2011), and
JMJD2A double Tudor domains (Huang et al. 2006; Kim
et al. 2006) show a preference for H3K4me3 over
H3K4me2 and exhibit extremely weak or undetectable
binding to H3K4me1. In contrast, the ZMYND8–PHD
binds to unmethylated H3K4 and H3K4me1 but cannot
interact with H3K4me2 and H3K4me3 (Li et al. 2016;
Savitsky et al. 2016). Interestingly, theCHD1double chro-
modomain possesses a binding profile similar to BRWD2/
PHIP and binds to all three H3K4 methylation states, al-
though CHD1 has a threefold higher affinity for
H3K4me3 and H3K4me2 over H3K4me1 (Flanagan et al.
2005; Sims et al. 2005). Thus, BRWD2/PHIP represents a
newmember of a small category of chromatin-binding fac-
tors capable of interacting with all three forms of H3K4
methylation states.

We were initially surprised to discover that BRWD2/
PHIP exhibits direct binding to methylated H3K4, consid-
ering that BRWD2/PHIP contains two bromodomains—a
protein feature involved in binding to acetyl-lysine in his-
tone and nonhistone proteins (Filippakopoulos et al. 2012;
Fujisawa and Filippakopoulos 2017). Close analysis of the
protein sequences adjacent to the BRWD2/PHIP bromo-
domains revealed a highly conserved upstream sequence
with predicted similarity to the three-strand β-barrel fold
of Royal Family Tudor domains (Maurer-Stroh et al.
2003). Many Royal Family proteins display minimal ami-
no acid sequence similarity to each other but nevertheless
adopt similar three-dimensional structures (Maurer-Stroh
et al. 2003; Yap and Zhou 2010), which likely explains
how the BRWD2/PHIP CryptoTudor domain escaped pre-
vious detection. Our experiments suggest that H3K4
methylation binding by the CryptoTudor domain acts as
the primary determinant of BRWD2/PHIP binding to
chromatin, as the isolated bromodomains exhibit no
detectable interaction with a battery of histone peptides.
The overwhelming majority of bromodomains contains
an asparagine residue at the acetyl-lysine-binding site (Fil-
ippakopoulos et al. 2012); however, the second BRWD2/

PHIP bromodomain contains a threonine substitution at
this highly conserved position, raising the possibility
that this atypical bromodomain is nonfunctional. When
linked to the CryptoTudor domain, the presence of both
bromodomains appears to enhance binding to histone
H3 peptides containing H3K4 methylation in combina-
tion with acetylation at the K9, K14, and K18 positions.
This is consistent with a multivalent mode of histone
binding that has been observed for many chromatin pro-
teins, including BPTF and ZMYND8 (Ruthenburg et al.
2007, 2011; Li et al. 2016; Savitsky et al. 2016). We specu-
late that the BRWD2/PHIP CryptoTudor domain is ini-
tially recruited to chromatin by interacting with
methylated H3K4, and, subsequently, one or both bromo-
domains contact H3 acetylation and stabilize this interac-
tion through multivalent effects. Determining the
structural basis of BRWD2/PHIP interaction with the his-
tone H3 tail is an important direction for future work.

The three mammalian BRWD proteins are implicated
in a broad range of biological processes. BRWD1/WDR9
is required for gametogenesis and controls chromatin ac-
cessibility at the immunoglobulin κ locus during B-lym-
phocyte differentiation (Philipps et al. 2008; Mandal
et al. 2015; Pattabiraman et al. 2015). BRWD2/PHIP was
initially isolated as a regulator of the insulin–receptor sig-
naling pathway and is required for postnatal survival in
mice (Farhang-Fallah et al. 2000; Li et al. 2010). BRWD2/
PHIP is highly expressed in human metastatic melanoma
and promotes proliferation in this context (De Semir et al.
2012). A recent report also identified BRWD2/PHIPmuta-
tions in patients with severe intellectual disability (Web-
ster et al. 2016). Similarly, mutations in BRWD3 cause an
X-linked intellectual disability syndrome in humans, and
mutant mice also display neural development defects
(Field et al. 2007; Cox et al. 2010). Studies of the Droso-
phila homolog, dBRWD3/Ramshackle demonstrate that
it also plays a complex role in diverse developmental con-
texts, such as organizing cell polarity and cytoskeleton,
controlling circadian rhythm, positively regulating Jak/
Stat and nuclear hormone receptor signaling, and counter-
acting Polycomb group function (Muller et al. 2005;
D’Costa et al. 2006; Ozturk et al. 2013; Ihry and Bashirul-
lah 2014; Shih et al. 2016). Our identification of the chro-
matin-binding ligand for BRWD2/PHIP and Drosophila
dBRWD3 may shed light on the molecular mechanisms
underlying these diverse developmental processes.

Here, we establish a direct link between COMPASS
family-mediatedH3K4methylation and BRWD2/PHIP re-
cruitment. This is of particular interest considering the
comparison of the phenotypes associated with loss of
COMPASS and BRWD2/PHIP complex components. Sim-
ilar to BRWD2/PHIP and BRWD3, mutations of MLL4/
KMT2D result in developmental abnormalities (Nii-
kawa-Kuroki syndrome) that include intellectual disabil-
ity (Ng et al. 2010). CUL4B, a strong BRWD2/PHIP-
binding partner and component of CRL4, is mutated in
an X-linked intellectual disability syndrome (Tarpey
et al. 2007), and the BRWD2/PHIP-interacting protein
PHF6 is mutated in another X-linked developmental dis-
order, Börjeson-Forssman-Lehmann syndrome (Lower
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et al. 2002). It is tempting to speculate that this phenotyp-
ic overlap may indicate a common pathway for these pro-
teins in controlling neural development. We propose that
H3K4me1 catalyzed through MLL3/4–COMPASS serves
as a recruitment signal for BRWD2/PHIP, which in turn
recruits the CRL4 ubiquitin ligase complex to chromatin.
Intriguingly, CRL4 has established functions in cell cycle
control and DNA damage responses (Jin et al. 2006;
Lydeard et al. 2013); therefore, the molecular link that
we established heremay point to COMPASS functions be-
yond transcriptional regulation.

Materials and Methods

ChIP-seq

ChIP-seq was performed as described (Lee et al. 2006; Piunti et al.
2017; Vo et al. 2017).

Mammalian protein purification

Flag-tagged protein purifications from MNase-digested chroma-
tin were performed as described (Herz et al. 2014; Piunti et al.
2017). MLN4924 (1 µM) and 10 µM MG132 were added 5 h prior
to harvesting where indicated.

RNAi and ChIP in Drosophila S2 cells

Culture of S2 cells, RNAi, ChIP-seq, and RNA-seq were per-
formed as described (Herz et al. 2012).

Antibodies

BRWD2/PHIP antibodies (Shilatifard, nos. 833 and 834) were
raised against a protein fragment spanning BRWD2/PHIP amino
acids 1681–1821 (sequence ID NP_060404.4). Drosophila
dBRWD3 antibody (Shilatifard, no. 385) was raised against amino
acids 976–1495 (sequence ID NP_732982.1). Proteins were ex-
pressed from the pET16 plasmid in Rosetta2 E. coli cells and pu-
rified usingNi-NTAagarose resin (Qiagen). Rabbit immunization
was performed by Pocono Rabbit Farm and Laboratory. Other an-
tibodies used in this study were H3K4me1 (Shilatifard Laborato-
ry, no. 24), H3K4me2 (Shilatifard Laboratory, no. 27), H3K4me3
(Shilatifard Laboratory, no. 680), H3K27ac (Cell Signaling Tech-
nology, no. 8137), H2A.Z (Cell Signaling Technology, no. 2718),
H3K27me3 (Shilatifard Laboratory, no. 67), DDB1 (Cell Signaling
Technology, no. 6998), CUL4A (Cell Signaling Technology, no.
2699), CHD4 (Cell Signaling Technology #12011), PHF6 (Santa
Cruz Biotechnology, no. sc-365237), β-Tubulin (E7, Developmen-
tal Studies Hybridoma Bank), Histone H3 (Shilatifard Laboratory,
no. 42), and Flag-M2 (Sigma, no. F1804).

Recombinant protein purification from E. coli

Rosetta2 E. coli were transformed with pET-16 plasmids encod-
ing N-terminal 10xHis-tagged and C-terminal 1xFlag-tagged con-
structs. Liquid cultures were grown to an OD600 of 0.6 and then
induced with 1 mM IPTG for 24 h at 20°C. Proteins were extract-
ed under native conditions inN-250 buffer (50mMTris at pH 7.5,
250 mM NaCl, 15 mM imidazole, 0.2% igepal, 0.2% Tween-20,
0.2% Triton X-100, 1× Sigma protease inhibitor no. P8849, 1
mM PMSF) supplemented with 1 mg/mL lysozyme and 25 U/
mL benzonase nuclease (Sigma, no. E1014-25KU). Lysates were
clarified by centrifugation at 40,000g for 20 min at 4°C (Beckman
Coulter 45-Ti Rotor), and protein extracts were incubated with

Ni-NTA agarose beads (Qiagen) for 3 h. Beads were washed three
times with 50 bead volumes of N-250 buffer, and proteins were
eluted with His elution buffer (50 mM Tris at pH 7.5, 250 mM
NaCl, 300 mM imidazole, 0.2% igepal, 0.2% Tween-20, 0.2%
Triton X-100, 25% glycerol, 1 mM PMSF, 1× Sigma protease in-
hibitor no. P8849). After elution, EDTA was added to 2 mM,
and proteins were concentrated using Amicon Ultra centrifugal
filters (Millipore)

Histone peptide pull-down assays

For each binding reaction, 5 µg of biotinylated histone peptide
(Epicypher) was bound to 25 µL of streptavidin agarose beads
(Thermo-Fisher, no. 20359) in N-250 buffer for 1 h. Beads
were washed twice with 1 mL N-250 buffer to remove any un-
bound peptides and resuspended in N-250 buffer supplemented
with 10 mM sodium butyrate and 1 mM EDTA. Approximately
150 µg of recombinant BRWD2/PHIP protein was added to the
bead-bound peptides and incubated overnight at 4°C on a rota-
tor. The following day, beads were washed five times with N-
250 buffer. Bound proteins were eluted by heating for 10 min
at 95°C in 4× SDS sample buffer (250 mM Tris at pH 6.8,
50% glycerol, 8% SDS). As a loading control, 0.25 µL of the
eluted proteins was spotted onto a nitrocellulose membrane
and detected using streptavidin-HRP (Thermo Scientific, no.
21130). To assay BRWD2/PHIP protein captured by the histone
peptides, samples were supplemented with bromophenol blue
and 2-mercaptoethanol and heated for 5 min at 95°C. Ten
percent of input protein and 20% of the peptide pull-down
were resolved by SDS-PAGE, and gels were stained with Coo-
massie blue.

ITC

BRWD2 protein isolated from E. coli was buffer-exchanged into
ITC buffer (50 mM Tris at pH 7.4, 200 mM NaCl, 1 mM EDTA,
2% glycerol) using PD-10 columns (GE Healthcare). Histone pep-
tides were purchased from Epicypher and dissolved in ITC buffer.
ITCwas performed on aMicroCal VP-ITC calorimeter (Malvern).
BRWD2 protein concentration was 25 µM, and histone peptides
were 1 mM. ITC was performed at 30°C using the following con-
ditions: 5-µL injection volume, 10-sec injection duration, 300-sec
injection spacing, and 10-sec filter period.

In vitro chromatin capture

In vitro chromatin capturewas performed using an approach sim-
ilar to the matrix-assisted reader chromatin capture (MARCC)
method (Su et al. 2015). Native mononucleosomes were prepared
by MNase digestion of 3 × 108 HEK293 nuclei as described (Herz
et al. 2014; Piunti et al. 2017). After stopping theMNase reaction,
500 µg of recombinantHis-Flag-tagged BRWD2/PHIP proteinwas
added, and samples were incubated overnight at 4°C. The follow-
ing day, samples were centrifuged to remove protein precipitate,
and cleared supernatant was incubated with 500 µL of Flag-M2
agarose beads for 2 h at 4°C. Samples were washed (once with 5
mL and then five times with 1mL) with wash buffer (50 mM
HEPES at pH7.9, 100 mM KCl, 100 mM NaCl, 10% glycerol, 1
mM EDTA, 2 mM EGTA, 0.1% Triton X-100, 10 mM sodium
butyrate), and bound complexes were eluted with elution buffer
(20 mMHEPES at pH 7.9, 100 mMNaCl, 100 µg/mL 3xFlag pep-
tide [Sigma, F4799]). Input and Flag pull-down samples were ex-
tracted with 5 vol of 0.2 M H2SO4 to enrich histones (Shechter
et al. 2007), precipitated with 20% trichloroacetic acid, washed
with 100% acetone, and air-dried.
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CRISPR–Cas9 gene editing

Plasmids expressing Cas9 and single-guide RNAs (sgRNAs) were
constructed in pX330 (Cong et al. 2013). pX330-U6-Chimeric_BB-
CBh-hSpCas9 was a gift from Feng Zhang (Addgene plasmid
no. 42230). The sgRNA sequences used to delete the mouse
Mll4 SET domain were GCAGCTTAAATTCCGGCCTTG and
GAGGCGAGGGGCCCCGATTGA. Human MLL4 SET dele-
tion sgRNAs were GTGGTGTCGGCGGGTTACTC and
GCATCCATTTCCGACAATTCC. Human BRWD2/PHIP pro-
moter deletion sgRNAs were GGATGTGTGTGTACTTGCGA
and GAAGATGTTGATAACCGCTCA. HCT116 cells (1 × 107

cells) were electroporated with 30 µg of each sgRNA and 15 µg
of pCAGGS-EGFP-IRES-Puro (a kind gift from Dr. Hitoshi
Niwa). Beginning 1 d after electroporation, cells were selected
with 1ug/mL puromycin for 24 h, allowed to recover for 4–5 d,
and then plated at low density (1000 cells per 10-cm dish) to iso-
late single-cell-derived colonies.

MS of protein complexes

Sample preparation and MS of immunoprecipitated complexes
were performed as described (Hickox et al. 2017).

MS of histone modifications

Acid-extracted histones were propionylated, trypsin-digested,
and subjected to MS to quantify histone modifications as de-
scribed previously (Zheng et al. 2013; Piunti et al. 2017). Raw
MS files were imported and analyzed in Skyline with Savitzky-
Golay smoothing (MacLean et al. 2010). All Skyline peak area as-
signments were confirmedmanually. Total peak areas from SRM
were used to plot bar graphs representing relative abundances of
distinct histone modifications. The relative abundances were de-
termined from the mean of three technical replicates, with error
bars showing standard deviation.
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