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Mutations in the PHIP/BRWD2 chromatin regulator cause the human neurodevelopmental disorder Chung-Jansen
syndrome, while alterations in PHIP expression are linked to cancer. Precisely howPHIP functions in these contexts
is not fully understood. Here we demonstrate that PHIP is a chromatin-associated CRL4 ubiquitin ligase substrate
receptor and is required for CRL4 recruitment to chromatin. PHIP binds to chromatin through a trivalent reader
domain consisting of a H3K4-methyl binding Tudor domain and two bromodomains (BD1 and BD2). Using semi-
synthetic nucleosomes with defined histone post-translational modifications, we characterize PHIPs BD1 and BD2
as respective readers of H3K14ac and H4K12ac, and identify human disease-associated mutations in each domain
and the intervening linker region that likely disrupt chromatin binding. These findings provide new insight into the
biological function of this enigmatic chromatin protein and set the stage for the identification of both upstream
chromatin modifiers and downstream targets of PHIP in human disease.
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Combinatorial histone modifications recruit multivalent
histone binding proteins to orchestrate diverse down-
stream molecular processes (Kouzarides 2007; Ruthen-
burg et al. 2007; Musselman et al. 2012). We previously
characterized pleckstrin homology interacting protein
(PHIP; UniProtQ8WWQ0; also known as BRWD2, RepID,
and DCAF14) (Zhang et al. 2016; Morgan et al. 2017;
Townsend et al. 2021) as a histone H3 lysine 4 (H3K4)
methylation binding proteinwhose interactionwith chro-
matin is dependent on the COMPASS family of histone
H3K4 methyltransferases (Morgan et al. 2017). Loss-of-
function mutations in the PHIP gene were recently iden-
tified as the cause of the neurodevelopmental disorder
Chung-Jansen syndrome (Webster et al. 2016; Jansen
et al. 2018). PHIP plays a role in an array of biological pro-
cesses, including cancer pathogenesis (Bezrookove et al.
2018; de Semir et al. 2018, 2020;Weber et al. 2019), cell cy-

cle control (Zhang et al. 2016; Jang et al. 2018, 2020), me-
tabolism (Marenne et al. 2020), and viral infection (Wei
et al. 2020). Defining the molecular function of PHIP is
of crucial importance to understanding these processes
and identifying potential therapeutic targets. The protein
domains in PHIP suggest at least two functional activities.
The N terminus contains a cullin ring ligase-4 (CRL4) E3
ubiquitin ligase interacting region as well as a series of
WD repeats that are characteristic of CRL4 substrate re-
ceptors (Angers et al. 2006; He et al. 2006; Higa et al.
2006; Jin et al. 2006; Jang et al. 2018). Toward its C termi-
nus, PHIP contains a cryptic Tudor domain, which binds
to histone H3K4methylation (Morgan et al. 2017), imme-
diately followed by two bromodomains of undetermined
function, although other members of this domain family
recognize acetylated lysine residues in histone proteins

Corresponding authors: marc.morgan@northwestern.edu,
mkeogh@epicypher.com
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.348766.121.

© 2021 Morgan et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After sixmonths, it is available under a Creative Commons License (Attri-
bution-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.

1642 GENES & DEVELOPMENT 35:1642–1656 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/21; www.genesdev.org

mailto:marc.morgan@northwestern.edu
mailto:mkeogh@epicypher.com
http://www.genesdev.org/cgi/doi/10.1101/gad.348766.121
http://www.genesdev.org/cgi/doi/10.1101/gad.348766.121
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml


(Kouzarides 2007; Ruthenburg et al. 2007; Musselman
et al. 2012). Together, this suggests that PHIP may bind
chromatin through multivalent interactions with H3K4
methylation and histone acetylation, and target chroma-
tin-associated substrates for ubiquitination by the CRL4
complex. In support of this notion, CUL4B (a core compo-
nent of the CRL4 complex) is mutated in Cabezas syn-
drome, a human neurodevelopmental disorder that
shares many features with Chung-Jansen syndrome (Tar-
pey et al. 2007; Zou et al. 2007).
Herewe report several properties of PHIP (BRWD2) that

are of considerable biological and pathological interest.
We identify PHIP as a chromatin-associated CRL4 sub-
strate receptor, and demonstrate that PHIP is required
for the association of CRL4 with chromatin (consistent
with recently published data) (Jang et al. 2018). Genetic
disruption of all three PHIP gene homologs (BRWD1–3)
results in altered gene expression in cancer cells, which
can be partially rescued by re-expression of PHIP. Using
semisynthetic nucleosomes with defined histone post-
translational modifications (PTMs), we characterize read-
er activities of the PHIP Tudor and tandem bromodo-
mains (BD1 and BD2). We establish the PHIP BDs as
H3K14ac and H4K12ac bindingmodules and demonstrate
a cooperative trivalent nucleosome interaction involving
simultaneous binding of H3K4 methylation and these
two acetylation sites. Of note, we show that PHIP BD2,
which is atypical and contains a threonine in place of
the canonical asparagine at the highly conserved acetyl-

lysine binding BC loop, is functional and selective for
H4K12ac.We extend the biological relevance of these bio-
chemical experiments by demonstrating that human dis-
ease-associated mutations in PHIP impair its ability to
bind nucleosomes. These findings provide new insight
into the function of this largely uncharacterized chroma-
tin regulator and have implications for the study of human
neurodevelopment, cancer biology, and metabolism.

Results

PHIP is a chromatin-associated CRL4 substrate receptor

The CRL4 E3 ubiquitin ligase complex (CUL4A/B, DDB1,
and RBX1) forms complexes with dozens of substrate re-
ceptors, including PHIP, to target diverse substrates for
ubiquitination (Petroski and Deshaies 2005; Angers
et al. 2006; He et al. 2006; Higa et al. 2006; Jin et al.
2006; Lydeard et al. 2013). We examined PHIP and CRL4
colocalization by subcellular fractionation (Fig. 1A), and
observed that PHIP is almost exclusively in the chromatin
fraction, whereas CRL4 is detected across all fractions
(Fig. 1A).Notably, chromatin-associatedCRL4 is enriched
for the active primarily Nedd8-modified form (Petroski
and Deshaies 2005; Lydeard et al. 2013), detected by mo-
bility shift on SDS-PAGE. We next examined the reper-
toire of CRL4 substrate receptor interactions in each
fraction. To accomplish this, we cross-linked cells with
dithiobis(succinimidyl propionate) (DSP) prior to cell lysis
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Figure 1. PHIP is the major chromatin-associated CRL4 substrate receptor. (A) Immunoblotting of subcellular fractions from HCT116
cells probed with the antibodies indicated. Nedd8-modified and unmodified CUL4A/B bands are indicated. (B) Silver-stained SDS-
PAGE of anti-FLAG immunoprecipitations from control or FLAG-CUL4B-expressing T-Rex-293 cells. (C ) Mass spectrometry (MS) spec-
tral counts of FLAG-CUL4B-associated proteins in subcellular fractions.
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to limit in vitro substrate receptor exchange (Reitsma
et al. 2017). We then immunoprecipitated CRL4 through
a FLAG-tagged CUL4B subunit and performed mass spec-
trometry (MS) analysis of protein complexes (Fig. 1B,C).
CRL4–PHIP complexes aremore abundant inmicrococcal
nuclease (MNase)-digested chromatin relative to the low-
and high-salt fractions (Fig. 1C), suggesting that PHIP in-
teracts with CRL4 specifically on chromatin.

Given their physical interaction, we next examined
whether PHIP/BRWD2, or its close homologs BRWD1
and BRWD3, are individually required for CRL4 associa-
tion with chromatin. Individual elimination of BRWD1
and BRWD3 hasminimal effect on CRL4 chromatin bind-
ing, although it is diminished on deletion of PHIP (Fig.
2A), as reported recently (Jang et al. 2018). To uncover po-

tential redundancy between the homologs, we engineered
BRWD1/2/3 triple gene knockout (BRWDTKO) cells (Fig.
2B) and observed markedly decreased proliferation (Fig.
2C) and dramatically reduced CRL4 binding to chromatin
(Fig. 2D). We next characterized the chromatin-associated
proteome of BRWDTKO cells by performing quantitative
tandem mass tag (TMT) MS, confirming that CRL4 is de-
pleted from chromatin (Fig. 2E).

PHIP regulates gene expression in cancer cells

To gain further insight into the role of PHIP, we performed
global mRNA profiling in control and BRWD TKO cells
and observed gene expression alterations (Fig. 3A). To
determine to what extent these changes are direct effects
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Figure 2. PHIP is required for CRL4 association with chromatin. (A) Immunoblotting of subcellular fractions from wild-type and
BRWD1, BRWD2, and BRWD3 knockout HCT116 cells probed for the CRL4 components CUL4A (left) and CUL4B (right). (B) RNA se-
quencing tracks from wild-type and BRWD triple knockout (BRWD TKO) cells confirming disruption of all three genes. (C ) Crystal vio-
let-staining cell growth assay of wild-type and BRWD TKO cells. (D) Immunoblotting of subcellular fractions fromwild-type and BRWD
TKO cells probing for CRL4 components, CUL4A (left), CUL4B (middle), and DDB1 (right). (E) Tandem mass tag (TMT) MS analysis of
chromatin-associated proteins in wild-type and BRWDTKO cells. TMT data were integrated with RNA-seq data and are presented as log2
fold change in RNA plotted against log2 fold change in protein. RNA levels for the CRL4 components CUL4B andDDB1were unchanged,
whereas their proteins were dramatically depleted from chromatin.
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of PHIP gene deficiency, we re-expressed HA-tagged PHIP
in BRWD TKO cells using a lentiviral vector (Fig. 3A,B)
and observed that ∼36% of up-regulated genes and ∼21%
of down-regulated genes are at least partially restored
(Fig. 3C), suggesting that PHIP may mediate an activating
or repressive role. Notably, cell cycle regulator cyclin-de-
pendent kinase 6 (CDK6) levels (mRNA and protein)
were dramatically reduced in BRWDTKOcells and partial-
ly restored upon PHIP rescue (Fig. 3B,D). BRWDTKO cells
also appear more sensitive to low doses of the CDK4/6 in-
hibitor, palbociclib (Fig. 3E),while previouswork identified
a role for PHIP in promotingCyclinD1 expression in triple-
negative breast cancer cells (de Semir et al. 2018). Taken to-
gether, this suggests that PHIP may regulate G1/S CDK4/
6–CyclinD activity in transformed cells.

Phip is dispensable for neurogenesis

To investigate the role of PHIP in developmental process-
es, we used a mouse embryonic stem cell (ESC)-based dif-
ferentiation system. We derived multiple PHIP knockout

ESC lines (Supplemental Fig. S1A) and subjected these to
in vitro cortical neuronal differentiation (Gaspard et al.
2009), followed by immunohistochemical analysis and
RNA sequencing. PHIP-null ESCs are capable of forming
both neuronal progenitors and fully differentiated neu-
rons, as demonstrated by immunostaining for Nestin
and TUBB3, respectively (Supplemental Fig. S1B). Tran-
scriptome analysis indicates that PHIP knockout results
in minimal alterations in gene expression in undifferenti-
ated ESCs and neuronal cultures (Supplemental Fig. S1C–

E). These results are in line with the published phenotype
of PHIP mutant mice, which appear grossly normal at
birth but exhibit postnatal lethality within the first
month of life (Li et al. 2010). This implies that PHIP is
not essential for early embryonic development but has a
crucial function for postnatal survival.

The PHIP bromodomains engage H3K14ac and H4K12ac

To further explore the mechanisms of PHIP-mediated re-
cruitment of CRL4 to chromatin, we turned our attention
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Figure 3. PHIP regulates gene expression in cancer cells. (A) RNA sequencing heat map plotting wild-type, BRWD TKO, and HA-PHIP-
rescued cells. The gene sets displayed are those differentially expressed between wild-type and BRWD TKO cells. (B) Immunoblotting of
whole-cell extracts fromwild-type, BRWDTKO, and PHIP-rescued cells probed with the antibodies indicated. (C ) Venn diagrams display-
ing genes in BRWDTKO that increase or decrease toward wild-type levels upon PHIP re-expression. (D) UCSC genome browser RNA-seq
track examples of a BRWD TKO down-regulated gene (CDK6) that is up-regulated upon PHIP re-expression (top) and a BRWD TKO up-
regulated gene (ARL4C) that is decreased upon PHIP re-expression (bottom). (E) Crystal violet cell growth assay of wild-type and
BRWD TKO cells treated with palbociclib for 48 h.
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to the PHIP chromatin binding region (residues
940–1434), containing a Tudor domain immediately up-
stream of tandem bromodomains (referred to here as
BD1 and BD2). Our previous work characterized the Tu-
dor domain as a H3K4 methylation reader (Morgan et al.
2017). However, direct evidence for PHIP bromodomain
binding to specific histone PTMs is lacking. Therefore,
we initially performed a histone-peptide microarray
screen using a recombinant construct containing the Tu-
dor and tandem BDs with an N-terminal 10x-histidine tag
(Tudor–BD1–BD2). In addition to the expected H3K4
methyl peptides, this identified those containingmultiple
sites of histone H3 and H4 N-terminal tail acetylation as
candidate binding sites (Supplemental Fig. S2).

To quantitatively interrogatePHIPbinding and refine the
candidate interactions with a physiological target, we per-
formed dCypher assays using semisynthetic PTM-defined
nucleosomes (Weinberg et al. 2019; Jain et al. 2020; Mar-
unde et al. 2021). For these experiments, we used the
wild-type Tudor–BD1–BD2 construct above as well as ver-
sions harboring mutations that would be expected
to abrogate the PTM-binding function of each individual
domain: TudorMut ;W1081A, BD1Mut ;N1239A, and
BD2Mut;T1396A (Fig. 4A; Filippakopoulos et al. 2012; Mor-
gan et al. 2017). We initiallymeasuredwild-type binding to
H3K4 methylated nucleosomes and observed a marked
preference for H3K4me3/2 over H3K4me1 (Fig. 4B,C). Im-
portantly, this binding was ablated by TudorMut but unaf-
fected by BD1Mut–BD2Mut (Fig. 4B,C), demonstrating that
the Tudor domain is both necessary and sufficient for bind-
ing to H3K4methylation in a nucleosomal context.

Whereas PHIP BD1 has a canonical BC-loop sequence
with anasparagine (N1239) at the acetyl-lysine binding po-
sition, BD2 is atypical with a threonine (T1396) at this lo-
cation, raising the possibility that BD2 is nonfunctional.
To explore their capability and specificity, we assayed
PHIP BD1Mut and BD2Mut against a panel of PTM-defined
nucleosomes containing individual or combinatorially

acetylated lysines on histone H3 (K4, K9, K14, and K18),
H4 (K5, K8, K12, and K16), and H2A (K5, K9, K13, and
K15). Consistent with results from histone peptide arrays
(Supplemental Fig. S2), wild-type PHIP bound H3 and H4
tetra-acetylated (tetraAc) nucleosomes, but also those
containingonlyH3K14acorH4K12ac (Fig. 4D,E).Notably,
binding affinity was increased when nucleosomes con-
tained both tetra-acetylated H3 and H4, suggesting multi-
valent trans-tail engagementwithH3K14ac andH4K12ac.
Supporting this idea, BD1Mut eliminates binding to
H3K14ac andH3tetraAcnucleosomes, but retains binding
to H4K12ac and H4tetraAc nucleosomes (Fig. 4D,E). Con-
versely, BD2Mut loses binding to H4K12ac and H4tetraAc
nucleosomes, but retainsbinding toH3K14andH3tetraAc
nucleosomes (Fig. 4D,E). In each BDmutant form, the en-
hanced binding observed by combining H3 and H4tetraAc
nucleosomes is lost. Thus, PHIP BD1 and BD2 bind to
H3K14ac and H4K12ac, respectively, and the presence of
both PTMs enhances nucleosome engagement.

To examine the distribution of these histone PTMs in a
cellular context, we performed ChIP-seq for each (H3K
4me1, H3K4me2, H3K4me3, H3K14ac, and H4K12ac)
and PHIP in HCT116 cells and observed extensive coloc-
alization of all tested elements (Fig. 5A). As we previously
reported, PHIP occupies gene promoters with high levels
of H3K4me3 as well as intergenic putative enhancers
marked by H3K4me1 (Fig. 5B). Analysis of ChIP-seq
peak overlaps demonstrates that PHIP binding co-occurs
with combinations of H3K4 methylation, H3K14ac, and
H4K12ac (Fig. 5C,D). Collectively, these experiments
strongly suggest that a combination of H3K4methylation,
H3K14ac, and H4K12ac creates high-affinity binding sites
for PHIP and promotes its chromatin occupancy.

PHIP forms a trivalent interaction with nucleosomes

We next further examined the role of combinatorial his-
tone PTMs in regulating PHIP nucleosome binding. To
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Figure 4. The PHIP bromodomains bind nucleosomal H3K14ac and H4K12ac. (A) Diagram of PHIP Tudor–BD1–BD2 constructs used in
binding studies indicating the locations of pointmutations. (B) dCypher nucleosome binding assays using wild-type (left), TudorMut (mid-
dle), and BD1Mut–BD2Mut mutant (right) constructs in combination with the H3K4 methylation-containing nucleosomes indicated. (C )
Table of EC50

rel values for the experiments shown in B. (D) dCypher nucleosome binding assays using wild-type (left), BD1Mut (middle),
and BD2Mut (right) in combination with the acetylation-containing nucleosomes indicated. (E) Table of EC50

rel values for the experiments
shown in D. (NB) No binding.
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achieve this, we generated nucleosomes containing H3K4
methylation in combination with H3K14ac or H4K12ac.
When H3K4 methylation is combined with H3K14ac,
there is an increase in PHIP binding affinity that is disrupt-
ed by TudorMut or BD1Mut (Fig. 6A,B). As above, wild-type
PHIP prefers H3K4me2/3 over H3K4me1 in the absence of
combinatorial acetylation (Fig. 4B,C). However, when
H3K14ac is present, there isminimal difference in affinity
for these three H3K4 methylation states (Fig. 6A,B). This
observation is consistent with our ChIP-seq results,
which show that PHIP occupies many genomic regions
that are marked by H3K4me1 but have low levels
of H3K4me2/3 (Fig. 5), and suggests that co-occurrence
of H3K14ac may promote binding at these sites. Similar
to H3K14ac, H4K12ac enhances wild-type PHIP interac-
tion with nucleosomes when combined with H3K4meth-
ylation. However, distinct from H3K14ac, there is still a
detectable difference in binding between H3K4me1 and
H3K4me3/2 in combination with H4K12ac (Fig. 6C,D).
Standard dCypher assay conditions titrate varying con-

centrations of Query (e.g., Tudor–BD1–BD2) into a fixed
concentration of Target (e.g., a PTM-defined nucleosome)
(Marunde et al. 2021). In this setup, wewere able to detect
enhanced binding of wild-type PHIP with all pairwise
PTM combinations engaged by its Tudor (H3K4methyl),
BD1 (H3K14ac), and BD2 (H4K12ac), but were not able to
distinguish any increase in binding with all three PTMs,

potentially due to saturation of the assay signal (Supple-
mental Fig. S3). To overcome this, we modified the dCy-
pher assay by moving to a fixed low concentration of
wild-type PHIP (reduced 400-fold from typical) and titrat-
ing in PTM-defined nucleosomes (see the Materials and
Methods). This revealed increased binding to a triple-
PTMnucleosome (H3K4me3,H3K14ac, andH4K12ac) rel-
ative to each combination of two PTMs (Fig. 6E,F). As an
additional control, we titrated the triple-PTM nucleo-
somes against wild-type and mutant PHIP constructs,
and determined that mutation of any individual domain
(TudorMut, BD1Mut, or BD2Mut) decreased binding (Fig.
6G,H).
Wenext explored cooperative histone binding in a cellu-

lar context by generating cells with a deletion of both bro-
modomains using CRISPR–Cas9 gene editing of
endogenousPHIP inHCT116 cells. To achieve this, we in-
troduced sgRNAs targeting PHIP intronic sequences to
create a 16-kb deletion that causes in-frame splicing be-
tween exon 30 and exon 39 and encodes a protein retain-
ing the Tudor domain but lacking both bromodomains
(PHIP ΔBromo) (Fig. 6I). After subcellular fractionation
(see the Materials and Methods), wild-type PHIP is pri-
marily found in the chromatin fraction (as expected)
(Fig. 1A), while PHIP ΔBromo is detectable in the soluble
and chromatin pools, suggesting diminished chromatin
binding (Fig. 6J). We next used ChIP-seq to compare the
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Figure 5. PHIP colocalizes with H3K4 methylation, H3K14ac, and H4K12ac on chromatin. (A) UCSC genome browser ChIP-seq track
example for ChIPs of PHIP, H3K4me1, H3K4me2, H3K4me3, H3K14ac, and H4K12ac. (B) Heat map of ChIP-seq data centered on PHIP
peaks. Peakswere divided into transcription start sites (TSSs) and non-TSS peaks. (C ) Venn diagramdisplaying overlappingChIP-seq peaks
for PHIP, H3K4me3, H3K4me1, and H3K14ac. (D) Venn diagram displaying overlapping ChIP-seq peaks for PHIP, H3K4me3, H3K4me1,
and H4K12ac.
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genome-wide binding of PHIP wild type and ΔBromo rela-
tive to PHIP KO, which revealed reduced signal in themu-
tant that was comparable with the background levels of
KO cells (Fig. 6K). This is consistent with dCypher data,
and suggests that multiple interactions are required for
high-affinity binding of PHIP to chromatin, and the Tudor
domain alone is insufficient to drive normal chromatin lo-
calization in vivo. As a further test of this model, we
generated lentiviral HA-tagged full-length PHIP con-
structs encoding wild type, single mutations, or combina-
tions of TudorMut, BD1Mut, and BD2Mut (Fig. 6L).We stably
expressed these constructs in mammalian cells and per-
formed subcellular fractionation followed by immuno-
blotting, and observed that while wild-type protein is
primarily detected in the chromatin fraction, mutation
of each PTM interaction domain resulted in a shift to the
soluble fraction (Fig. 6M). The most dramatic effect was
seen on simultaneous mutation of all three reader do-

mains, TudorMut–BD1Mut–BD2Mut, closely followed by
TudorMut–BD1Mut (Fig. 6M).

PHIP chromatin binding is disrupted in
neurodevelopmental disorders and cancer

To explore the potential role of PHIP chromatin binding
activity in human disease, we assembled a panel of chro-
matin binding region mutations that have been detected
in human neurodevelopmental disorders or cancer (Fig.
7A; Firth et al. 2009; Jansen et al. 2018; Tate et al. 2019;
Tenorio et al. 2019; van der Donk et al. 2019; McLeod
et al. 2021). These mutations involved the Tudor domain
(E963G and W1156L), BD1 (Q1263E), BD2 (R1402S), and
the linker between BD1 and BD2 (R1310C). In dCypher
testing, E963G and Q1263E had no discernible impact,
which may reflect sensitivity limitations of the approach
under standard conditions (Supplemental Fig. S4).
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Figure 6. PHIP forms a trivalent nucleosome interaction. (A) dCypher nucleosome binding assays using wild type (left), TudorMut (mid-
dle), and BD1Mut (right) and the panel of nucleosomes indicated. (B) Table of EC50

rel values for the experiments shown in A. (C ) dCypher
nucleosome binding assays using PHIP wild type (left), TudorMut (middle), and BD2Mut (right) using the panel of nucleosomes indicated.
(D) Table of EC50

rel values for the experiments shown inC. (NB) No binding. (E) Modified dCypher assay (Target depletion/Query limited
conditions) using the wild-type construct in combination with the nucleosomes indicated. (F ) Table of Kd

app values for the experiments
presented in E. (G) Modified dCypher assays performedwithwild-type, TudorMut, BD1Mutmutant, and BD2Mut constructs in combination
with H3K4me3/H3K14ac +H4K12ac nucleosomes. (H) Table of Kd

app values for the experiments presented in G. (I ) Immunoblotting of
whole-cell extracts fromwild-type cells and two independent clones of PHIP ΔBD1–BD2HCT116 cells. (J) Immunoblotting of subcellular
fractions fromwild-type and ΔBD1-BD2 cells. (K ) UCSC genome browser ChIP-seq track example of ChIP experiments performed inwild-
type, ΔBD1–BD2, and PHIP KO cells using antibodies directed against PHIP and H3K4me1. (L) Diagram of the PHIP Tudor bromodomain
lentiviral constructs used in subcellular fractionation experiments. (M ) Immunoblotting of soluble (S) and chromatin (C) fractions from
cells expressing the constructs shown in L. GAPDH and histone H3 serve as protein markers for the soluble and chromatin fractions,
respectively.
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However, W1156L (within Tudor domain) showed re-
duced binding (more than threefold relative to wild type)
to H3K4me1–2/H4K12ac nucleosomes, while R1402S
(within BD2) had a dramatic impact (>10-fold reduced
binding relative to wild type) for nucleosomes containing
the H3K4 methyl states and H4K12ac, suggesting defec-
tive BD2 function (Fig. 7B). In the PHIP BD2 crystal struc-
ture (PDB: 3MB3) (Filippakopoulos et al. 2012), R1402S is
located at the beginning of the B helix in close proximity
to the acetyl-lysine binding site (Fig. 7C), and our experi-
ments demonstrate that this position contributes directly
to Kac binding. Perhaps the most intriguing impact was
observed from R1310C (the most frequent PHIP mutation
detected in human cancer), with more than fourfold re-
duced binding relative to wild type toward H3K4me1–2/
H4K12ac nucleosomes (Fig. 7B,D). Intriguingly, this mu-
tation in the linker between BD1 and BD2 specifically
compromises function of the latter (binding to
H4K12ac), indicating the importance of flanking regions
to theminimal reader domains, and the necessity to study
these elements in context. Collectively these results im-
plicate disruption of PHIP chromatin binding in cancer
and neurodevelopmental disorders.

Discussion

Defining the molecular functions of PHIP (BRWD2) will
provide insight into the diverse processes it controls,
such as neurodevelopment, metabolism, and cancer path-
ogenesis. Here we demonstrate that PHIP is a chromatin-
associated CRL4 substrate receptor, and that its loss

impairs CRL4 interaction with chromatin. Deletion of
the three BRWD gene homologs (BRWD1–3) results in al-
tered gene expression in human cancer cells that can be
partially rescued by PHIP re-expression. We have exten-
sively characterized PHIP chromatin binding activity
and defined themeans bywhich it interactswith PTM-de-
fined nucleosomes. Building on our previous findings
identifying the PHIP Tudor domain as a H3K4 methyl
bindingmodule, we demonstrate that BD1 and BD2medi-
ate interaction with H3K14ac and H4K12ac (Fig. 8). Final-
ly, we extend the in vivo relevance of these biochemical
studies by identifying human disease-associated muta-
tions within the PHIP chromatin binding domain that im-
pair its ability to bind nucleosomes.
By individually deleting each of the three BRWD gene

homologs, we have shown that PHIP is of primary impor-
tance for the association of CRL4 with chromatin, a find-
ing in line with recent work (Jang et al. 2018). In our TMT
MSand analysis of immunoprecipitatedCRL4 complexes,
we observed that PHIP is the most abundant of the three
BRWDhomologs in HCT116 cells, providing the simplest
explanation for its contribution to CRL4 recruitment.
However, we note the distinct loss-of-function pheno-
types for BRWD1, PHIP (BRWD2), and BRWD3, indicat-
ing nonredundant functions and/or different patterns of
expression. In this manner, BRWD1 is essential for nor-
mal germ cell development and mediates immunoglobu-
lin gene rearrangement (Philipps et al. 2008; Mandal
et al. 2015). PHIPmutant mice exhibit postnatal lethality
(Li et al. 2010), while human haploinsufficiency causes
Chung-Jansen syndrome (Webster et al. 2016; Jansen
et al. 2018). Finally, loss-of-function mutations in human

B

A

C

D

Figure 7. PHIP nucleosome binding is disrupted in human disease. (A) Diagram of the PHIP mutations associated with human develop-
mental disorders (blue text) or cancer (red text) located within the chromatin binding domain. (B) Table of EC50

rel values for wild type and
the disease-associated PHIPmutations shown inA against the nucleosomes indicated. (NB)No binding. (C ) Location of theR1402 residue,
highlighted in red, on the structure of PHIP bromodomain 2 (PDB: 3MB3); the acetyl binding position T1396 is highlighted green. (D) Pe-
Can plot (St. Jude Cloud) of PHIP displaying cancer-associated mutations from the COSMIC database.
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BRWD3 result in an X-linked intellectual disability syn-
drome (Field et al. 2007).

Precisely how the PHIP–CRL4 complex functions in
cellular biology is not fully understood. Mutations in hu-
man PHIP and CRL4 cause phenotypically similar neuro-
developmental disorders, so direct targets for PHIP–CRL4
ubiquitin ligase activity are likely of disease relevance. In
addition to potential roles regulating gene expression by
binding histones PTMs associated with active chromatin
(Morgan and Shilatifard 2020), a growing body of literature
links PHIP–CRL4 to DNA replication and other aspects of
cell cycle control. PHIP binds a subset of DNA origins of
replication and is required for initiation at these sites
(Zhang et al. 2016; Jang et al. 2018). It also plays a role in
the response to DNA replication stress by stabilizing
stalled replication forks (Townsend et al. 2021). In addi-
tion, PHIP functions during mitosis by acting as a scaffold
to transfer CRL4 to RBBP7, which mediates the degrada-
tion of BUB3 to regulate the metaphase-to-anaphase tran-
sition (Jang et al. 2020). Thus, PHIP may have a number of
roles related to diverse aspects of chromatin function, and
it will be important to investigate how its histone PTM
engagement regulates these processes.

Our characterization of the PHIP chromatin binding
module as a trivalent (H3K4 methyl, H3K14ac, and
H4K12ac) reader has implicationswith respect to PHIP re-
cruitment to chromatin and the development of mole-
cules targeting its activity. Bromodomains have been
grouped into eight classes based on amino acid sequence
and structural data (Filippakopoulos et al. 2012). The
vast majority contain an asparagine residue at the ace-
tyl-lysine binding position located at the end of the Bα he-
lix, immediately preceding the B–C loop (Filippakopoulos
et al. 2012). Most bromodomains share a common overall
fold but exhibit significant amino acid diversity/diver-
gence in the distribution of charged surface residues,
whichmost likely contributes to substrate specificity (Fil-
ippakopoulos et al. 2012). PHIP BD1 falls within bromodo-
main class VII, which includes TAF1, ZMYND8, and
ZMYND11. TAF1 bromodomains recognize multiple
acetylated histone H4s (Jacobson et al. 2000; Flynn et al.
2015), whereas ZMYND8 interacts with H3K14ac (Li
et al. 2016; Savitsky et al. 2016), in common with PHIP
BD1 (Fig. 4D,E), suggesting that these domains may con-
stitute a related subfamily. PHIP BD2 is atypical (contain-
ing a threonine residue at the acetyl-lysine binding
position), and falls within bromodomain class III, which
also includes the bromodomains of the acetyltransferases

CBP and p300 (Filippakopoulos et al. 2012). The CBP bro-
modomain contains a canonical asparagine acetyl-lysine
binding residue and strongly interacts with H3K56ac but
is also capable of binding the diverse targets H3K36ac,
H3K79ac, H4K12ac, and H4K44ac (Picaud et al. 2015).
When tested to a limited number of these potential targets
in the nucleosome context, PHIP BD2 shows specific in-
teraction with H4K12ac, suggesting that although it
shares structural similaritywithCBP, itmay possess a dis-
tinct histone binding activity. Outside the three BRWD
homologs, the only other annotated bromodomain with
a threonine at the acetyl-lysine binding position is
TRIM28, though this bears little resemblance to PHIP
BD2 outside of the acetyl-lysine binding site (Filippako-
poulos et al. 2012). The TRIM28 bromodomain has been
suggested to lack acetyl-lysine binding activity (Zeng
et al. 2008), though our demonstration of PHIP BD2 func-
tionality suggests it may be worth re-examining this pre-
diction. Intriguingly, a recent study identified PHIP BD2
as capable of binding both formyl- and propionyl-lysine
(Flynn et al. 2015), though this activity was not mapped
to a specific histone residue. Our identification of R1402
as being critical for PHIP BD2 function provides insight
into the impact of this mutation in human neurodevelop-
mental disorders. However, the observation that muta-
tion of R1310 in the linker region preceding BD2
impairs its ability to bind H4K12ac may have the greatest
resonance outside this study. It is likely that “minimal
domain/histone peptide” interrogations have dramati-
cally underappreciated the complexity of the interactions
(and their means of regulation) between full-length reader
proteins and their nucleosome targets. Working with a
more physiological representation of the potential inter-
acting partners will almost certainly uncover additional
regulatory regions and the mechanism of disease alleles.

Our dCypher and ChIP-seq experiments suggest that
H3K4methyl, H3K14ac, andH4K12ac nucleosomes serve
as high-affinity PHIP binding sites, implying a concerted
activity of COMPASS methyltransferases and lysine ace-
tyltransferases, and understanding how this is coordinat-
ed will be an important area for future work. Potential
candidates involved in recruiting PHIP to H3K14ac in-
clude GCN5 and HBO1, while HAT1 and NuA4 may me-
diate H4K12ac (Roth et al. 2001; Lee and Workman 2007;
Kueh et al. 2020).

PHIP is overexpressed in many cancers and acts as a po-
tential regulator of their proliferation (DeSemir et al. 2012,
2018, 2020; Zhang et al. 2016; Bezrookove et al. 2018; Jang

Figure 8. Summary figure of PHIP nucleo-
some binding and molecular function.
PHIP interacts with trivalent (H3K4me/
H3K14ac/H4K12ac) nucleosomes to recruit
the CRL4 complex to direct gene expression
and drive cellular proliferation.
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et al. 2018, 2020;Weber et al. 2019), suggesting that the de-
velopment of small molecules targeting PHIP chromatin
binding could be a useful therapeutic. Indeed, efforts
have already been made to develop an inhibitor of PHIP
BD2 function (Cox et al. 2016). Recent studies have dem-
onstrated that targeting a single reader domain in a multi-
valent chromatin protein can be sufficient to disrupt
normal localization (Dilworth et al. 2021). Thus, our char-
acterization of the substrate specificity of each reader
domain in PHIPmay open up additional approaches to tar-
get its function.
The characterization of the methylation and acetyla-

tion pathways that control PHIP recruitment to chroma-
tin have important implications for the development of
targeted treatments for Chung-Jansen syndrome. Here, af-
fected individuals carry heterozygous de novo loss-of-
function mutations in PHIP (Webster et al. 2016; Jansen
et al. 2018), so it is plausible that increasing the functional
activity of the remaining wild-type protein could alleviate
disease symptoms. One approach to achieve this would be
small molecule inhibitors directed toward the activity of
enzymes that remove the H3K4 methyl and H3K14ac/
H4K12ac PTMs. Indeed, such an approach has already
proven fruitful in the case ofMLL4/KMT2D, which is het-
erozygously mutated in the neurodevelopmental Kabuki
syndrome (Bjornsson et al. 2014; Zhang et al. 2021).
MLL4/KMT2D is a member of the COMPASS family of
methyltransferases that acts on H3K4 and also promotes
histone acetylation through association with KDM6A/
UTX (Wang and Shilatifard 2019). Recent studies in the
context of MLL4 haploinsufficiency have demonstrated
that increasing acetylation by blocking histone deacety-
lase activity (Bjornsson et al. 2014), or increasing H3K4
methylation by inhibiting LSD1/KDM1A demethylase
(Zhang et al. 2021), can rescue features of a mouse model
of Kabuki syndrome. Thus, modulating enzymatic activi-
ty to promote the recruitment of PHIP to chromatin could
have a therapeutic impact in Chung-Jansen syndrome.

Materials and methods

Cell culture

HCT116 and HEK293T cells were fromATCC and grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
15% fetal bovine serum, 2 mM L-glutamine, 1× MEM nonessen-
tial amino acids, and penicillin/streptomycin. Cell lines were
evaluated for the presence of mycoplasma by RNA sequencing.

Plasmids

CRISPR sgRNAconstructs (Supplemental Table 1) were ordered as
complementary oligonucleotides (Integrated DNA Technologies
[IDT]), annealed, and cloned into pX330-U6-Chimeric_BB-CBh-
hSpCas9. pSin-HA-PHIP was constructed by subcloning a full-
length PHIP-coding sequence (Morgan et al. 2017) into a modified
version of pSin-EF2-Puro containing an N-terminal HA tag. For
E.coli expression, PHIP-coding sequences (Supplemental Table 1)
were synthesized by IDT and cloned into pET16b (Millipore Sigma
69662) using HiFi DNA assembly master mix (New England Biol-
abs E2621L). FLAG-tagged CUL4B was PCR-amplified using the

pcDNA3-myc3-CUL4B plasmid as template and cloned into
pcDNA5/FRT/TO (Thermo Fisher V652020). pX330-U6-Chimer-
ic_BB-CBh-hSpCas9 was a gift from Feng Zhang (Addgene 42230)
(Cong et al. 2013). pcDNA3-myc3-CUL4B was a gift from Yue
Xiong (Addgene 19922) (Hu et al. 2008). pSin-EF2-Oct4-Pur was a
gift from James Thomson (Addgene 16579) (Yu et al. 2007).
pMD2.G was a gift from Didier Trono (Addgene 12259). psPAX2
was a gift from Didier Trono (Addgene 12260). pCAGGS-EGFP-
IRES-Puro was a gift from Dr. Hitoshi Niwa.

Lentivirus preparation

HEK293T cells were plated at 6×106 cells per 10-cm dish and
transfected the following day using 10 µg of lentiviral transfer plas-
mid, 8 µg of psPAX2 (Addgene 12260), 4 µg of pMD2.G (Addgene
12259), and 44 µg of polyethylenimine (PEI) (Polysciences 23966-
1) at a 2:1 ratio of PEI to DNA. Prior to transfection, DNA and
PEIwere each separatelymixedwith 250 µL of 300mMNaCl, vor-
texed, combined, and then incubated for 20 min. Transfection
complexes were added dropwise to plates and cells were incubated
overnight at 37°C. The following day, transfectionmediumwas re-
placed with fresh medium and culture supernatant was collected
at 48 and 72 h after transfection. Supernatant was centrifuged at
200×g for 5 min, filtered through a 0.45-µm polyethersulfone
(PES) membrane, and then combined with polyethylene glycol
(PEG) concentrator solution (40% PEG 8000, 1.2 M sodium chlo-
ride, 1× phosphate-buffered saline [Millipore Sigma P5368]) at a ra-
tio of 3:1 supernatant to PEG concentrator solution. Supernatant
was then incubated overnight at 4°C to precipitate viral particles
and centrifuged at 1500×g for 45min. Viral pellets were resuspend-
ed in 1mLofDulbecco’s phosphate-buffered saline (Thermo Fisher
14190250) and stored at −80°C.

Bacterial protein expression

PHIP expression constructs were transformed to Rosetta2 E. coli
(Millipore Sigma 71403). Liquid cultures (500 mL) were grown to
an OD600 of 0.4–0.6 and induced with 0.25 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) for 12 h at 18°C, pelleted by centrifu-
gation at 3200×g, and snap-frozen in liquid nitrogen. Cells were
lysed in 50 mL of lysis buffer consisting of 25 mM Tris (pH 8.0),
200 mM NaCl, 25 mM imidazole, 10% glycerol, 0.5% CHAPS, 1
mM PMSF, 0.5 mM DTT, 1× protease inhibitor (Millipore Sigma
8849), 2.5 mg/mL lysozyme, and 25 U/mL benzonase (Millipore
Sigma E1014-25KU). Lysates were clarified by centrifugation at
40,000×g for 30 min. Following centrifugation, 1 mL of Ni-NTA
agarose beads (Qiagen 30210) was added to the cleared supernatant
and samples were incubated on a rotator for 1 h at 4°C. Ni-NTA
beads were pelleted by centrifugation at 1000×g and washed three
times with 50 mL of wash buffer (25 mM Tris at pH 8.0, 200 mM
NaCl, 25mM imidazole, 10% glycerol, 0.1%CHAPS). Beads were
transferred into gravity flow columns (Thermo Fisher 29924) and
washed twice with 5 mL of wash buffer containing 10 mM ATP
and20mMMgCl2, followedby two 5-mLwasheswithwash buffer
containing 40 mM imidazole. Protein was then eluted using 5 mL
ofwash buffer containing 300mMimidazole, and then concentrat-
ed/exchanged into storage buffer (20 mM Tris at pH 8.0, 200 mM
NaCl, 20% glycerol, 1 mMDTT) using 10-kDa cutoff Amicon ul-
tra filters (Millipore Sigma UFC801024 and UFC501024).

Semisynthetic nucleosomes with defined histone post-translational
modifications (PTMs)

All nucleosomes in this study were from the dNuc or versaNuc
portfolios (EpiCypher), with PTMs confirmed by mass
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spectrometry (e.g., electrospray ionization time of flight) and im-
munoblotting (if an antibodywas available) (Weinberg et al. 2019;
Jain et al. 2020; Marunde et al. 2021).

dCypher assays

dCypher binding assays of PTM-defined Nucs (in Figs. 4, 6A–D,
7B) were performed under standard conditions that titrate Query
(e.g., PHIPwild-type ormutant reader domains) to a fixed concen-
tration of Target (e.g., PTM-defined nucleosome) (Weinberg et al.
2019; Jain et al. 2020; Marunde et al. 2021). To compare and rank
targets, we used a four-parameter logistical (4PL) model to com-
pute the relative EC50 (EC50

rel) value for each interaction (defined
as the concentration of Query required to elicit a response half-
way between the maximal and baseline along the concentra-
tion–dose response curve) (Marunde et al. 2021).
The interrogation of potential tripartite combinatorial engage-

ment (Fig. 6E–H) requiredmodified conditions and the generation
of saturation curves. Here, Targets were titrated against a fixed
concentration of Query. Saturation curves were executed under
Target depletion/Query limited conditions, but not low enough
to ensure that rapid equilibrium conditions were established
(i.e., [P]≤ 10[S] or [P]≪ [S]). This was due mainly to the limit of
detection within ALPHA and the lack of a robust signal at re-
duced Query concentrations (i.e., <0.1 nM PHIP). To establish
the saturation curve, 5 µL of Query (e.g., 2.5 nM 6HIS-tagged
PHIP Tudor–BD1–BD2) was incubated with 5 µL of Target
(PTM-defined nucleosome, titrated in triplicate in a 13-point/
1.5-fold dilution series [10–0.077 nM final concentration] plus a
buffer control (20 mM Tris-HCl at pH 7.5, 250 mM NaCl,
0.01% {w/v} BSA, 0.01% {v/v} NP-40, 1 mM DTT]) for 30 min at
room temperature in a 384-well plate (PerkinElmer 6007290). A
10-µL mix of 2.5 µg/mL Ni-NTA AlphaLISA acceptor beads (Per-
kinElmer AL108) and 10 μg/mL streptavidin AlphaScreen donor
beads was added (PerkinElmer ALSU-ASDB) to each well and
the plate was incubated in subdued lighting for 60 min at room
temperature. AlphaLISA signal was measured on a PerkinElmer
2104 EnVision (680-nm laser excitation, 570-nm emission filter
± 50-nm bandwidth). Data were fit to the following quadratic
equation, which considers the cooperativity denoted (confirmed
by examining reciprocal plots) in the saturation curves:

y = ymax

2[P]

( )

× Kh
d + [P]+ [L]h −

����������������������������������
(Kh

d + [P]+ [L]h)2 − (4× [P]×
√

[L]h)
{ }

,

where P is the protein concentration in the assay, L is the ligand
(nucleosome) concentration, ymax is the maximal signal, h is the
Hill slope, and Kd is the apparent dissociation constant.

Generation of CRISPR HCT116 clones

CRISPR knockout clones were generated as described previously
(Morgan et al. 2017). HCT116 cells (1 × 107) were electroporated
with 30 µg of each pX330 sgRNA plasmid along with 15 µg of
pCAGGS-EGFP-IRES-Puro. Electroporation was performed with
a GenePulser Xcell equipped with PC and CE modules (Bio-Rad
1652660) using the following conditions: 200 V, 950 µF, and infi-
nite resistance. Following electroporation, cells were allowed to
recover for 24 h and subsequently selectedwith 1 µg/mL puromy-
cin for 24 h. Four days to 5 d later, cells were seeded at 1000 cells
per 10-cm dish and allowed to form single-cell-derived colonies.
Colonies were picked into 96-well plates, expanded, and split
into replicates. DNA from one plate was extracted with DNA ly-
sis buffer (10 mM Tris at pH 8.5, 50 mM KCl, 1.5 mM MgCl2,

0.45% NP-40, 0.45% Tween-20, 0.5 mg/mL proteinase K) over-
night at 55°C, followed by heat inactivation of proteinase K (12
min at 95°C) and PCR amplification using Dreamtaq PCR mix
(Thermo Fisher K1081).

Antibodies

Antibodies used in this study are listed in Supplemental Table 2.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as described previously (Lee et al. 2006).
Samples were sonicated using a Covaris E220 system. Sonication
conditions were 20% duty factor for histones or 10% duty factor
for nonhistone proteins, peak intensity pulse 140, and 200 cycles
per burst, for 4 min.

Cell growth assay by crystal violet staining

Wild-type and BRWDTKOHCT116 cellswere plated in triplicate
at 6 × 105 cells/well in six-well tissue culture plates. At days 1, 2,
4, and 6 postplating, cells were fixed with 3.7% formaldehyde in
PBS for 20 min, rinsed with water, and air-dried overnight. For
palbociclib treatment, cells were plated at 2 × 105 cells/well in
24-well plates and then treated with 100 µM, 10 µM, 1 µM,
100 nM, and 10 nM palbociclib for 72 h, at which point cells
were fixed with 3.7% formaldehyde in PBS for 20 min, rinsed
with water, and air-dried overnight. Fixed cells were stained
with crystal violet solution (Millipore Sigma HT90132-1L) for 1
h, destained with water, and air-dried overnight. The following
day, crystal violet dye was dissolved in 10% acetic acid for 1 h
and then 200 µL of each sample was measured at an optical den-
sity (OD) of 590 nm on a Tecan M1000 Pro plate reader. OD590

values were multiplied by the volume of acetic acid used to dis-
solve each sample to obtain normalized OD590 values.

Neuronal differentiation

Neuronal differentiation of mouse embryonic stem cells was as
described previously (Gaspard et al. 2009).

Histone peptide microarray

Histone peptidemicroarrays were printed as described previously
(Cornett et al. 2017). Reader hybridization and antibody-based
detection were conducted as described previously (Vaughan
et al. 2018). Briefly, 500 µL of 2.5 uM 10xHis-PHIP-Tudor–BD1–
BD2-FLAG (also known as Tudor–BD1–BD2) was hybridized to
histone peptide microarrays in array buffer (PBS with 5% BSA,
0.1% Tween-20) for 30 min. Bound protein was visualized by in-
cubation with anti-FLAG (1:2000; Sigma F1804) followed by anti-
mouse AlexaFluor-647 (1:5000; Invitrogen A-21235). All steps
were performed at room temperature. Array was imaged by fluo-
rescence at 20-µm resolution (Innopsys Innoscan 1100). Data
were analyzed with ArrayNinja software (Dickson et al. 2016).

RNA extraction

RNA was extracted using RNeasy RNA minipreparation col-
umns (Qiagen 74106) and subjected to on-column DNase I diges-
tion (Qiagen 79256) according to the manufacturer’s
recommended protocol.
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Subcellular fractionation

Cell pellets were resuspended in 6 vol of buffer 1 (10 mMHEPES-
KOH at pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 340 mM sucrose,
10% glycerol, 10 mM sodium butyrate, 0.2% Triton X-100,
1× protease inhibitor cocktail [Sigma 8340]) and incubated for
10 min on ice. Samples were centrifuged at 1000×g for 5 min at
4°C. The supernatant was collected as the low-salt fraction. Pel-
lets were resuspended in six pellet volumes of buffer A and
NaCl was gradually added to 300 mM. Samples were centrifuged
at 1000×g for 5 min at 4°C and the supernatant was collected as
the high-salt fraction. The resulting cell pellet was resuspended
in six pellet volumes of SDS sample buffer supplemented with
1 µL/mL benzonase nuclease (Millipore Sigma E1014-25KU) to
solubilize chromatin.

Dithiobis(succinimidyl propionate) (DSP) cross-linking and subcellular
fractionation

Flp-In T-Rex 293 cells (1 × 109; Thermo Fisher R78007) express-
ing a FLAG-CUL4B transgene were collected by trypsinization
and resuspended in 20 mL of PBS. A 250 mM stock solution of
DSP (Thermo Fisher PG82081) was prepared immediately before
use in anhydrous DMSO. DSP was added to cell suspensions to a
final concentration of 1.25 mM (100 µL of 250 mM DSP stock to
20 mL of cell suspension) and cells were incubated for 30 min at
room temperature. DSP was quenched by addition of 20 mM
Tris (pH 7.5) and incubation for 15 min at room temperature.
Cells were then washed three times with 20 mL of PBS and pel-
lets were resuspended in 10 mL of lysis buffer (10 mM HEPES-
KOH at pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 340 mM sucrose,
10% glycerol, 10 mM sodium butyrate, 0.25% Triton X-100,
0.5% Igepal Ca-630, 1× protease inhibitor cocktail [Sigma
8340]) and incubated for 10 min on ice. Lysates were centrifuged
at 2000×g for 5 min at 4°C, the resulting supernatant was col-
lected as the low-salt fraction, and NaCl was added to 150
mM (by addition of a 5 M NaCl stock in ∼20-µL increments
with mixing). The resulting pellet was resuspended in 5 mL of
lysis buffer and NaCl was added to 300 mM. Samples were incu-
bated for 10 min on ice and centrifuged at 2000×g for 5 min at 4°
C. The resulting supernatant was collected as the high-salt frac-
tion and diluted 1:1 with lysis buffer to bring the NaCl concen-
tration to 150 mM. The resulting pellet was resuspended in 5
mL of lysis buffer and CaCl2 was added to a concentration of 1
mM. Micrococcal nuclease (MNase) (New England Biolabs
M0247S) was added to 8000 U/mL, and samples were incubated
for 20 min at 37°C in a water bath. MNase digestion was termi-
nated by addition of 2 mM EGTA and 1 mM EDTA. NaCl was
then added to 150 mM and samples were incubated for 10 min
on ice. Samples were then cleared by centrifugation at
20,000×g for 20 min at 4°C. To immunoprecipitate FLAG-
CUL4B, 150 µL of anti-FLAG-agarose beads (Millipore Sigma
A2220) was added to each fraction and samples were incubated
overnight at 4°C on a rotator. Beads were washed five times with
5 mL of wash buffer (50 mM HEPES at pH7.9, 100 mM KCl, 300
mM NaCl, 10% glycerol, 1 mM EDTA, 2 mM EGTA, 0.1% Tri-
ton X-100, 10 mM sodium butyrate) and proteins were eluted by
the addition of 250 µL of elution buffer (20 mM HEPES-KOH at
pH 7.9, 100 mM NaCl) containing 200 µg/mL FLAG peptide
(Millipore Sigma F3290-4MG).

Mass spectrometry

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

TMT mass spectrometry

Tandemmass tagMSwas performed by the Thermo Fisher Scien-
tific Center for Multiplexed Proteomics at Harvard Medical
School (http://tcmp.hms.edu).

Next-generation sequencing processing and analysis

ChIP-seq libraries were generated with the TruSeq kit (Illumina),
size selected with SPRI select beads (200–400 bp), and sequenced
on an Illumina Novaseq as described previously (Morgan
et al. 2017). Base calls were generated with bcl2fastq (v2.17) and
read quality was assessed with FastQC (http://www
.bioinformaticsbabrahamacuk/projects/fastqc). ChIP-seq reads
were aligned to the human genome (hg38) using Bowtie
(v0.12.9) (Langmead et al. 2009), allowing twomismatches and re-
taining uniquely mapped reads. MACS v1.4.2 (Zhang et al. 2008)
was used to call peaks using a false discovery rate filter of 0.05.
Genome-wide occupancy heat maps were generated using deep-
Tools (Ramírez et al. 2014) centered on PHIP peaks. Venn dia-
grams were generated using ChIPpeakAnno (Zhu et al. 2010).
Sequencing data included in this study are available at Gene Ex-
pression Omnibus (GSE189235).
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