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Verena K. Maiert, Caitlin M. Feeney§, Jordan E. Taylor§, Amanda L. CreechS§,
Jana W. Qiao§, Attila Szantoz, Partha P. Dasq|, Nicholas Chevrier|,
Catherine Cifuentes-Rojast, Stuart H. Orkin{], Steven A. Carr§, Jacob D. Jaffe§,

Philipp Mertins§**, and Jeannie T. Leet

Cell-type specific gene silencing by histone H3 lysine 27
and lysine 9 methyltransferase complexes PRC2 and G9A-
GLP is crucial both during development and to maintain
cell identity. Although studying their interaction partners
has yielded valuable insight into their functions, how
these factors are regulated on a network level remains
incompletely understood. Here, we present a new ap-
proach that combines quantitative interaction proteomics
with global chromatin profiling to functionally character-
ize repressive chromatin modifying protein complexes in
embryonic stem cells. We define binding stoichiometries
of 9 new and 12 known interaction partners of PRC2 and
10 known and 29 new interaction partners of G9A-GLP,
respectively. We demonstrate that PRC2 and G9A-GLP
interact physically and share several interaction partners,
including the zinc finger proteins ZNF518A and ZNF518B.
Using global chromatin profiling by targeted mass spec-
trometry, we discover that even sub-stoichiometric bind-
ing partners such as ZNF518B can positively regulate
global H3K9me2 levels. Biochemical analysis reveals that
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ZNF518B directly interacts with EZH2 and G9A. Our sys-
tematic analysis suggests that ZNF518B may mediate the
structural association between PRC2 and G9A-GLP his-
tone methyltransferases and additionally regulates the
activity of G9A-GLP. Molecular & Cellular Proteomics
14: 10.1074/mcp.M114.044586, 1435-1446, 2015.

Multicellular organisms consist of a plethora of divergent
cell types of vastly different appearance and function, even
though the cells share a common genome. To achieve phe-
notypic variety, genes whose expression would interfere with
the physiology of particular cell types must be epigenetically
silenced. Chromatin modifying complexes play a major role in
this epigenetic regulation. Two histone methyltransferase
complexes of particular importance in early mammalian de-
velopment are Polycomb repressive complex 2 (PRC2)" and
histone-lysine N-methyltransferase EHMT2 (G9A)-histone-ly-
sine N-methyltransferase EHMT1 (GLP), which together pro-
mote cell type specific gene silencing by adding repressive
posttranslational modifications to histone tails at promoters of
target genes (1). PRC2 contains one of two alternative meth-
yltransferase subunits, EZH2 or EZH1. In addition, PRC2
comprises EED and SUZ12, which regulate the RNA-binding
and methyltransferase activities of EZH2, as well as one of
two histone binding proteins, RBBP4 or RBBP7 (2). PRC2
catalyzes trimethylation of lysine 27 on histone H3
(H3K27me3), a repressive histone mark found on facultative
heterochromatin. On the other hand, the G9A-GLP complex
dimethylates H3 at lysine 9 (H3K9me2) and works together
with the widely interspersed zinc finger protein WIZ. The
H3K9me2 mark is, in turn, recognized by various heterochro-
matin proteins, which help promote formation of a compact,

" The abbreviations used are: PRC2, polycomb repressive complex
2; G9A, histone-lysine N-methyltransferase EHMT2; GLP, histone-
lysine N-methyltransferase EHMT1; ZNF518B, zinc finger protein
518B; SILAC, stable isotope labeling of amino acids in cell culture;
APMS, affinity proteomics mass sepctrometry; mESCs, mouse em-
bryonic stem cells.
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inactive chromatin state (3). The essential nature of PRC2 and
G9A-GLP in mouse development has been illustrated by de-
letions of subunits, which result in severe growth defects and
embryonic lethality (4-7). Furthermore, proper expression lev-
els of each are important for maintaining cellular homeostasis,
as under- and overexpression of PRC2 and G9A-GLP com-
ponents are associated with various cancer types and a poor
prognosis (8-10).

Despite their importance, how PRC2 and G9A-GLP protein
complexes are regulated or targeted to chromatin is not fully
understood (11). Drosophila PRC2 binds to well-characterized
Polycomb response elements (PREs), but attempts to identify
a corresponding consensus DNA sequence in mammals have
been unsuccessful. PRC2 does exhibit a preference toward
unmethylated CpG islands, and PRC2-recruiting genomic re-
gions have been identified. However, these findings cannot
account for the majority of PRC2 binding sites in the mam-
malian genome (1). Studying PRC2 interaction partners has
yielded valuable insight into PRC2 targeting mechanisms.
Roles in PRC2 targeting to chromatin have been established
for long non-coding RNAs, notably RepA/Xist, HOTAIR,
Kcnglot1 and Meg3 (12, 13). Several protein interactors have
also been shown to target PRC2, including JARID2, the Poly-
comb-like proteins PHF1/PCL1, MTF2/PCL2, PHF19/PCL3,
the zinc finger containing protein AEBP2, as well as the germ-
line factor PRDM14 (14-24). Furthermore, esPRC2p48, an
ESC-specific PRC2 subunit, facilitates reprogramming into
the pluripotent state (20).

The G9A-GLP-WIZ complex is also known to have a variety
of interaction partners. For example, corepressor UHRF1 tar-
gets G9A to the promoter of the cell cycle regulator p21 in
mMESCs (25). G9A has also been linked to the CtBP corepres-
sor machinery (26). G9A may interact with the H3K9 methyl-
ation binding proteins CDYL, CBX3, and CBX5 (27-29). Fur-
thermore, G9A binds several zinc-finger proteins (ZNF),
including ZNF200, ZNF217, and EVII, which could in principle
help recruit G9A complexes to specific genomic sites, though
evidence for a role in targeting is currently lacking (30-32).
GO9A itself promotes DNA methylation by binding the de novo
DNA methyltransferases (DNMT) DNMT3A and DNMT3B (33),
and cooperates with the maintenance DNA methyltransferase
DNMT1 at replication foci (34). Intriguingly, one recent study
showed that the G9A-complex and PRC2 structurally and
functionally interact (35), opening up the possibility of direct
interactions between two of the most important histone meth-
yltransferase complexes for facultative heterochromatin.

These studies illustrate how identification of interaction
partner networks can shed light on gene regulatory pathways.
Here, we search for new interaction partners using quantita-
tive, stable isotope labeling of amino acids in cell culture
(SILAC)-based affinity proteomics, which is currently re-
garded as one method of choice for discovery of interaction
partners and determination of stoichiometries (36, 37), and
which has thus far never been used to study PRC2 or G9A

interactomes. In the SILAC approach, whole proteomes are
metabolically labeled with amino acids synthesized from dif-
ferent non-radioactive isotopes (38), allowing the reliable es-
timation of relative protein ratios by analysis of up to three
samples in the same mass spectrometer run (39-41). Simi-
larly, in a recently developed technique called global chroma-
tin profiling (42), peptides containing amino acids labeled with
stable isotopes are used as standards to determine the abun-
dance of various histone tail modifications in bulk chromatin.
Employing SILAC affinity proteomics in combination with
global chromatin profiling, we present complex protein inter-
actomes of PRC2 and G9A-GLP, map interaction hubs, and
report a novel zinc-finger interaction partner that regulates the
function of G9A.

EXPERIMENTAL PROCEDURES

Cell Culture and SILAC Labeling—Ezh2, Ezh1 and Suz12 cDNAs
were cloned into pEF1a FLAGbio-puro and stably expressed in
mESCs (FLAGbio-EZH2 in Ezh2 '~ (43), FLAGbio-EZH1 and -SUZ12
in J1) also expressing BirA from pEF1«a BirAV5-neo. G9a cDNA was
cloned into pBD101 (kindly provided by B. C. Del Rosario) and stably
expressed in F1-2.1 female ES cells carrying rtTA (a gift from R.
Jaenisch) (44). Cells were grown on a layer of irradiated DR4 mouse
embryonic fibroblasts under selective pressure of 400 ug/ml neomy-
cin, 1 ug/ml puromycin and/or 200 pg/ml hygromycin where appli-
cable and split every second day. For the last three passages before
harvesting, mESCs were grown in Dulbecco’s Modified Eagle’s Me-
dium devoid of arginine and lysine (Invitrogen, Grand Island, NY),
supplemented with 15% fetal bovine serum (Gibco, Grand Island, NY)
dialyzed with a cut-off of 10 kDa, 15 mm Hepes pH 7.6, 45 mm
NaHCOj, glucose to a final concentration of 4.5 mg/ml, 0.1 mm
non-essential amino acids (Gibco), 2 mm Glutamine (Gibco), 100
units/ml penicillin/streptomycin (Gibco), 50 um B-mercaptoethanol
(Gibco), 1000 units/ml leukemia inhibitory factor (Millipore, Billerica,
MA) and 30 g/I methionine, 42g/1 arginine and 73g/I lysine (Cambridge
Isotope Laboratories, Tewksbury, MA). The latter two were added
either in light (Arg0/Lys0), medium ('°C4 arginine (Arg6)/D, lysine
(Lys4)) or heavy (°C4-"°N, arginine (Arg10)/'3Cg-"°N, lysine (Lys8))
form. G9A-3xFLAG expression was induced with 1 ug/ml doxycycline
for 24 h before harvesting.

Immunoprecipitation—Per condition, 2 X 15 cm plates were grown
to 80% confluency, washed once with and scraped in 20 ml ice cold
PBS (8.1 mm Na,HPO,, 1.45 mm KH,PO4, 137 mm NaCl, 2.7 mm KCL,
pH 7.4). Pelleted cells were incubated in 10 ml buffer A (10 mm Hepes
pH 7.5, 10 mm KCI, 1.5 mm MgCl,, 0.5 mm PMSF) for 15 min with
frequent vortexing. Nuclei were pelleted (10 min, 2500 g), lysed in 500
ul RIPA buffer (50 mm TrisCl pH 7.5, 150 mm NaCl, 0.5% Na-deoxy-
cholate, 0.5% IGPAL-CA-630 (Sigma-Aldrich, St. Louis, MO), 0.1%
SDS, 5% glycerol, complete proteinase inhibitors (Roche, Indianap-
olis, IN)) and debris was removed by centrifugation (10 min, 16,000 g).
Protein content of supernatants was determined with the Pierce©
BCA protein assay. 60 ul Dynabeads MyOne streptavidin C1 (Invit-
rogen) or M2 FLAG agarose beads (Sigma-Aldrich), equilibrated in
RIPA buffer, were added to 2 mg of supernatant and samples were
rotated for 1 h at 4 °C. Beads were captured on a magnetic rack or
collected by centrifugation (3 min, 2.5 rpm), washed once with 1 ml
wash buffer (50 mm TrisCl pH 7.5, 150 mm NaCl, 5% glycerol, com-
plete proteinase inhibitors (Roche)) + 0.05% IGPAL-CA-630, resus-
pended in 1 ml wash buffer + 1 mm MgCl,, + 0.1 mm CaCl,, + 20
units Turbo DNase (Ambion, Grand Island, NY), incubated at 25 °C for
20 min and washed once more with 1 ml wash buffer. Beads incu-
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bated with light, medium and heavy labeled lysates were combined in
80 ul of freshly prepared trypsin-urea buffer (2 m urea, 50 mm TrisCl
pH 7.5, 1 mm DTT, 5 pg/ml sequencing grade trypsin (Promega,
Madison, WI)) and incubated for 1 h at 25 °C with 1000 rpm. The
supernatant was collected and the beads were washed twice with 2
M urea, 50 mm TrisCl pH 7.5. Elution and washes were combined and
reduced by adding 4 mm DTT (30 min, 25 °C, 1000 rpm). Proteins
were alkylated with 10 mm iodoacetamide (Sigma-Aldrich) (45 min,
25 °C, 1000 rpm) protected from light, digested overnight at 25 °C
with 0.5 pg trypsin and acidified with formic acid (1% final concen-
tration). Samples were applied on C18 StageTips (45) that had been
conditioned with 100 ul 90% acetonitrile/0.1% formic acid and equil-
ibrated twice with 100 ul 0.1% formic acid (3 min, 4000 g). StageTips
were washed twice with 100 ul 0.1% formic acid and peptides were
eluted with 60 ul 90% acetonitrile/0.1% formic acid and dried in a
speed vac.

Affinity Proteomics Mass Spectrometry (APMS) Analysis—APMS
peptide samples were reconstituted in 9 ul of solvent A (3% aceto-
nitrile/0.1% formic acid) and 4 ul were analyzed on an EASY-nLC
1000 UHPLC system (Thermo Fisher Scientific, Waltham, MA) cou-
pled via a 20 cm C18 column (Picofrit, New Objective, Woburn, MA,
PF360-75-10-N-5; packed in-house with 1.9 um ReproSil-Pur
C18-AQ medium, Dr. Maisch GmbH, r119.aq) to a benchtop Orbitrap
Q Exactive mass spectrometer (Thermo Fisher Scientific) as de-
scribed (46). Peptides were separated at a flow rate of 200 nL/min
with a linear 84 min gradient from 6 to 30% solvent B (90% acetoni-
trile, 0.1% formic acid), followed by a linear 9 min gradient from 30 to
60% solvent B. Each sample was run for 150 min, including sample
loading and column equilibration times. Data was acquired in data
dependent mode using Xcalibur 2.2 software. MS1 Spectra were
measured with a resolution of 70,000, an AGC target of 3e6 and a
mass range from 300 to 1800 m/z. Up to 12 MS2 spectra per duty
cycle were triggered at a resolution of 17,500, an AGC target of 5e4,
an isolation window of 2.5 m/z and a normalized collision energy of
25.

All raw data were analyzed with MaxQuant software version 1.3.0.5
(47) using a mouse UniProt Mouse database (release 2013_12; con-
taining 51,195 entries), and MS/MS searches were performed with the
following parameters: Oxidation of methionine, deamidation of aspar-
agine and protein N-terminal acetylation as variable modifications;
carbamidomethylation as fixed modification; Trypsin/P as the diges-
tion enzyme; precursor ion mass tolerances of 20 p.p.m. for the first
search (used for nonlinear mass re-calibration) and 6 p.p.m. for the
main search, and a fragment ion mass tolerance of 20 p.p.m. For
identification, we applied a maximum FDR of 1% separately on pro-
tein and peptide level. We required 2 or more unique/razor peptides
for protein identification and a ratio count of 2 or more for protein
quantification per biological replicate measurement. To determine
relative enrichment of proteins in bait versus control samples, SILAC
protein ratios were calculated as the median of all unique/razor pep-
tides for each protein group. To identify significant interactors we
filtered for proteins that were quantified in at least 2 or more biological
replicates and calculated moderated t test p values corrected by the
Benjamini Hochberg method, as described previously (48). To deter-
mine stoichiometries of interactors relative to the bait protein we used
an approach adapted from (49). iBAQ intensities were calculated
using MaxQuant by summing the intensities of all tryptic peptides for
each protein and dividing this number by the number of theoretically
observable peptides. Within each SILAC triple labeling experiment,
iBAQ intensities of enriched proteins in the medium and heavy chan-
nels were corrected for background binding intensities in the light
SILAC control channel by subtracting the light channel iBAQ intensi-
ties from the medium and heavy channel iBAQ intensities, respec-
tively. Intensities of peptides assigned to different isoforms were

combined. To obtain molar ratios of interactors to bait proteins,
corrected interactor iBAQ intensities were divided by bait iBAQ inten-
sities in each SILAC experiment. For biological interpretation we
required that protein stoichiometries were calculated independently in
n-1 replicates.

The raw mass spectrometry data have been deposited in
the public proteomics repository MassIVE and are accessi-
ble at ftp://MSV000078980@massive.ucsd.edu when providing
the username “MSV000078980” and password “ZNF518B” (http://
massive.ucsd.edu).

ShRNA Knock-down Experiments—Lentiviral shRNAs were ob-
tained from The RNAi Consortium (50) (supplemental Table S3). J1
mESCs were infected as described previously (51) with the following
modifications: J1 cells were plated onto gelatinized 24 well plates at
100,000 cells per well in 400 wl mESC media containing 8 pg/ml
polybrene. 20 ul lentiviral ShRNA stock (titer =0.5*108/20 wl) were
added and plates were centrifuged for 30 min, 2,400 g, 25 °C. Cells
were resuspended by pipetting and ~25,000 irradiated DR4 MEFs
were added per well. 24 h and 3 days after infection, media was
replaced with media containing 1 pwg/ml puromycin. Cells were split
into 6-well plates and 96-well plates 4 days after infection. 6 days
after infection, cells in 6-well plates were scraped in ice cold PBS,
pelleted and frozen in liquid nitrogen. RNA was extracted from 96-well
plates with Trizol (Invitrogen) and treated with TURBO DNase (Am-
bion). Knock-down efficiencies were determined by qPCR from total
extracted RNA. First strand cDNA synthesis was performed from 5 ug
RNA using Superscript Il (Invitrogen) and 50 ng/ul random hexamers
(Promega) in a total volume of 20 ul according to the manufacturer’s
instructions. Gene-specific primer sequences were obtained from
The RNAIi Consortium or designed using Primer BLAST(52) (supple-
mental Table S3). gPCR was performed in triplicates using 2 ul of
each cDNA synthesis reaction per replicate, 12.5 pmol gene-specific
primers and 2x SYBRgreen master mix (Bio-Rad, Hercules, CA) in 25
ul reactions in a Bio-Rad gPCR machine. Standard curves using RNA
from control treated cells served to determine the amplification effi-
ciency of each primer pair. Expression levels were compared with
expression in control cells and normalized by Gapadh.

Global Chromatin Profiling— Cell pellets were lysed, histones were
extracted and 50 ug of histones per sample were derivatized as
described (42). Peptides were resuspended in 50 ul 3% ACN/5% FA
solvent and diluted 1:20 with a defined mixture of synthetic modified
H3 peptides isotopically labeled with '°Cg, "°N, arginine in 50 ul 3%
ACN/5% FA. Targeted LCMS and data analysis in a Skyline (53)
document—using spectra of synthetic peptides from preliminary ex-
periments as a reference—and clustering in GENE-E were performed
as reported previously (42). Percent occupancy of H3 marks was
calculated using the known concentrations of the synthetic peptides
in the defined mixture.

In Vitro Interaction Studies—Ezh2, Ezh1, Suz12, G9a, GLP, Wiz,
Znf518a, Znf518b, and Wdr5 cDNAs were cloned into pET30 or
pET28 (T7-tag), and expressed using the TNT® Coupled Reticulocyte
Lysate System (Promega) according to the manufacturer’s instruc-
tions and with Easytag [*°S]-Methionine (Perkin-Elmer, Waltham, MA)
if radioactive labeling was desired. To remove nucleic acids, 20 ug
RNase A (Invitrogen), 100 units RNase | (Ambion) and 2 units TURBO
DNase (Ambion) were added after translation and reactions were
incubated for an additional 5 min at 30 °C. Reaction products were
analyzed by SDS-PAGE and relative protein amounts were deter-
mined with Quantity One software (Bio-Rad) taking the number of
methionines in each protein into account. Immunoprecipitations were
performed as described (54). Briefly, reactions containing the T7-
tagged bait or empty pET28 vector were mixed with the radioactively
labeled putative interactor at equimolar amounts and incubated for 30
min at 30 °C. Immunoprecipitation buffer (50 mm Tris-Cl, pH 7.5, 10
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mm MgCl,, 100 mm NaCl, 1 mm EDTA, 10% glycerol, 1 mm DTT, and
proteinase inhibitors (Roche)) was added to 90 ul. Complexes were
immunoprecipitated at 4 °C for 2 h with 10 ul ProtG Dynabeads
(Invitrogen) which had been preincubated with 0.5 ul anti-T7 anti-
body, 0.1 mg/ml BSA (NEB, Ipswich, MA) and 0.1 mg/ml yeast tRNA
(Ambion) for at least 1 h, and had subsequently been washed 3 and
resuspended in immunoprecipitation buffer. Following immunopre-
cipitation, beads were washed four times with immunoprecipitation
buffer containing 300 mm NaCl and twice with 10 mm TrisOAc pH 7.5,
1 mm MgCl,, 10% glycerol, 1 mm DTT. Proteins were separated by
10% SDS-PAGE and visualized by exposure of the dried gel to a
phosphoimager screen.

RESULTS AND DISCUSSION

SILAC Affinity Proteomics Identifies Novel PRC2 Interaction
Partners—To define the PRC2 interactome in mouse embry-
onic stem cells (MESC) using SILAC affinity purification mass
spectrometry (APMS), we prepared nuclear extracts of vari-
ous mESC lines stably expressing in vivo biotin-tagged EZH2,
EZH1 or SUZ12, taking advantage of an in vivo biotinylation
system described previously (43). This system required two
expression vectors, one carrying the bacterial biotinylase
BirA, and the other carrying the gene of interest with a short
BirA recognition peptide tag. Cells expressing biotin-tagged
EZH2, EZH1 or SUZ12 at physiological or subphysiological
levels (supplemental Fig. 1) were cultured in medium (Arg6/
Lys4) or heavy (Arg10/Lys8) SILAC media, whereas control
cells expressing only BirA were cultured in light media (Arg0/
Lys0). Extracts were subjected to affinity purifications with
streptavidin-coated magnetic beads. To preclude isolation of
proteins bound indirectly to PRC2 via chromatin fragments,
we treated the beads with DNase after the first wash step. We
then combined beads from all three samples, isolated bound
peptides by tryptic digestion, and subjected the samples to
high performance LC-MS/MS (Fig. 1A). In total, we analyzed
five biological replicates for EZH2 and EZH1 and four for
SUZ12, constituting a total of 14 experiments (supplemental
Fig. 2). To determine interaction partners of these bait pro-
teins that are reproducibly and significantly enriched, we then
plotted the average detected protein ratios against the Ben-
jamini-Hochberg-adjusted moderated t test p value. Proteins
with a fold-enrichment value of =2.0 in the test samples relative
to controls and with an FDR-adjusted p value =0.05 were called
interaction partners (Fig. 1B-1D, upper panels and supplemen-
tal Table S1).

Significantly enriched in all three affinity purifications (EZH1,
EZH2, SUZ12) were the known PRC2 core components
(EZH2/1, SUZ12, EED, and RBBP4/7)—as well as most
known interaction partners in mESCs—JARID2, MTF2,
AEBP2, and esPRC2p48. Furthermore, the uncharacterized
protein GM340, which has been shown to interact with PRC2
component EED in Hela cells (49), also bound to EZH2 and
EZH1 in mESCs. Similarly, DNA methyltransferase DNMT3b, a
known PRC?2 interaction partner in HelLa cells (55), was en-
riched in our SUZ12 affinity purifications. The recovery of this

full suite of known protein interaction partners demonstrated
the validity of our experimental approach.

Functional interplay between PRC2 and the G9A-complex
had been suspected previously, and physical binding has
been reported recently (35), though much remains unknown
about the mechanisms and purpose of the interaction. The
identification of C100rf12 as a common interaction partner of
PRC2 and G9A-GLP (56) also hinted at a connection between
them, but because the interaction was detected in crosslinked
cells, indirect interactions via chromatin could not be ex-
cluded. By our orthogonal SILAC approach, we also detected
highly reproducible interactions with all documented core
members of the G9A-complex, G9A, GLP, and WIZ. Further-
more, EZH2 interacted with two variants of histone H1, a
hallmark of condensed chromatin, which is known to bind
EZH2 and stimulate its enzymatic activity (57, 58).

In addition to the known interacting proteins, our method
revealed several novel interaction partners. In the EZH2 affin-
ity purifications, we identified the heterochromatin proteins
CBX3 (HP1y) and CBX5 (HP1a), both of which recognize
H3K9 methylation marks and bind G9A (28, 29). In EZH1
purifications, CBX3 was also detected reproducibly. Finally,
we identified two zinc finger proteins of unknown function,
ZNF518A and ZNF518B, which are expressed in a variety of
mouse and human tissues (59). These proteins were consis-
tently enriched in EZH2 affinity purifications (Fig. 1B), and
were also found in the EZH1 purifications, albeit not consis-
tently enough to comply with our p value requirement (Fig.
1C). In the SUZ12 purifications, ZNF518A and ZNF518B did
not turn up (Fig. 1D). These findings suggest that ZNF518A
and ZNF518B may interact more closely with EZH2 than
Suz12.

Analysis of Stoichiometries for the PRC2 Interactome—
Information regarding relative ratios of PRC2 subunits and
interacting factors is of high relevance and interest, as it is
predicted that PRC2 may interact with different complexes in
different contexts and would therefore show substoichiomet-
ric proteomic associations. This might be especially true for
some of these novel interactions identified in our screen, if
these candidates function with PRC2 in a restricted develop-
mental or genomic context. Therefore, we determined the
relative stoichiometries of proteins in the PRC2 interactome
with respect to the baits, using a surrogate of protein abun-
dance derived from the observed MS intensities of the con-
stituent peptides. This method, referred to as iBAQ, sums the
observed intensities of all tryptic peptides for each protein
and divides it by the number of theoretically observable pep-
tides in order to normalize for differences in protein size (49,
60). iBAQ quantification is suitable to obtain standard devia-
tions of less than 34 % for relative protein stoichiometry meas-
urements as recently shown for the well-characterized 26S
proteasome protein complex (61). Because our goal in this
study was to distinguish core components from substoichio-
metric binders, we deemed the precision of the iBAQ ap-
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Fic. 1. SILAC affinity purification mass spectrometry establishes the G9A complex and zinc finger proteins ZNF518A and ZNF518B
as novel EZH2 interactors in mouse embryonic stem cells. A, SILAC labeling strategy and experimental overview. B, C, and D, Volcano plots
of LC-MS/MS data of streptavidin affinity purifications with biotin-tagged EZH2, EZH1 and SUZ12, respectively. Relative protein abundance
levels in the bait versus control pull-downs are plotted on the x axis as averaged log, SILAC ratios across n biological replicates. Negative log,,
transformed Benjamini-Hochberg FDR-corrected moderated t test p values are plotted on the y axis. Significantly enriched proteins (p < 0.05;
>2-fold linear SILAC ratio) are represented by red dots, all others by black dots. Dotted lines indicate 2-fold regulation (x axis) and a moderated
t test p value of 0.05. Calculated stoichiometries of identified interaction partners relative to the respective bait in purified complexes are
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Fic. 2. PRC2 and zinc finger proteins ZNF518A and ZNF518B interact with G9A. A, Volcano plot of LC-MS/MS data of anti-FLAG
immunoprecipitations with G9A-3xFLAG in mouse embryonic stem cells. Significantly enriched proteins (p < 0.05; >twofold linear SILAC ratio) are
represented by red dots, all others by black dots. B, Bar diagram showing calculated stoichiometries of G9A interaction partners relative to GOA.

proach sufficient instead of using more accurate and precise
targeted stable isotope dilution mass spectrometry assays
(62) that are higher in costs and lower in throughput. A po-
tential compromise of the iBAQ approach is that protein quan-
tities tend to be underestimated for low abundance proteins
(63), yet this should not affect our ability to classify substoi-
chiometric binding partners that bind for example at greater
than 10-fold bait/interaction partner ratios. Relative stoichi-
ometry values for each protein in a complex were calculated
by dividing the iBAQ values (obtained using the program Max
Quant (47, 64) of co-enriched proteins by those of the bait
proteins. We determined average stoichiometries of all iden-
tified interaction partners for which stoichiometry values could
be obtained in at least n-1 replicates (Fig. 1B-1D lower pan-
els; supplemental Tables S1 and S2). As expected of core
subunits, SUZ12 bound to both EZH2 and EZH1 at a ratio of
1:1; RBBP4 bound to EZH2, EZH1, and SUZ12 at ratios
between 1.4:1 and 2.1:1. Unexpectedly, EED was present at

slightly substoichiometric amounts with respect to EZH2,
EZH1 and SUZ12 (about 30%). The PRC2 complex core
components EZH2/EED/Suz12/RBBP4 have been described
to bind at a 1:1:1:1 ratio in complexes purified by size exclu-
sion chromatography (65). Using EED as a bait protein, Smits
et al. quantified a 1:1:1:0.6 stoichiometry for EZH2/EED/
Suz12/RBBP4 by means of iBAQ quantification (49). Because
the sequence coverage for EED was relatively high in our
study at levels of 36% on average and the coefficient of
variation for relative stoichiometries was in between 0.3 and
0.4 across all replicates, we assume that differences in sub-
unit composition may occur because of complex dissociation
during affinity purification or because of enrichment of not
fully assembled protein complexes. The ratios of other known
PRC2 interaction partners ranged from 5 to 40%. In contrast,
ratios of previously unknown interaction partners ranged from
0.2% to 6.0%, providing a rationale why these interactions
have thus far evaded detection. The only exception was mi-

displayed below. Abundance levels of enriched proteins are determined by calculating iBAQ intensities, which are the sum of intensities of all
tryptic peptides for each protein divided by the number of theoretically observable peptides, corrected for background binding by subtracting
intensities derived from control pull-downs. Relative stoichiometries are calculated by scaling the abundance levels of interaction partners by
the abundance of the bait protein. Note that relative stoichiometries are plotted in logy,. Error bars indicate the standard deviation of

independently calculated relative stoichiometries across n replicates.
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tochondrial protein, DBT, which was present at nearly 1:1
stoichiometry with EZH2 (Fig. 1B). The substoichiometric na-
ture of many of the detected interactions means that they are
either context-dependent or exhibit a high off-rate, resulting in
poor recovery after affinity purification. G9A, GLP and WIZ
bound to PRC2 components in very similar amounts, sug-
gesting that the entire complex was bound and highlighting
the accuracy of the method.

GO9A Interactomics Also Reveal PRC2 and ZNF518A/B—We
sought to validate the physical association between PRC2
and the G9A-complex by performing reciprocal anti-FLAG
immunoprecipitations with SILAC-labeled nuclear extract pre-
pared from mESCs stably expressing subendogenous levels
of doxycycline-inducible G9A-3xFLAG supplemental Fig. 1.
The same cell line carrying the empty expression vector
served as a negative control and we performed a total of six
SILAC experiments supplemental Fig. 2. In accordance with
the PRC2 affinity purification results, PRC2 core components
EZH2, EZH1, SUZ12, EED, and RBBP4, as well as known
PRC2 interactors MTF2 and GM340, were all significantly
enriched in the G9A-3xFLAG immunoprecipitations (Fig. 2A
and supplemental Table S1). The SILAC mESC G9A interac-
tome also contained documented G9A interactors DNA meth-
yltransferase DNMT1, corepressors UHRF1 and CDYL, and
heterochromatin proteins CBX3 and CBX5 (25, 27-29, 34),
supporting the validity of our approach.

In addition to known interactors, we identified many novel
G9A-binding factors (Fig. 2A). Intriguingly, the two EZH2-
binding zinc finger proteins ZNF518A and ZNF518B also
bound to G9A. Also novel were additional readers of H3K9
methylation: CDYL’s paralogue CDYL2, the heterochromatin
protein CBX1, and the CBX5 interacting zinc finger protein
POGZ (29). Other zinc finger proteins, ZNF462, ZNF568, and
ZNF644, were also enriched in G9A-3XFLAG immunoprecipi-
tations. Two of them, ZNF462 and ZNF644 had previously
been shown to interact with CDYL. The transcriptional repres-
sor MIER2, which we found to be associated with G9A, had
also been reported to bind CDYL (27). Similarly, new G9A
interactors CSNK2A1 and LCOR were already known to share
binding partners with G9A, namely EVII and CtBPs, respec-
tively (32, 66, 67). These and other novel G9A interaction
partners indicate that G9A may be linked to diverse gene
silencing pathways. Of note are CpG-binding protein MBD3
(68), Polycomb group protein MBTD1 (69), MTA1, which is a
component of the repressive chromatin remodeling complex
NuRD (70), and ATF7IP/MCAF1, which is thought to promote
heterochromatin formation in concert with another H3K9
methyltransferase, SETDB1 (71). Because we included a
DNase digestion step in the immunoprecipitation protocol, it
is highly unlikely that the crosstalk with other silencing mech-
anisms occurred indirectly via DNA.

Stoichiometry analysis of G9A interaction partners (Fig. 2B
and supplemental Table S1 and S2) showed that WIZ and
GLP were present at ratios of 1.09 and 0.65, respectively, with

respect to GOA. ZNF462 and CBX3 were bound at interme-
diate ratios (0.58 and 0.33). All other interactors were associ-
ated with less than 10% of G9A molecules. EZH2, SUZ12 and
EED were detected at stoichiometries of 1-3%.

The PRC2-G9A Interaction Network is Highly Inter-
connected—To visualize the reciprocal and intertwined binding
events of core histone methyltransferase complex components,
we combined the data from all our APMS experiments with
protein interaction data deposited in the STRING database (72)
and visualized them using Cytoscape (73). We mapped the
resulting PRC2-G9A interaction network with the baits being
represented by big circles and interaction partners by smaller
circles (Fig. 3). For simplicity, only factors with at least two
interaction partners—either identified by us or documented in
the STRING database—among the identified proteins are dis-
played. Stoichiometric G9A-complex core components G9A,
GLP and WIZ bound to all tested PRC2 components. The same
applies to CBX3, which bound to GOA at a molar ratio of ~1:3.
In contrast, ZNF462, which was associated with almost 60% of
G9A molecules in our assay, was not detected in APMS exper-
iments with PRC2 members. One interpretation of this finding
might be that PRC2 and ZNF462 do not bind to the G9A-
complex at the same time. However, PRC2 members and G9A
not only share several binding partners (RBBP4, MTF2, GM340,
CBX3, LCOR, ZNF518A, ZNF518B in addition to core complex
components), but other G9A binding partners have also been
previously found associated with PRC2 itself or its binding
partners (55, 74, 75). Taken together with previously published
data, our analysis indicates that PRC2 and G9A complexes are
highly interconnected and are linked to similar additional gene
silencing mechanisms.

ZNF518B is a Positive Regulator of G9A Function—The low
stoichiometries of the newly identified interaction partners
with respect to their baits raised the question of whether they
are functionally important. To elucidate whether there are
mechanistic interactions between the components of the
mESC PRC2-G9A interactome, we employed global chroma-
tin profiling, a state-of-the-art technique that measures the
abundance of histone marks in bulk chromatin by high-reso-
lution targeted mass spectrometry (42). Using lentiviral
shRNAs, we individually knocked down 15 proteins of interest
that were identified as central components in our PRC2-G9A
interactome analysis: The core subunits of PRC2 (EZH2,
EZH1, SUZ12, EED, RBBP4, RBBP7) and the G9A-complex
(G9A, GLP, WIZ), previously identified mESC PRC2 interac-
tion partners (JARID2, MTF2, AEBP2 and esPRC2p48), as
well as the two zinc finger proteins, ZNF518A and ZNF518B,
which interact with both complexes. Depending on the avail-
ability of shRNA constructs with documented knock-down
properties, we infected mESCs with up to three different
shRNA lentiviruses per gene of interest in separate experi-
ments. Cells infected with the empty lentiviral vector or
shRNA directed against RFP served as controls, which were
infected in triplicates. Other samples were prepared in dupli-
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Fic. 3. Integrated PRC2-G9A inter-
action network analysis defines com-
mon interactors. Interactions of EZH2,
EZH1, SUZ12, and G9A identified by
SILAC affinity purification mass spec-
trometry (APMS) are displayed in the in-
dicated colors. Bait proteins analyzed by
APMS in this study are shown as large
nodes. The topology of the core compo-
nents in the network is defined by bind-
ing stoichiometries observed in this
study and was manually curated to im-
prove visibility. Experimentally verified
interactions documented in the STRING
protein interaction database are shown
in gray. Only proteins with two or more
interaction partners within this network
are represented to show the most impor-
tant binding partners.

cates, with the exception of cells infected with shRNA di-
rected against Glp, because only one such shRNA possessing
any knock-down efficiency was available; those were there-
fore also infected in triplicates. We determined the knock-
down efficiencies of individual shRNAs by gene-specific
gPCR normalized against Gapdh mRNA (supplemental Figure
3). Subsequently, we measured the abundance of 42 histone
H3 tail modification signatures in 91 individual samples by
targeted high-resolution mass spectrometry using heavy iso-
tope labeled peptide standards for every modification signa-
ture (supplemental Figure 4). First, we clustered the resulting
global chromatin modification data by modifications to H3K27
and H3K36 to determine whether PRC2 interactors regulate
H3K27 methylation levels (Fig. 4A; both residues fall on the
same peptide during the analysis). This gave rise to two major
clusters: Cluster 1 consisted of EZH2, SUZ12 and EED knock-
down experiments, and was characterized by severe loss of
H3K27me2 and H3K27me3 and a corresponding increase in
H3K27me0 and H3K27ac, in agreement with PRC2-EZH2
being the major histone methyltransferase complex catalyzing
H3K27me2/3 in mESCs. All other samples formed the second
cluster, including samples treated with one of the three shR-
NAs against EED, which only possessed moderate knock-
down efficiency. Depletion of EZH1 or any PRC2 interactor
had no consistent negative effect on global H3K27me2/3, in
agreement with the fact that EZH1 knock-out mice are
viable and demonstrate no deficiency of H3K27me2/3 (76).
Conversely, JARID2 depletion resulted in a moderate in-
crease of bulk H3K27me2/3in vivo. This finding is in agree-
ment with earlier reports (19, 21), though JARID2 is known
to enhance PRC2’s methyltransferase activity in in vitro

m— EZH2-APMS
m—— EF7H1-APMS

SUZ12-APMS

m— GOA-APMS

STRING-DB

biochemical assays (17, 77). In sum, these data support the
idea that PRC2 is the sole H3K27me2/3 histone methyl-
transferase in mammalian cells.

Clustering of the data by modifications on H3K9 and H3K14
also resulted in two major groupings (Fig. 4B). In line with the
G9A-complex catalyzing H3K9me2, all three G9A-complex
members clustered together, because their depletion resulted
in loss of H3K9me2 and increase in H3K9me0 and H3K9ac.
The loss in HBK9me2 was not as pronounced as H3K27me2/3
loss upon depletion of PRC2 components, most likely be-
cause a number of other H3K9 histone methyltransferases
exist in mammalian cells, including SETDB1 and SUV39H1
(78), which may partially compensate. Remarkably, despite
binding to G9A only at a ratio of ~1:30 in the purified complex,
knock-down of zinc finger protein ZNF518B led to a similar
significant loss of H3K9me2 (Fig. 4C) and increase in
H3K9me0 and H3K9ac. All three ZNF518B shRNAs therefore
clustered with shRNAs targeting G9A-complex members.
Moreover, the negative effect on H3K9me2 directly correlated
with the knock-down efficiency of the shRNAs. These obser-
vations establish ZNF518B as a novel positive regulator of
global H3K9me2.

To confirm that ZNF518B binds the G9A-complex and to
investigate whether it also binds EZH2 as suggested by the
mass spectrometry data, we performed in vitro immunopre-
cipitation experiments. In vitro translated °S labeled G9A,
GLP, WIZ, EZH2, EZH1, or SUZ12 were mixed with in vitro
translated T7-tagged ZNF518B or translation reactions con-
taining the empty expression vector, and were then immuno-
precipitated with anti-T7 antibody bound to magnetic beads.
35S labeled WDR5, a member of the activating chromatin
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Fic. 4. ZNF518B is a positive regulator of H3K9me2. Global chromatin profiling by targeted high-resolution mass spectrometry was used
to investigate changes in histone H3 tail modification signatures caused by individual shRNA-mediated knock-down of PRC2 components
EZH2, EZH1, SUZ12, EED, RBBP4, and RBBP7, PRC2 interaction partners JARID2, MTF2, AEBP2, and esPRC2p48, G9A complex members
G9A, GLP, and WIZ, and novel G9A and EZH2 interactors ZNF518A and ZNF518B. Empty vector and RFP knock-down served as negative
controls. A, and B, Heatmaps showing changes in H3K27K36 and H3K9K14 modifications, respectively. Quantified modified histone peptides
are displayed as rows and knock-down experiments as columns. Horizontal color bars indicate protein complex membership and residual gene
expression on mMRNA level after individual lentiviral based knock-down with up to 3 different shRNAs per target gene. Two major clusters are
observed after hierarchical clustering of columns. C, Effect of shRNA-mediated knock-down on H3K9me?2 levels, normalized to empty vector
control. The effect size of reduced H3K9me2 correlates with the residual expression level of ZNF518B.

modifying MLL-complex, served as a negative control (Fig. G9A, hinting at redundancy of G9A interaction domains. De-
5A). Both G9A and WIZ bound strongly to ZNF518B, validat- letion of either the N- or the C terminus of ZNF518B resulted
ing the affinity proteomics results. In the reciprocal immuno- in loss of its binding to WIZ, possibly because both domains
precipitation, 3°S labeled ZNF518B also bound to T7-tagged are required for this interaction and/or proper folding (Fig. 5B).
G9A. GLP bound to ZNF518B as well, but to a lesser extent. Interestingly, we were able to recapitulate the mass spectrom-
No deletion of a single domain abolished ZNF518B binding to  etry data in our immunoprecipitations with PRC2 components:
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Fic. 5. ZNF518B interacts with G9A complex members and
EZH2/EZH1 in vitro. A, Autoradiography of anti-T7 immunoprecipi-
tation experiments using in vitro translated T7-tagged ZNF518B or
G9A and *°S-labeled G9A, ZNF518B, WIZ, GLP, EZH2, EZH1, SUZ12,
or MLL complex component WDR5 as indicated. In vitro translation
reactions containing empty pET28 expression vector were used in
negative controls. B, Autoradiography of anti-T7 immunoprecipitation
experiments using T7-tagged ZNF518B deletion mutants and 3°S-
labeled GO9A or WIZ. Schematic representations of full-length
ZNF518B and deletion mutants are shown below; zinc fingers (Z1-Z3)
are represented in green.

EZH2 and EZH1, but not SUZ12 associated with ZNF518B in
vitro, showing that no direct interaction exists between
ZNF518B and SUZ12 (Fig. 5A). These results also indicate that
ZNF518B might play a role in linking G9A to PRC2.

CONCLUSIONS

In summary, we have performed quantitative high precision
affinity proteomics mass spectrometry experiments with com-
ponents of two major repressive histone methyltransferase
complexes, PRC2 and the G9A-complex. We confirmed a
physical interaction between those two complexes in mESCs
and identified several new interaction partners of PRC2 and
GO9A, including two previously uncharacterized zinc finger
proteins, ZNF518A and ZNF518B, which interact with both

complexes. These newly discovered interactors bind PRC2
and G9A at substoichiometric ratios. We then performed an
integrated network analysis to identify the central compo-
nents of the two complexes. These interaction partners were
individually depleted using shRNAs, and we investigated the
resulting impact on 42 different histone modification signa-
tures by global chromatin profiling. This combined approach
of stoichiometric mapping of interaction partners and global
monitoring of histone modifying enzyme activities confirmed
well established chromatin repression mechanisms and re-
vealed ZNF518B as a new strong positive regulator of G9A
function. We also confirmed that ZNF518B interacts with the
G9A-complex and the two alternative PRC2 methyltrans-
ferase subunits, EZH2 and EZH1, in vitro. The mechanism by
which ZNF518B positively regulates H3K9me2 remains to be
elucidated. Because it contains three zinc fingers and is there-
fore a candidate DNA binding protein, it is conceivable that it
could help targeting G9A to its genomic loci. This hypothesis
could be tested by mapping of ZNF518B binding sites by
genome wide ChIP experiments and comparing them to
known G9A binding sites or by investigating the effect of
ZNF518B knock-down on G9A binding to its loci. It is also
possible that ZNF518B directly stimulates G9A and/or GLP
activity. Alternatively, it could help to stabilize the G9A com-
plex or any of its members. Considering that ZNF518B has a
measurable effect on H3K9me2 despite its substoichiometric
association with G9A, the interaction is probably transient
with only a small percentage of G9A-complexes being bound
by ZNF518B at any given time. Our data demonstrate that
even an interaction partner that is detected at only substoi-
chiometric levels in the purified complex can have a profound
impact on the activity of a chromatin modifying enzyme.
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