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Abstract

Sin3a is the central scaffold protein of the prototypical Hdacl/2
chromatin repressor complex, crucially required during early
embryonic development for the growth of pluripotent cells of the
inner cell mass. Here, we compare the composition of the Sin3a-
Hdac complex between pluripotent embryonic stem (ES) and
differentiated cells by establishing a method that couples two
independent endogenous immunoprecipitations with quantitative
mass spectrometry. We define the precise composition of the Sin3a
complex in multiple cell types and identify the Fam60a subunit as
a key defining feature of a variant Sin3a complex present in ES
cells, which also contains Ogt and Tetl. Fam60a binds on
H3K4me3-positive promoters in ES cells, together with Ogt, Tetl
and Sin3a, and is essential to maintain the complex on chromatin.
Finally, we show that depletion of Fam60a phenocopies the loss of
Sin3a, leading to reduced proliferation, an extended G1-phase and
the deregulation of lineage genes. Taken together, Fam60a is an
essential core subunit of a variant Sin3a complex in ES cells that is
required to promote rapid proliferation and prevent unscheduled
differentiation.
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Introduction

The chromatin of embryonic stem (ES) cells is characterized by
unique features ensuring their responsiveness to differentiation cues
(Liang & Zhang, 2013; Allis & Jenuwein, 2016). When induced to
differentiate, ES cells lose their proliferative capacity, concomitant
with dynamic changes in the profiles of histone post-translational
modifications (PTMs) and the formation of a more closed chromatin
state (Chen & Dent, 2014; Di Giammartino & Apostolou, 2016;
Ruijtenberg & van den Heuvel, 2016). Consistent with the open and
accessible chromatin state of ES cells, histone acetylation is more
abundant in pluripotent compared to differentiated cells (Lee et al,
2004; Meshorer & Misteli, 2006; Meshorer et al, 2006; Efroni et al,
2008). The levels and profiles of histone acetylation are regulated by
class I histone deacetylase (Hdacs) enzymes that typically assemble
into large multi-protein chromatin complexes together with several
other chromatin-associated proteins (Ho & Crabtree, 2010; Kelly &
Cowley, 2013). The three best characterized Hdacl/2 containing
complexes, Sin3-Hdac, NuRD and CoREST, are essential during
early embryonic development and also in adult tissue maintenance
(McDonel et al, 2009; Kelly & Cowley, 2013). While these Hdac
complexes were first identified as being transcriptional repressors,
recent studies have revealed that they also have roles associated
with gene activation (van Oevelen et al, 2010; Reynolds et al, 2013;
Baymaz et al, 2015). These roles are thought to include fine-tuning
of ongoing transcription and “priming” gene promoters for subse-
quent transcriptional responses (Reynolds et al, 2013; Laugesen &
Helin, 2014). However, due to the modular assemblies of these large
multi-protein complexes, it has so far proved challenging to link
particular complex subunits with specific cell lineages or to specific
biological functions (Baymaz et al, 2015).

In mammals, the prototypical Sin3a-Hdac complex either
contains the Sin3a or Sin3b protein. These homologous proteins
form different complexes and fulfii non-redundant biological
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functions (Laugesen & Helin, 2014). Importantly, while Sin3b is
dispensable for early development in mice, Sin3a is required at the
implantation stage when the pluripotent cells of the epiblast
undergo their first cell fate transitions (Cowley et al, 2005; McDonel
et al, 2012) and has been recently reported to promote pluripotency
in ES cells and iPSC reprogramming (Saunders et al, 2017). More-
over, in mice, Sin3a contributes to male germ cell development
(Pellegrino et al, 2012), myogenesis (van Oevelen et al, 2010) as
well as T-cell and epidermal tissue homeostasis (Dannenberg et al,
2005; Nascimento et al, 2011). While the precise composition of
Sin3a complexes in different cell types remains unknown, more
than a dozen accessory factors have been identified in biochemical
purifications performed on cancer cell lines (Grzenda et al, 2009).
These studies revealed that the Sin3a protein acts as a central
scaffold onto which Hdacl/2 and several other proteins assemble.
The Sin3a core complex was initially described to contain Hdacl/2,
Rbbp4/7, Sud3 which augments Hdac activity, as well as the Sin3-
associated proteins (SAPs) Sapl8 and Sap30, which bridge
interactions within the complex (Hassig et al, 1997; Zhang et al,
1997, 1998; Laherty et al, 1998; Alland et al, 2002). Several addi-
tional Sin3a accessory proteins have been identified, including
Sap25, Sap130, Arid4b (Sap180), Arid4a (Rbpl, Rb-binding protein),
Brmsl and Brmsll (breast cancer metastasis suppressor 1), Ingl/2
(Inhibitor of Growth 1/2), Fam60a (Family with Sequence similarity
60 A), Tetl (Ten-eleven translocation 1) and Ogt (O-GIcNAc trans-
ferase; Lai et al, 2001; Kuzmichev et al, 2002; Yang et al, 2002;
Fleischer et al, 2003; Nikolaev et al, 2004; Smith et al, 2010, 2012;
Williams et al, 2011; McDonel et al, 2012; Munoz et al, 2012). The
Sin3a complex has also been reported to associate with several
sequence-specific DNA-binding transcription factors with well-estab-
lished roles in cell cycle control and development, including Rest,
Rb, Hbpl, the Myc-inhibitors Mxil and Madl, Klf proteins, Foxk1/2
as well as with the nuclear hormone repressors, N-CoR and SMRT
(Silverstein & Ekwall, 2005). However, it is unclear how or whether
these DNA-binding transcription factors functionally interplay with
the Sin3A complex on a genomewide level. Furthermore, the
molecular functions of many of the several more abundant
accessory proteins within the Sin3a complex are also unknown. In
contrast to the very well-characterized BAF chromatin remodelling
and Polycomb complexes, the exact molecular composition of the
Sin3a-Hdac complex in different non-cancer cell types has not yet
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been defined (Lessard et al, 2007; Ho et al, 2009; Oliviero et al,
2016). An unanswered question is whether the numerous accessory
proteins reported to interact with Sin3a are part of tissue-specific
variants of the Sin3a complex that potentially confer different func-
tions in different lineage types.

To characterize the endogenous composition of the Sin3a
complex in ES and differentiated cell types, we established a method
to couple two independent endogenous immunoprecipitations with
quantitative mass spectrometry. This allowed us to explore the
detailed stoichiometry of the Sin3a complex in ES cells before and
after differentiation to embryoid bodies (EB) as well as in fibroblasts.
We find that the composition of the Sin3a complex changes during
ES cell differentiation and identified Fam60a as a key protein that
defines a variant complex in ES cells. We show that Famé60a is highly
expressed in pluripotent ES cells and its gene locus is bound by E2f1,
Nanog and Oct4 (Pou5f1). In ES cells, the Fam60a protein co-binds
together with Sin3a and two other ES cell-specific Sin3a complex
proteins, Ogt and Tetl, on H3K4me3-positive promoters. Fam60a
promotes the stability of Sin3a and its presence on chromatin and,
like Sin3a, is crucial for maintaining the potential of ES cells to
proliferate rapidly, while ensuring a short G1-phase of the cell cycle,
thereby preventing premature lineage priming. These results have
important implications for our understanding of the nature and
function of multi-protein Hdacl/2 complexes and provide new
insights into the link between their dynamic composition changes
and the regulation of pluripotency and cell fate decisions.

Results
Fam60a defines a variant Sin3a-Hdac complex present in ES cells

In order to determine the precise composition of the Sin3a-
complex in mouse ES cells compared to embryoid bodies (EB)
and fibroblasts, we established a strategy to perform endogenous
immunoprecipitations coupled with quantitative mass spectrome-
try (Fig 1A). Immunoprecipitates from three replicates of two dif-
ferent Sin3a antibodies were subjected to label-free mass
spectrometry analysis, and the peptides were analysed using
MaxQuant (Cox & Mann, 2008). To determine the relative stoi-
chiometries, the relative iBAQ values (Smits et al, 2013) were

Figure 1. Endogenous compositional analysis reveals Fam60a defines the Sin3a complex in ES but not in differentiated cells.

A Experimental outline for label-free quantitative mass spectrometry of the Sin3a-Hdac complex in mouse pluripotent and differentiated cells. Immunoprecipitations
(IPs) were performed in triplicates on nuclear lysates from embryonic stem (ES) cells, embryoid bodies (EB) and fibroblasts (F) using two Sin3a-specific antibodies
(Sin3a antibody 1 from Abcam; Sin3a antibody 2 from Santa Cruz) and 1gG as a negative control. The precipitated proteins were subjected to LC-MS/MS following
tryptic digestion. The data were analysed using the programs MaxQuant and Perseus.

B Stoichiometric analysis of the composition of the Sin3a complex in ES cells, embryoid bodies (EB) and fibroblasts (F). The scatter plots represent the average iBAQ
values (n = 3) relative to the bait protein Sin3a (red). Previously identified members of the Sin3a complex are labelled in green. The Sin3a-associated proteins
specifically enriched in ES cells are depicted in blue, those enriched in differentiated lineages in orange.

C The graphs show the relative stoichiometries and standard deviations (SD) of the two independent Sin3a IPs (each performed with three technical replicates) for
proteins enriched in ES (blue) or differentiated cells (orange) as well as proteins exemplary for being detected at similar levels in all cell types (green). Only proteins

with an iBAQ of at least 0.01 in any of the cell lines are shown.

D Western blot analysis of Sin3a immunoprecipitations in mouse ES cells, EBs and fibroblasts, for the indicated antibodies.
E Model depicts the Fam60a-Sin3a complex composition present in ES cells. Proteins enriched in ES cells are highlighted in blue. Other proteins associated with Sin3a
in ES cells are indicated in green. The Fam60a-Sin3a core complex in ES cells containing Sin3a, Sap30, Fam60a, Hdacl and Rbbp4/7 is presented. The proteins

separated by arrows indicate low stoichiometries.

Source data are available online for this figure.

© 2017 The Authors
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calculated and represented both as scatter plots (Fig 1B) and in
table form (Fig EV1A). While most of the strongest enriched
proteins in both Sin3a immunoprecipitations were previously
reported to be Sin3a-interacting proteins, several novel proteins
were also detected, including Dpy30 (histone methyltransferase
complex regulatory subunit), Psme3 (proteasome activator
complex subunit 3) and Nono (Non-Pou domain containing
octamer-binding protein; Table EV1). Importantly, all of the
previously reported members of the Sin3a complex, except Sap18
and Sap25, were found to be significantly immunoprecipitated
(t-test, FDR 0.01), and several were constitutively present in all
three cell types, for example Sap30, Sap130 and Hdacl and Ingl
(Fig EVIA and Table EV1). Intriguingly, we identified several
other proteins that preferentially associate with Sin3a in either ES
or in differentiated cells (Figs 1C and EV1A and B). For example,
the Fam60a, Tetl and Ogt proteins were threefold enriched in
the Sin3a complex in ES cells, whereas the transcriptional repres-
sors Mxil and Foxk2 (Nascimento et al, 2011; Bowman et al,
2014), as well as the Brmsll and Hdac2 proteins were enriched
in differentiated cells (Figs 1C and EV1A). The Fam60a protein
was the most striking due to its high relative stoichiometry of
nearly 1:1 relative to Sin3a in ES cells, suggesting it is a core
member of the Sin3a complex in these cells (Figs 1C and EV1A).
In contrast, the Tetl and Ogt proteins, which were previously
reported to interact with the Sin3a complex (Yang et al, 2002;
Williams et al, 2011), while specifically detected in ES cells, had
relatively low iBAQ values (Figs 1C and EV1A).

Next, to validate the differential enrichment of Fam60a within
the Sin3a complex in ES cells compared to EBs and fibroblasts, we
performed Western blot analysis of two independent Sin3a immuno-
precipitations and confirmed that, unlike Hdac1, Famé60a is strongly
differentially immunoprecipitated from nuclear lysates from ES
cells, but not from differentiated cells (Fig 1D). The iBAQ analysis
strongly suggests that Fam60a, together with Sin3a, Sap30, Hdacl
and Rbbp4/7, forms the core of a specialized variant Sin3a-Hdac
complex, which we refer to as the “Famé60a-Sin3a complex”
(Figs 1E and EV1B). Taken together, these data reveal an heretofore
unappreciated lineage-specific composition of the Sin3a complex
and highlight Fam60a, the defining subunit of the Fam60a-Sin3a
complex, as a potential key regulator of the Sin3a complex function
in ES cells (Fig 1E).

Fam60a predominantly assembles within the Sin3a complex in
ES cells

We next sought to understand the role of Fam60a in ES cells by
determining whether it resides only within the Sin3a complex or
whether it might also be present in additional chromatin
complexes. To address this, we developed a strategy to perform
immunoprecipitations of both endogenous and exogenously Flag-
tagged Fam60a, coupled with label-free quantitative mass spec-
trometry (Fig 2A). Western blot analysis of endogenous Famé60a
and Flag-Fam60a immunoprecipitations showed that both experi-
ments equivalently precipitated Sin3a and Ogt, but not the nega-
tive control, Oct4 (Fig 2B). These immunoprecipitations were then
subjected to mass spectrometric analysis, which revealed that
Fam60a associates almost exclusively with members of the Sin3a
complex (Fig 2C and Table EV2). In fact, of the 20 most strongly

© 2017 The Authors
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associated proteins in both the endogenous and exogenous
Fam60a immunoprecipitations, 18 were already previously
reported as being Sin3a-interacting proteins (Fig 2D and
Table EV2). Of note, the Sin3a association with Foxk2 and Mxil,
which was detected in EBs and fibroblast cells (Fig 1B), was not
observed in the Fam60a immunoprecipitations in ES cells
(Table EV2), further supporting the idea that they do not associ-
ate with the complex in pluripotent cells. Although we cannot
rule out that a small proportion of Fam60a proteins have Sin3a-
independent interaction partners, our data support a model in
which Fam60a is a subunit unique to the Sin3a complex and not
present in other chromatin complexes.

The Famé60a gene is highly expressed in ES cells and is bound by
E2f and pluripotency transcription factors

We next wished to explain the high levels of Fam60a in the Sin3a
complex in ES cells and speculated that its protein levels might be
down-regulated during differentiation. We monitored the protein
levels of Fam60a during differentiation of ES cells to embryoid bodies
(EBs) and found it decreased strongly, while the levels of the two
other Sin3a complex core components, Sin3a and Hdacl, were less
affected (Fig 3A). As expected, the protein levels of the pluripotency
factor Oct4 decreased while Cbx8, a protein known to be induced
during ES cell differentiation (Pasini et al, 2007), increased. In parallel,
in NTERA-2 human pluripotent embryonic carcinoma cells induced
to differentiate upon RA addition, we observed that the protein levels
of human FAMG60A protein decreased together with SALL4 and OCT4
in mass spectrometry analysis of chromatin-associated proteins
(Appendix Fig S1 and Table EV3), suggesting that the transcriptional
regulation of Fam60a in pluripotent cells is conserved between
mouse and human. Furthermore, the mRNA levels of Famé60a, but
not of Sin3a, also decreased during ES cell differentiation (Fig 3B),
suggesting that it is regulated at the transcriptional level.

To begin to understand how the Fam60a gene is transcription-
ally regulated in ES cells, we searched several genomewide
mapping ChIP-Seq data sets of transcription factors with an estab-
lished roles in ES cells (GEO Datasets, ENCODE) and identified
E2f1, a transcription factor associated with cellular proliferation
(Bracken et al, 2004), and the core pluripotency transcription
factors, Nanog and Oct4, as potential upstream regulators. We next
performed chromatin immunoprecipitations (ChIPs) of E2fl, Oct4
and Nanog, at both the promoter and an upstream enhancer of
Famo60a gene locus, which we found to be predicted by chromatin
capture analysis (Schoenfelder et al, 2015). This revealed that E2f1
binds strongly to the Famé60a promoter and the upstream
enhancer, while both Oct4 and Nanog bind only to the enhancer
(Fig 3C). Next, to determine whether Fam60a mRNA levels are
dependent on the core pluripotency network, we depleted the
levels of Oct4 and observed a significant decrease in the levels of
Fam60a mRNA (Fig 3D). However, Fam60a mRNA levels could be
decreasing in this experiment due to the fact that these cells were
differentiating and not because the loss of Oct4 was directly medi-
ating transcriptional activation. Taken together, these data estab-
lish that Fam60a is a chromatin-associated factor, highly expressed
in pluripotent ES cells, and suggest that it is, at least in part, regu-
lated on the transcription level by the E2f and core pluripotency
transcription factor networks.

The EMBO Journal Vol 36 | No 15| 2017

2219



2220

The EMBO Journal

Fam60a defines a vari

ant Sin3a complex  Gundula Streubel et al

A " 2% ,, _endolP
Fam60a |P/|gG IP (I) LC-MS/MS Input Flag IP 10%
Input IgG F60a
35
I I I 35 & [Flag-Famg0a %~
NImin K
MaxQuant . -Fam60a (endo) Input IgG F60a
= and Perseus
Flag-Fam60a IP/EV (ii) E' - Sin3a Sin3a
M
4 | ogt [ ] oo
), — m= ow ™ Jow
c Endogenous Fam60a IP Flag-Fam60a IP D - Endogenous Famé0a-IP
Sir;}a 5 e Sip3a
o . 5ap30 Fameo; S
% I"g:. Nup35 _g) i . ° a.m ° g 10
3 Panct e eding L Lmab1  Dmriott A
S . sp.ﬁ Hdact @ Brmstl T © * > 08
€ Wel, el s™ |8 st SIS g >
o Pros Sap130 g *Brmsil 5
o Toser 'Bap1 © And4a- . =
L o DQynrtctc2 rms L o Hdac1 Ing1 5 06
: L e | S ' S
o : . \ Ceppf g ; ;’" a T Tardbp Rbbpé oTet1 & o
© -And4b [ R
3 28 Sty oavivaa 3 < ’pr.QGHyaCZ.mgz 2
Z_ ro.o' Z.;‘ZQG (—g And4b '5.09( %
k7 v a ® :=Sap30\ * Rbbp7? x 02
2 iz ¢ RN -
z ~ 7 -.'§enp3 LR A FS DN S NS NS G I 120050
= - . O R ‘0 <@ @Q ECASRS RS R
& |ror=005 Y [FDR=0.05 &P SRR SRR
< olso=-1 S °fso0=1 )
- - - Stoichiometry (iBag Fam60a-IP)
40 8 -6 4 2 0 2 4 6 8 10 11 8 -6 -4 2 0 2 4 6 8

t-test Difference aFam60a/lgG
® Fam60a
® Known Sin3a associated proteins

® Other candidate Fam60a associated proteins

t-test Difference Flag-Fam60a/Flag-EV

ES cell Fam60a-Sin3a core complex
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A Outline of experimental strategy to identify Fam60a-associated proteins in ES cells, using a combination of endogenous and exogenous approach IPs. The IPs were
performed using (i) an antibody specific for the endogenous Famé0a protein compared to an IgG antibody as a negative control in biological duplicates and (ii) Flag-
IPs from two independent mouse ES cell clones stably expressing Flag-Fam60a compared to empty vector control clones as a negative control. Each IP was
performed in technical triplicates. The LC-MS/MS data were analysed with MaxQuant.

B Western blot analysis of exogenous Flag-Famé60a (left panel) and endogenous Fam60a (right panel) immunoprecipitations using the indicated antibodies. Sin3a and

Ogt are included as positive controls, while Oct4 is a negative control. *

= A background, non-specific band.
Volcano plots for endogenous Fam60a and exogenous Flag-Fam60a immunoprecipitations. The blue dot indicates the bait Fam60a. Known Sin3a complex members

are highlighted in green, while the black dots represent other proteins. The x- and y-axis values were calculated from six replicates, respectively.

The graph shows relative stoichiometry enrichments of the top 20 ranked Famé60a-interacting proteins significantly immunoprecipitated by Fam60a antibody

and by Flag-Fam60a (Table EV2). The relative stoichiometries of the endogenous Fam60a immunoprecipitations are shown (average relative iBAQ values from
six data points). The data means + SD of six replicates of IgG and Famé0a IPs are presented. Blue represents the bait Fam60a, and green depicts known
Sin3a-interacting proteins. Two other proteins, not previously known to interact with Sin3a, are depicted in black. The Fam60a-Sin3a core complex is

illustrated below the graph.

Source data are available online for this figure.

Fam60a binds together with Sin3a, Ogt and Tetl on H3K4me3-
positive promoters in ES cells

We next wished to determine the genomewide chromatin binding
profile of Fam60a in ES cells compared to Sin3a and the other ES
cell-specific Fam60a-Sin3a complex-associated factors, Ogt and Tet1.
To do this, we performed ChIP-Seq analysis for Fam60a in mouse ES
cells and compared it to previously published genome-wide enrich-
ment profiles of Sin3a, Tetl, Ogt, H3K4me3, polymerase II and
H3K27me3 (Fig 4). Strikingly, this revealed that Famé60a binds
together with Sin3a, Tetl and Ogt on the majority of H3K4me3-posi-
tive promoters in ES cells (Fig 4A). A quantitative Venn diagram

The EMBO Journal Vol 36 | No 15| 2017

analysis confirmed an almost perfect overlap of Fam60a together
with Sin3a, Tetl and Ogt on H3K4me3- and polymerase II-positive
gene promoters (Fig 4B). Interestingly, the majority of Fam60a
target sites (81%) and Sin3a (68%) are located at promoter regions,
comparable to the polymerase II (76%) profile (Fig 4C). This
contrasts with the considerably lower proportion of binding of Ogt
(39%) and Tetl (48%) to promoters. While both Ogt and Tetl have
previously been reported to preferentially co-localize around TSSs of
CpG-rich genes, they were also shown to bind to intergenic regions
in the genome (Williams et al, 2011; Wu & Zhang, 2011; Vella et al,
2013), suggesting that they may have roles independent of the
Fame60a-Sin3a complex at these non-promoter regions.

© 2017 The Authors
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Figure 3. Famé60a is an E2f, Oct4 and Nanog target gene highly expressed in proliferating ES cells.

A

Western blots show that the Fam60a protein is down-regulated during differentiation of mouse E14 ES cells. Nuclear lysates were harvested from

undifferentiated ES cells and from differentiating ES cells after 2, 4 and 8 days induction to form embryoid bodies. Western blot analysis was performed

with the indicated antibodies.

B RT-gPCR analysis of the mRNA levels of Fam60a, Sin3a, Oct4 (Pou5f1) and the endodermal lineage marker Gata4 following differentiation of ES cells for 4 and 8 days.

UCSC genome browser tracks depict the binding of E2f1 and the ES cell transcription factors Nanog, Oct4, Sox2 and KIf4 at the enhancer (E) and promoter (P) region

(black bars) of the Fam60a gene. The Lipf gene promoter is included as negative control. The lower panel represents quantitative ChIP-qPCR analyses of Nanog, Oct4,
E2f1 and 1gG (negative control antibody) at the enhancer and promoter regions of the Famé60a gene. All ChIP enrichments are presented as the percentage of protein
bound normalized to input. The promoter region of Lipf gene is included as a negative control.

scrambled control shRNA (shNT). Cells were harvested 48 h following selection.

Fam60a mRNA level decreases upon depletion of Oct4 in mouse ES cells. RT-qPCR for Famé60a and Oct4 mRNA levels in ES cells infected with either shOct4 or

Data information: In (B, C and D) the means + SD of three technical replicates of a representative experiment is shown.

Source data are available online for this figure.

To understand the binding pattern of Fam60a on individual
gene loci, we generated representative genome browser tracks
depicting the co-occupancy of Fam60a together with Fam60a-Sin3a
complex components and polymerase II on the H3K4me3-positive

© 2017 The Authors

promoters of the Ttc9, Per2, Sgpll and Elf2 genes (Fig 4D). Inter-
estingly, Famo60a, polymerase II and other Sin3a complex compo-
nents also bind at an intergenic promoter within the EIf2 gene
locus, which perfectly overlaps with an H3K4me3 peak. This
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Figure 4. Fam60a co-occupies H3K4me3-positive promoters with Sin3a in mouse embryonic stem cells.

A Heatmap analysis representing ChIP-Seq of Fam60a and previously published ChIP-Seq data sets for Sin3a, Tetl, Ogt, RNA polymerase Il and the histone
modifications H3K4me3 and H3K27me3 (Williams et al, 2011; Vella et al, 2013; Denissov et al, 2014; Riising et al, 2014) in mouse ES cells. The sequence reads
5,000 bp up- and downstream of the transcriptional start site are shown, and the relative intensities are indicated in blue.

B Venn diagram analysis representing the number of common target gene promoters between Fam60a, Sin3a, H3K4me3, polymerase Il, Tetl and Ogt.

(@}

Pie charts representing the distribution of the binding of Fam60A and the indicated other proteins at gene promoters, gene bodies and intergenic regions.

D Enrichment tracks of Fam60a, H3K4me3, Sin3a, Ogt, Tetl and Pol Il at the four representative Fam60a/Sin3a target genes: Ttc9, Per2, Sgpl1 and Elf2. The gene
structure and dimensions are indicated at the top of each panel, while the locations of CpG islands are presented by a black bar at the bottom.

E Quantitative ChIP analyses of Fam60a binding to both monovalent (H3K4me3 only) and bivalent (both H3K4me3 and H3K27me3) Fam60a/Sin3a target genes. The 1gG
antibody was included as a negative control. ChIP enrichments are presented as the percentage of protein bound normalized to input. The two genes Lipf and Lcn8,
which both lack H3K4me3 at their promoter, are included as negative controls. The means + SD of three technical replicates of a representative experiment is shown.

suggests that the minority of Famé60a, Sin3a and polymerase II
binding away from promoters, observed in Fig 4C, could include
non-annotated transcriptional start sites. Next, we performed ChIP-
Seq analysis for Fam60a and Sin3a in immortalized mouse NIH3T3
fibroblasts (Fig EV2A and B). As expected, this revealed only
residual binding of Famé60a at target genes in fibroblasts, whereas
Sin3a, although not enriched as strongly as in ES cells, was still
present on its target genes. Finally, we performed ChIP-qPCR vali-
dation analysis in ES cells to confirm the presence of Fam60a at
both all H3K4me3-positive monovalent (10 of 10) and bivalent
promoters (5 of 5) tested, but not on the promoters of H3K4me3-
negative (2 of 2) genes (Fig 4E). Taken together, these data estab-
lish Fam60a as being bound together as part of the Fam60a-Sin3a

2222 The EMBO journal Vol 36| No 15 | 2017

complex to H3K4me3-positive promoters in ES cells, but not in
more differentiated cells, suggesting it might have a particular role
in ES cells.

Fam60a maintains Sin3a on target gene promoters in ES cells,
and its loss leads to deregulated gene expression

We next wished to determine whether loss of Fam60a would have
consequences for the Sin3a association with its target gene promot-
ers. To do this, we infected ES cells with lentiviruses expressing two
independent shRNAs that stably target Fam60a and observed the
global reduction in Sin3a on chromatin (Fig EV3A—C). Next, ChIP-
Seq suggested that Sin3a is strongly diminished genomewide on its

© 2017 The Authors
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target gene promoters upon loss of Fam60a (Fig 5A). Since ChIP-
Seq is not quantitative, we validated these observations by perform-
ing ChIP-qPCR analyses of both Fam60a and Sin3a at their target
gene promoters in control versus Famé60a-depleted cells, using
histone H3 and IgG as controls (Figs 5B and EV3D). This analysis
also confirmed the specificity of the Fam60a antibody. Interestingly,
while Fam60a is required for the stability of Sin3a in ES cells, its
ectopic expression in ES cells or fibroblasts was not sufficient to
stabilize Sin3a (Fig EV3E and F), indicating that Fam60a is essen-
tial, but not sufficient on its own, to stabilize the Sin3a complex. In
conclusion, Fam60a is an essential component of the Fam60a-Sin3a
complex required to maintain Sin3a levels on target gene promoters
in ES cells.

To determine whether loss of Fam60a phenocopies the loss of
Sin3a in terms of gene expression changes, we performed differen-
tial gene expression analysis following shRNA-mediated depletion
of Fam60a and Sin3a, separately, and overlapped all commonly
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Figure 5. Fam60a is required to maintain Sin3a on target genes in ES cells.
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up- or down-regulated genes with those directly bound by both
Famo60a and Sin3a (Fig 6A). This revealed that of the 11,896 direct
Fame60a/Sin3a target genes, only 676 (6.2%) were significantly up-
and 406 (3.8%) were down-regulated in both the Fam60a- and
Sin3a-depleted cells (Table EV4). This is analogous to the few gene
expression changes observed in cells depleted of the Polycomb chro-
matin regulators (Bracken et al, 2006) and might reflect the avail-
ability (or lack) of DNA-binding transcriptional regulators for many
of these genes. A gene ontology analysis of the genes deregulated in
the Fam60a- and Sin3a-depleted cells revealed enrichments for path-
ways with roles in cellular homeostasis and metabolism (Fig EV4A).
In particular, the TGFp pathway was enriched in the down-regulated
gene set (Fig EV4A). Importantly, this pathway is known to have
important roles in both the maintenance of ES cell pluripotency and
during subsequent lineage specification and mesendodermal dif-
ferentiation (Park, 2011; Itoh et al, 2014). Consistent with this, both
the RNA-Seq (Fig 6B and C) and validatory RT-PCRs on an
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A Heatmap presentation of Sin3a ChIP-Seq done in control or Fam60a-depleted ES cells. The sequence reads 5,000 bp up- and downstream of the transcriptional start
site are shown, and the relative intensities are indicated in blue. The right panel presents the average profile of Sin3a binding regions in control versus Fam60a-

depleted cells.

ChIP-gPCR analyses using the indicated antibodies in mouse ES cells. Precipitated DNA was analysed by qPCR using primers directed towards the promoters of the

indicated genes. ChIP enrichments are presented as the percentage of protein bound normalized to input. The means + SD of three technical replicates of a

representative experiment is shown.

representative experiment is shown.
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Quantitative RT-PCR analysis of the mRNA levels of Fam60a and Sin3a in control and Famé60a-depleted ES cells. The means + SD of three technical replicates of a
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Figure 6. Loss of both Fam60a and Sin3a causes deregulation of a subset of their direct target genes.

A Venn diagram analysis representing the overlap of all genes directly bound by both Fam60a and Sin3a with those genes either up- and down-regulated in both the

Fam60a- and Sin3a-depleted ES cells (biological replicates n = 3, adjusted P-value < 0.1). These differentially expressed genes were obtained by performing RNA-Seq
on ES cells with shRNA-mediated knockdown of Famé0a and Sin3a, compared to non-targeting control (shNT), respectively. P-values were calculated using DESeq2,
and Benjamini—-Hochberg False Discovery Rate adjustment was applied.

Dot plots representing the average mRNA expression changes as log2 fold change following Fam60a and Sin3a knockdowns relative to shNT control over the Sin3a
(left) and Fam60a (right) ChIP-Seq peak strength. The genes Tbx20, Foxj1, Meis1, Leftyl, Lefty 2, Cdhrl, Gli1 and Notch4 are highlighted.

The graphs represent log2 fold changes in mRNA levels of genes encoding members of the TGFf signalling pathway following depletion of Fam60a and Sin3a relative

to the shNT control. Data are based on RKPM (reads per kilobase per million mapped reads) obtained by RNA-Seq. The data of three biological replicates are

presented as mean + SD.

D Asin (C). Graph shows genes encoding representative members of the mesodermal, endodermal and ectodermal lineages, as indicated.
E RT-gPCR of selected TGF3 pathway and lineage genes to validate the mRNA expression changes following Fam60a and Sin3a depletions in ES cells. The data of three

technical replicates are presented as mean =+ SD.

independent experiment (Fig 6E), revealed that the strongest dereg-
ulated genes in both the Fam60a- and Sin3A-depleted cells encoded
key members of the TGFp signalling pathway, among them Leftyl,
Lefty2, Cdhrl, Glil and Notch4 (Fig 6C). Moreover, several of the
up-regulated genes in both the Fam60a- and Sin3A-depleted cells
represented mesodermal markers, including Tbx20, Meisl and
Foxjl, whereas the down-regulated genes included markers of
neuroectodermal lineage (Fig 6B, D and E). In contrast, neither the
depletion of Famé60a or Sin3a affected the mRNA levels of the core
pluripotency genes, including Oct4, Nanog, KIf4 or Sox2, or E2f cell
cycle genes (Fig EV4B and C), while other genes that have been
associated with the pluripotent state, such as PrdmI4, Klf2 and
Pou?2f3 (Pasini et al, 2007; Yamaji et al, 2013; Yeo et al, 2014), were
down-deregulated. Moreover, we did not observe changes in Oct4
protein levels following depletion of Fam60a or Sin3a (Fig EV4D).
In summary, Fam60a and Sin3a co-regulate common target genes

The EMBO journal Vol 36 | No 15| 2017

with essential roles in cellular pathways central to ES maintenance,
consistent with a shared function as part of the Fam60a-Sin3a
complex.

Fam60a phenocopies Sin3a in its requirement for rapid
proliferation of ES cells

Previous reports showed that cells of the inner cell mass of Sin3a
knockout blastocysts failed to proliferate in vitro (Cowley et al,
2005), and a conditional knockout of Sin3a in ES cells led to
defects in cell cycle and survival (McDonel et al, 2012). To deter-
mine whether depletion of Fam60a would phenocopy the loss of
Sin3a, we first performed colony formation assays of ES cells
cultured in serum and LIF containing medium, following stable
knockdown of either Fam60a or Sin3a (Fig 7A). The colony
morphology typical of undifferentiated ES cells was lost in both

© 2017 The Authors
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Figure 7. Loss of both Fam60a and Sin3a causes differentiation, proliferation and cell cycle defects in ES cells.

A Colony formation assays with alkaline phosphatase staining of ES cells that were transfected with two shRNAs targeting Fam60a, a shRNA targeting Sin3a and a
non-targeting control shRNA. Representative images below the graph represent colonies of undifferentiated, mixed differentiated and differentiated colonies. The

assays were performed in biological triplicates and are presented as mean + SD.

B Growth curve of ES cells following depletion of Famé60a or Sin3a. Two different negative control sShRNA vectors shNT.1 (non-targeting control pLKO.TRC1SCR) and

shNT.2 (non-targeting control pLKO.TRC2SCR) were used.

C BrdU and propidium iodide FACS analysis (indirect method) to monitor the cell cycle changes in Fam60a- and Sin3a-depleted ES cells. The upper panel shows
representative FACS plots for each knockdown condition and the control shRNAs (pLKO.TRC2SCR). Percentage of cell numbers of SubG1, G1, S and G2/M phase are

shown. The data of three biological replicates are presented as mean + SD.

D Asin (C). BrdU and propidium iodide FACS analysis (indirect method) to monitor the cell cycle following Fam60a depletion in ES cells grown in 2i/LIF.
E Model of the role of Fam60a within the Sin3a complex in ES cells. The presence of Fam60a in the Sin3a complex maintains it on chromatin and ensures rapid ES cell
proliferation, a short G1-phase and a proper ES cell gene expression program. The loss of Fam60a leads to slowed cellular proliferation, an extended G1-phase of the

cell cycle and a deregulation of the ES cell gene expression program.

the Fam60a and Sin3a knockdowns, with most colonies displaying
differentiated morphologies. Next, we performed cell growth
assays and found that depletion of Fam60a phenocopied the loss
of Sin3a in both LIF/Serum (Fig 7B) and 2i/LIF/Serum media
(Fig EV5A).

Previous work established that a rapid proliferation rate and a
short Gl-phase of the cell cycle are defining features of ES cells
(Kareta et al, 2015; Boward et al, 2016) and that lineage priming
in these cells is intrinsically linked to their G1-phase during which
they become more susceptible to differentiation (Calder et al,
2013; Coronado et al, 2013). Therefore, we next wished to investi-
gate whether the reduced proliferation rate and increased differen-
tiation phenotype upon depletion of Fam60a and Sin3a might be

© 2017 The Authors

linked to an altered cell cycle in these cells. We performed BrdU
labelling, combined with propidium iodide FACS, and found that
depletion of both Fam60a and Sin3a led to an extended G1l-phase
and reduced S and G2/M-phases in both LIF/Serum and 2i/LIF/
Serum conditions (Figs 7C and D, and EV5B). The proportion of
cells in SubG1 was unchanged, indicating that apoptosis was not
the reason for the decreased proliferation rates. Taken together,
these data suggest that cells with reduced levels of Fam60a or
Sin3a spend more time in the Gl-phase. Since this defect was
accompanied by the up-regulation of mesodermal lineage marker
genes, it suggests that the role Fam60a in maintaining the undif-
ferentiated state is intrinsically linked to its roles in ensuring rapid
cellular proliferation.

The EMBO Journal Vol 36 | No 15| 2017
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Overall, these experiments establish that Famé60a is a crucial
component of a variant Sin3a chromatin complex in ES cells,
required to promote rapid proliferation and to maintain ES cells in
an undifferentiated state (Fig 7E).

Discussion

This work for the first time systematically compares the endo-
genous stoichiometric composition of the prototypical Sin3a
Hdac/2 complex in embryonic stem (ES) and differentiated cells.
We find that Sin3a complexes undergo dynamic compositional
changes during cellular differentiation. Our key findings are that
we identify a variant Sin3a-Hdac complex, Fam60a-Sin3a, that is
predominantly present in ES cells, and that Fam60a is essential
for the function of this Sin3a complex. Crucially, Fam60a as a
defining subunit of the Fam60a-Sin3a complex is required to
maintain key features of ES cells, including rapid cellular prolifer-
ation, and the prevention of unscheduled differentiation.

Recent advances in mass spectrometry-based technologies have
now enabled the exploration of multi-protein chromatin regulator
complexes in different biological contexts (Aebersold & Mann,
2016). However, the majority of protein interaction network stud-
ies use tagging strategies, which risk to create artefacts due to
interference with the normal protein network (van Nuland et al,
2013; Kloet et al, 2016). To avoid this issue, we developed an
approach to couple two independent endogenous immunoprecipi-
tations with quantitative mass spectrometry, thereby allowing us
to identify subtle variations in the composition of the Sin3a-Hdac
complex during the process of cellular differentiation of ES cells.
Using this approach, we discover a variant of the Sin3a core
complex composition in ES cells, which is defined by an almost
stoichiometric ratio of the Famé60a protein relative to Sin3a.
Supporting a central role of the Fam60a protein in the Sin3a
complex of ES cells, we find that it co-occupies the majority of
H3K4me3-positive gene promoters together with Sin3a genome-
wide. In addition to the core Fam60a-Sin3a complex, composed of
Fam60a, Sap30, Hdacl and Rbbp4/7, several additional Sin3a
accessory proteins, such as Ingl and Ing2, Brmsl and Brmsll,
were also detected in the Sin3a immunoprecipitations, albeit with
lower stoichiometries, suggesting the existence of multiple different
combinations of the complex. Supporting this, the Sin3a complex
sediments with broad elution profiles (400 kDa to 2 MDa) in size
exclusion chromatography experiments (Skowyra et al, 2001;
Kuzmichev et al, 2002). Furthermore, a previous study provided
evidence that homologous proteins such as Brmsl and BrmslL,
Ingl and Ing2, are mutually exclusive in the complex (Sardiu et al,
2014). Therefore, while we define Fam60a as a core member of
Sin3a complexes in ES cells, further functional and genomewide
studies of other sub-stoichiometric subunits will be required to
decipher their respective contributions.

Tetl and Ogt are two sub-stoichiometric Fam60a-Sin3a complex
members that we show to specifically associate in ES cells, albeit
with lower stoichiometries relative to Famo60a. This is again consis-
tent with our finding that the Sin3a complex has a special composi-
tion in ES cells and with previous reports, which showed that Tetl
and Ogt associate with the Sin3a protein in ES cells (Yang et al,
2002; Williams et al, 2011). However, the fact that Ogt and Tetl
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have low enrichments in the Sin3a complex suggests that they do
not form stable physical interactions with the Sin3a complex at their
common genomic target regions. Interestingly, while Tetl and Ogt
co-bind together with Fam60a and Sin3a on the majority of
H3K4me3-positive promoters, they also bind at intergenic regions,
independently of the Sin3a complex, suggesting they have roles
independent of the Sin3a complex. Our data are consistent with a
previous report showing that most Ogt binding sites are co-occupied
by Tetl and that these two proteins physically associate with each
other (Vella et al, 2013). Furthermore, a role for Tetl in promoting
the presence of Sin3a on chromatin, in addition to its activity to
generate 5-hydroxymethyl cytosine, was previously reported
(Williams et al, 2011; Wu et al, 2011). Taken together with our
results, we speculate that, unlike Fam60a, Ogt and Tetl are part of
additional chromatin complexes and that their association with the
Fam60a-Sin3a complex is a particular aspect of ES, but not of dif-
ferentiated cells.

While the Sin3a complex has generally been regarded to be a
transcriptional repressive complex, our results are consistent with
several recent lines of evidence suggesting that, in general, Hdacl/
2 containing complexes play roles in both transcriptional activation
and repression (Reynolds et al, 2013; Baymaz et al, 2015). For
example, we find that the disruption of the Fam60a-Sin3a complex
in ES cells leads to an approximately equal distribution of up- and
down-regulation of direct target genes. This is in line with our
demonstration that both Fam60a and Sin3a bind genomewide to
promoters marked with H3K4me3, which is a histone post-
translational modification associated with both active and poised
genes. Notably, although the Sin3a complex was first described in
yeast as being a transcriptional repressor and associated with
histone deacetylation activity (Vidal et al, 1991), it has also been
reported to be required for the transcriptional activation of genes
induced by osmotic stress and by heat shock in yeast (De Nadal
et al, 2004; Ruiz-Roig et al, 2010). Moreover, in mammals, Sin3a
was found on a subset of actively transcribed muscle genes in
myoblasts and shown to be required to maintain their expression
(van Oevelen et al, 2010). Furthermore, in agreement with our
data, both histone acetyltransferases and Hdacs have been
reported to bind at the promoters of actively transcribed genes as
well as non-transcribed genes with the H3K4me3 mark (Wang
et al, 2009). Studies in synchronized breast cancer cells led to a
model of cyclical regulation of active transcription in which cycles
of acetylation and deacetylation are regulated by cyclical binding
of HATs and Hdacs, thereby potentially providing insights into the
role of Hdac containing complexes in gene activation (Metivier
et al, 2003).

Towards deciphering the particular role of Fam60a within the
Sin3a complex, we show here that it is required to maintain the
stability of the Sin3a protein in ES cells. Consistent with the lack
of Fam60a in differentiated lineages, Sin3a is less enriched on its
target gene promoters in mouse fibroblasts, which have lower
Famé60a levels. In terms of how the Fam60a-Sin3a complex
locates to H3K4me3-positive gene promoters, the two sub-
stoichiometric components, Ingl and Ing2, have been reported to
promote binding via their H3K4me3 reader domains (Shi et al,
2006; Cheng et al, 2014). However, the Fam60a protein has a
predicted Gata-like Zinc finger domain in its N-terminus, and it
will therefore be interesting to determine whether it is directly
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involved in DNA binding and/or tethering the Sin3a complex to
chromatin (Munoz et al, 2012). This would be consistent with
the model of multivalent interactions of the multi-protein chro-
matin regulator complexes with chromatin and the underlying
DNA (Allis & Jenuwein, 2016). It will be important to further
explore the molecular mechanisms by which Fam60a contributes
to Sin3a complex function in ES cells. Recently, Sin3a was
reported to interact with Nanog to promote the pluripotency
(Saunders et al, 2017). However, we did not detect Nanog in our
Sin3a or Fam60a immunoprecipitations and believe any Sin3a—
Nanog interaction would be indirect and dependent on colocation
on chromatin. Similarly, while we detect the DNA-binding factors
(Foxk2 and Mxil) in the Sin3a complex in differentiated cells,
there is no evidence they target the complex, especially consider-
ing their very low stoichiometries. It will be interesting to evalu-
ate whether they have any direct or indirect role in the
recruitment of the Sin3a complex to its target genes in differenti-
ated cells. Taken together, the association of the Sin3a complex
to its target gene promoters is likely promoted by the combinato-
rial action of several histone and non-sequence-specific DNA
affinities.

Our results have implications for the potential role of Fam60a
and the Sin3a complex in other rapidly proliferating cells, includ-
ing cancer. Consistent with Fam60a being a potential E2f regulated
gene, we find that its mRNA levels are high in rapidly proliferating
ES cells and down-regulated during differentiation, as proliferation
slows. While further characterization of the transcriptional regula-
tion of Fam60a is required, our data are consistent with the previ-
ously reported cell cycle regulation of Fam60a mRNA levels in
U20S cancer cells (Munoz et al, 2012). Intriguingly, the human
FAMG0OA protein is highly expressed in several cancer cell lines
and co-purifies with Sin3a (Smith et al, 2012), suggesting that
FAMG60A mRNA levels might be up-regulated in cancer cells due to
its transcriptional activation by E2F, which is deregulated in most
cancer cells (Lanigan et al, 2011). This raises the question as to
whether FAMG60A is also highly expressed in other rapidly prolifer-
ating normal cells such as tissue-specific progenitors. Therefore, it
will be interesting to explore the role of FAMGOA for the prolifera-
tive potential of both in normal rapidly proliferating progenitor
cells and in cancer. Consistent with a key role for Famé60a in regu-
lating cellular proliferation, we have shown that its depletion in ES
cells phenocopies the loss of Sin3a, leading to a reduced rate of
cellular proliferation. This is in accordance with previous reports
that loss of Sin3a in mouse fibroblasts and ES cells leads to defects
in cellular proliferation, concomitant with reduced numbers of
cells in S-phase and an accumulation in G2/M phase (Cowley
et al, 2005; Dannenberg et al, 2005; McDonel et al, 2012). Thus,
the Fam60a-Sin3a complex may be intrinsically linked with rapid
cellular proliferation, and as such, it is likely deregulated in
human cancer.

To summarize, we find that the composition of the endogenous
Sin3a-Hdacl/2 complex changes during cellular differentiation and
that Fam60a defines a variant “Fam60-Sin3a complex” present in ES
cells, which we link to the control of cellular proliferation. This
work establishes an important link between the dynamic changes in
the composition of the multi-protein Sin3a Hdacl/2 complex and its
roles in the control of cellular proliferation, pluripotency and cell
fate decisions.
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Materials and Methods
Cell culture and lentiviral transduction

Embryonic stem cells were grown on gelatinized culture dishes in
GMEM media (Sigma-Aldrich) supplemented with 10% FBS
(Gibco) (v/v), 1,000 U/ml leukaemia inhibitory factor (EMD-
Millipore), 100 U/ml penicillin, 100 U/ml streptomycin (Gibco),
1:100 GlutaMAX (Gibco), 1:100 non-essential amino acids (Gibco),
1 mM sodium pyruvate (Gibco) and 50 pM B-mercaptoethanol
(Sigma-Aldrich). NIH3T3 and NTERA-2 cells were grown in
DMEM media supplemented with 10% FBS (Hyclone), 100 U/ml
penicillin and 100 U/ml streptomycin (Gibco). NTERA-2 cells
were differentiated by addition of 10 uM all-trans retinoic acid to
the growth medium and harvested at 70% confluency. For trans-
fection of cells with shRNA, lentiviral particles were produced
and used to transduce target cells as previously described (Brien
et al, 2012). Cells were selected with puromycin for 3-5 days
before seeded for assays. All shRNA sequences are available in
Table EVS.

Embryonic stem cell differentiation

Embryoid body differentiation of ES cells was induced by plating
1 x 10° cells/ml in non-adherent bacterial dishes (Greiner) in ES
cell media without LIF. The media was changed every 2 to 3 days
throughout the differentiation procedure.

Colony formation and alkaline phosphatase staining

Cells were seeded at low density in 12-well plates and grown for
5 days. Then, the cells were fixed with 4% paraformaldehyde in
PBS and used for alkaline phosphatase staining to visualize ES cell
colonies, according to the manufacturer’s protocol (EMD-Millipore,
Alkaline Phosphatase Detection Kit; SCR004).

Antibodies

The following antibodies were used: sheep aFam60 (a kind gift from
John Rouse), rabbit aSin3a (Abcam, ab3479), Sin3a (Santa Cruz, sc-
994), rabbit oH3 (Abcam, ab1791). Ogt (Santa Cruz, sc-32921), Oct4
(Abcam, ab19857), Hdacl (Santa Cruz, sc-81598), Cbx8 (Bracken
et al, 2006), beta-tubulin (Santa Cruz, sc-9104), beta-actin (Thermo
Fisher, AC-15). For Flag-IPs, anti-Flag M2 affinity Agarose Gel
(Sigma-Aldrich, A2220) was used. For control immunoprecipita-
tions, either normal rabbit IgG (EMD-Millipore, 12-270) or total
sheep IgG (Santa Cruz, sc-2717) was used. HRP-linked secondary
antibodies anti-rabbit (Sigma-Aldrich, A0545), anti-mouse (Merck,
401253), anti-goat (Santa Cruz, sc-2020) and anti-sheep (EMD-
Millipore, 12-342) were used.

Endogenous immunoprecipitations

For endogenous Sin3a-IPs, the antibodies Sin3a.l1 (Abcam,
ab3479), Sin3a.2 (Santa Cruz, sc-994) and rabbit total IgG (EMD-
Millipore, 12-370) were used. For Famé60a endogenous IPs, the
antibodies Fam60a (a kind gift from John Rouse (Munoz et al,
2012) and total sheep IgG (Santa Cruz, sc-2717) were used.
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Immunoprecipitations were performed as previously described
(van den Berg et al, 2010). Briefly, nuclear pellets were lysed in
Buffer C containing protease inhibitors (20 mM HEPES (pH 7.6),
20% (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
aprotinin 1 pg/ml, leupeptin 10 pg/ml, PMSF 1 mM) and subse-
quently dialysed against Buffer C-100 (20 mM HEPES (pH 7.6),
20% (v/v) glycerol, 0.2 mM EDTA, 100 mM KCI, 1.5 mM MgCl,,
0.2 mM EDTA). A total of 10 nug of antibody was coupled with
beads and then incubated with 1 ml of dialysed nuclear extracts
(usually 1.5-2 mg protein) containing 250 units/ml of benzonase
(Sigma-Aldrich) for 4 h at 4°C, in order to prevent the detection of
nucleic acid-mediated indirect false-positive protein interactions.
Beads were then washed five times with Buffer C100 supple-
mented with 0.02% NP-40 and one time with 1x PBS. The bead-
bound protein complex was directly tryptically digested and used
for sample preparation for mass spectrometry as previously
described (Oliviero et al, 2015). For Western blot analysis, beads
were eluted with 2x SDS loading dye. Flag-M2 (Sigma-Aldrich,
A2220)-bound proteins were eluted with 250 pg/ml Flag peptide
(Sigma-Aldrich, F4799) for Western blot analysis.

Mass Spectrometry and data analysis

Immunoprecipitated samples were directly processed for digestion
with trypsin (Promega), as described previously (Wisniewski et al,
2009). The samples were then analysed by LC-MS, as we described
previously (Oliviero et al, 2015). The peptides were analysed with
a Q-Exactive mass spectrometer via an EASY-nLC 1000 HPLC
system (Thermo Fisher) coupled with an in-house packed C18
column (New Objective). Parent ion spectra (MS1) were measured
at resolution 70,000, AGC target 3e6. Tandem mass spectra (MS2;
up to 10 scans per duty cycle) were obtained at resolution 17,500,
AGC target 5e4, collision energy of 25. Mass spectrometry data
were processed using MaxQuant version 1.3.0.5 (Cox & Mann,
2008) using the mouse UniProt database (Download June 20115,
76,086). The following search parameters were used: Fixed Mod:
cysteine carbamidomethylation; Variable Mods: methionine oxida-
tion; Trypsin/P digest enzyme (maximum two missed cleavages);
Precursor mass tolerances 6 ppm; Fragment ion mass tolerances
20 ppm; Peptide FDR 1%; Protein FDR 1%. “Label-Free Quantita-
tion; LFQ”, “iBAQ”, and “Match Between Run” settings were
selected. Reverse hits and contaminants were filtered, and the
Perseus program (http://coxdocs.org; Tyanova et al, 2016) was
used to carry out statistical analysis. Briefly, the LFQ values were
transformed (log2) and missing values imputed to a normal distri-
bution (width = 0.3; shift = 1.8), and a two-tailed t-test applied
with correction for multiple testing. To determine relative stoi-
chiometries, the iBAQ method was performed, as previously
described (Smits et al, 2013). To do this, the average iBAQ values
of all Sin3a immunoprecipitations were used and subtracted from
the average iBAQ values of the IgG controls. As cut-off for protein
enrichments in the ES or differentiated cells, proteins were defined
as enriched when at least twofold difference between ES and EBs
and a more than threefold difference between ES and fibroblasts
was measured. Volcano plots were generated using Perseus soft-
ware (1.4.1.3), version 1.4, as previously described (Smits et al,
2013). The two-sample t-test compared to IgG control was
performed with a false discovery rate (FDR) 0.01.
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Western blotting

Total protein lysates were generated by lysing cells in IPH buffer
(50 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40 and
protease inhibitors 2 pg/ml aprotinin, 1 pg/ml leupeptin, 10 pg/ml
PMSF and 0.5 mM DTT). To obtain chromatin-associated proteins,
the lysates were incubated with Benzonase (125 U/mg protein) with
addition of 7 mM MgCl, (final 2 mM) at 4°C. For Western blotting,
all protein lysates were separated on SDS-PAGE gels and transferred
to nitrocellulose membranes. Membranes were subsequently probed
using the relevant primary and secondary antibodies, and relative
protein levels were determined by chemiluminescence.

Chromatin immunoprecipitation

ChIP analyses were performed as described previously (Bracken
et al, 2006). Briefly, formaldehyde cross-linked chromatin was
sheared to 200-1,000 bp by sonication. Chromatin was incubated
overnight at 4°C with the indicated antibodies. A total of 3 pg of
antibodies specific for Fam60a (a kind gift from John Rouse, Munoz
et al, 2012), Sin3a (Abcam, ab3479) and total sheep IgG (Santa
Cruz, sc-2717) and rabbit IgG (EMD-Millipore, 12-370) were used.
For ChIPs of histone H3, 1 pg of anti-histone H3 antibody (Abcam,
ab1791) was used. After incubation, the immunoprecipitates were
isolated using protein A or G Sepharose beads (Sigma-Aldrich). The
beads were then washed, eluted and the DNA purified by phenol/
chloroform extraction and ethanol precipitation prior to quantitative
PCR and/or sequencing analyses.

ChIP-Seq library preparation and sequencing

All immunoprecipitated DNA was quantified using the Qubit®
dsDNA HS Assay Kit (Invitrogen). A total of 1-5 ng DNA from ChIP
experiments was used for library preparation using the Illumina
ChIP-Seq sample prep kit (Illumina, IP-102-1001) and multiplexing
oligonucleotide kit (Illumina, PE-400-1001). Following adaptor liga-
tion, DNA was PCR amplified for 15 cycles. The DNA was purified
using a DNA SPRI bead (Beckman Coulter) cleanup approach. The
quality of the DNA libraries was assessed using a high-sensitivity
Bioanalyzer Chip (Agilent Technologies). Libraries were used for
cluster generation and sequencing using HiSeq 2000 (Illumina) at a
50-bp read length.

Bioinformatic analysis of ChIP-Seq data

Sequencing data were aligned to the mouse reference genome
(mm10) using Bowtie2 (Langmead & Salzberg, 2012). Peaks were
calculated using MACS2 (Zhang et al, 2008). Only peaks signifi-
cant at a false discovery rate of 1% were considered in down-
stream analysis. Bigwig files were generated by first creating wig
files using MACS1.4 and converting them to bigwig files using the
wigToBigWig utility from UCSC. Bigwig files were smoothened
within a 150-bp window using a custom script and tracks subse-
quently visualized using the UCSC genome browser. Heatmaps of
read density and average binding profiles around transcription
start sites (TSS) were produced using the program ngs.plot (Shen
et al, 2014). The presence of Fam60a, Sin3a, Pol II, H3K4me3
peaks at TSSs were determined by computing the overlap of peaks
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at the TSS £ 5 kb for each mm10 RefSeq annotated gene. The
overlaps were computed using the program bedtools (v2.26.0),
(Quinlan & Hall, 2010). The gene coordinates were retrieved from
the UCSC table browser. Similarly, the proportion of Famé60a,
Sin3a, Pol II, Ogt and Tetl peaks occupying promoters
(TSS + 5 kb), gene bodies and intergenic regions were obtained
by computing the overlap of the ten thousand most significant
peaks based on FDR with these regions.

RNA sample preparation and RNA-Seq

A total of 1 pg of total RNA was used to generate libraries using the
TruSeq Stranded mRNA Library Prep Kit (Illumina), as per the
manufacturer’s instructions. The library was assessed for overall
quality using the Agilent High-Sensitivity DNA Kit with the
Bioanalyzer 2100 (Agilent Technologies). The libraries were subse-
quently sequenced on the HiSeq 2500 v4.0 system (1 x 50 bp),
(Illumina). For the bioinformatic analysis, raw sequencing data (as
Fastq files) were aligned to the Mus musculus mm9/NCBI build 37
genome using STAR (2.4.0j), (Dobin et al, 2013). Read duplicates
were removed using Picard Tools (v1.105; https://broadinstitute.
github.io/picard/) using the default parameters. Differentially
expressed genes (DEGs) were identified using DESeq2 (Love et al,
2014). An FDR adjusted = 0.1 was used to determine deregulated
genes. Reads per kilobase per million reads (RPKMs) were gener-
ated to investigate absolute expression of genes.

Quantitative real-time PCR

Total RNA was extracted from cells using the RNeasy Purification
Kit (Qiagen) and was used to generate cDNA by reverse transcrip-
tase PCR using the TagMan Reverse Transcription Kit (Applied
Biosystems). Relative mRNA expression levels were determined
using the SYBR Green I detection chemistry (Applied Biosystems).
Data were analysed with the AACr method, using a housekeeping
gene as normalizer (GAPDH, RPLPO). For ChIP-qPCRs, enrichments
were calculated relative to the C,-values of Input, as indicated. Error
bars represent the standard deviation of triplicate qPCR data. All
gPCRs shown are representative results from a single experiment,
which were performed multiple times. All primer sequences are
available in Table EVS.

Growth curves

Embryonic stem cells were seeded at equal densities (2 x 10° cells
per 6-well) and trypsinized when colonies reached 60-70% conflu-
ency. Cells were counted with a Neubauer chamber diluted 1:1
with trypan blue dye (Sigma-Aldrich) in order to discount dead
cells.

Cell cycle analysis

BrdU and propidium iodide staining (indirect method) was
performed, as previously described (Piunti et al, 2014). In short,
cells were grown in the presence of 33 uM BrdU for 30 min and
then fixed in 75% ice-cold ethanol, permeabilized with 2N HCI for
30 min at room temperature and pH equilibrated using 0.1 M
BORAX (Sigma-Aldrich) for 2 min. Cells were incubated with a
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mouse anti-BrdU antibody (BD) in 1% BSA in 1x PBS for 1 h at
room temperature, washed and stained with a donkey anti-mouse
FITC-conjugated antibody (Jackson). Stained cells were treated with
RNase A (Sigma-Aldrich) followed by DNA staining with 2.5 mg/ml
propidium iodide (Sigma-Aldrich) overnight at 4°C . Intensities were
acquired using BD FACS Calibur (BD Biosciences) and analysed
using the FlowJo software.

Generation of stably Flag-Fam60a expressing ES cell lines
and Flag-IPs

The mouse open reading frame of Fam60a was cloned from cDNA
generated from mouse ES cell RNA into the pCR8 vector using the
pCR8/GW/TOPO TA Cloning Kit, according to the manufacturer’s
guidelines (Thermo Scientific, K250020). Following sequencing, the
ORF was cloned in the pCAG-Flag-Avi Gateway destination vector
using Gateway LR Clonase Enzyme Mix (Thermo Scientific,
11791043). The pCAG-Flag-Avi-Fam60a and pCAG-Flag-Avi empty
vector were lipofected in ES cells carrying stably the BirA expression
vector pEF1BirAV5-neo (kind gift from Diego Pasini) and selected
with 1.5 pg/ml puromycin. Cell colonies were screened for Flag-
Fam60a expression compared to control cell lines. Two clones
expressing Flag-Fam60a and two empty vector cell lines were used.
The IPs were performed using Flag-M2 affinity gel under the same
conditions as endogenous IPs (Sigma-Aldrich, A2220). Bead-bound
protein complexes were tryptically digested and prepared for mass
spectrometry.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the data set identifier PXD005464. Raw data, including results files
and software needed for viewing spectra, are provided. ChIP-Seq of
Sin3a and Fam60a in E14 mouse ES and NIH3T3 cells and ChIP-Seq
of Sin3a following shRNA-mediated knockdown of Fam60a in ES
cells can be obtained from Gene Expression Omnibus, accession
number GSE81081. The public ChIP-Seq data used in this paper
were retrieved from GSM611194 for Tetl and GSM611196 for Sin3a
(Williams et al, 2011), GSM957084 for Ogt (Vella et al, 2013),
GSM1258237 for H3K4me3 (Denissov et al, 2014) and for poly-
merase II and H3K27me3 (Riising et al, 2014). The RNA-Seq data
can be obtained from Gene Expression Omnibus, accession number
GSE87084.

Expanded View for this article is available online.
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