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SUMMARY

Cell type-specific master transcription factors (TFs) play vital roles in defining cell identity and
function. However, the roles ubiquitous factors play in the specification of cell identity remain
underappreciated. Here we show that the ubiquitous CCAAT-binding NF-Y complex is required
for the maintenance of embryonic stem cell (ESC) identity and is an essential component of the
core pluripotency network. Genome-wide studies in ESCs and neurons reveal that not only does
NF-Y regulate genes with housekeeping functions through cell type-invariant promoter-proximal
binding, but also genes required for cell identity by binding to cell type-specific enhancers with
master TFs. Mechanistically, NF-Y’s distinct DNA-binding mode promotes master/pioneer TF
binding at enhancers by facilitating a permissive chromatin conformation. Our studies unearth a
conceptually unique function for histone-fold domain (HFD) protein NF-Y in promoting
chromatin accessibility and suggest that other HFD proteins with analogous structural and DNA-
binding properties may function in similar ways.
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INTRODUCTION

Master transcription factors (TFs) establish and/or maintain cellular identity by orchestrating
distinct profiles of gene expression that are faithfully transmitted through cell division. The
simplified paradigm for master TFs relies on the premise that their expression is
spatiotemporally restricted to one or few cell types or lineages that depend on their activity
(Oestreich and Weinmann, 2012). This assumption may have unintentionally led to the
underappreciation of the roles “housekeeping” or other essential TFs, expressed ubiquitously
or in a multitude of cell types, might play in cell specification. Recent studies, however,
have shown that many ubiquitous factors, previously thought to have an exclusive
housekeeping function, have additional cell type-specific roles (Chia et al., 2010; Cinghu et
al., 2014; Golan-Mashiach et al., 2012; Kagey et al., 2010; Kim et al., 2010a; Pijnappel et
al., 2013). This emerging body of evidence indicates that we are yet to fully appreciate the
significance of ubiquitously expressed proteins in many settings, and argues for a
comprehensive reassessment of the roles other housekeeping proteins may play in cell
specification.

NF-Y, also known as the CCAAT-binding factor CBF, is a ubiquitously expressed
heterotrimeric TF composed of NF-YA, NF-YB, and NF-YC subunits, all of which are
conserved from yeast to human (Maity and de Crombrugghe, 1998). NF-Y binds to the
CCAAT box, which occurs at ~30% of all eukaryotic promoters (Dolfini et al., 2012a). NF-
YB and NF-YC dimerize via their histone-fold domains (HFDs) before associating with NF-
YA (Romier et al., 2003), which harbors both DNA-binding and transactivation domains.
The crystal structure of NF-Y bound to DNA shows that while NF-YA makes sequence
specific DNA contacts, NF-YB/NF-YC interacts with DNA via non-specific HFD-DNA
contacts (Nardini et al., 2013). The key structural feature of the NF-Y/DNA complex is the
minor-groove interaction of NF-YA, which induces an approximately 80° bend in the DNA.
The structure and DNA-binding mode of NF-YB/NF-YC HFDs are similar to those of the
core histones H2A/H2B, TATA-binding protein (TBP)-associated factors (TAFs), the TBP/
TATA-binding negative cofactor 2 (NC2a/p), and the CHRAC15/CHRACL17 subunits of the
nucleosome remodeling complex CHRAC (Nardini et al., 2013). Yet, unlike H2A/H2B
which lack sequence specificity, NF-YB/NF-YC interaction with NF-YA provides the NF-Y
complex with sequence-specific targeting capability as well as nucleosome-like properties of
non-specific DNA binding, a combination that allows for stable DNA binding.

NF-Y, largely described as a transcription activator via its promoter-proximal binding, is a
key regulator of cell cycle progression in proliferating cells (Benatti et al., 2011; Bungartz et
al., 2012; Hu and Maity, 2000), with its activity often downregulated during cellular
differentiation and senescence (Bungartz et al., 2012; Farina et al., 1999). In addition to
binding core promoters, NF-Y has also been shown to bind enhancer elements away from
TSSs (Fleming et al., 2013; Testa et al., 2005), but its function and mechanism of action at
these distal regulatory elements remain to be elucidated.

Consistent with its role in cell cycle regulation, NF-Y is required for ESC and hematopoietic
stem cell proliferation (Bungartz et al., 2012; Dolfini et al., 2012b; Grskovic et al., 2007).
While NF-YA heterozygous mice are normal and fertile, NF-YA null mice die prior to 8.5
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d.p.c (Bhattacharya et al., 2003), suggesting an essential role for NF-Y in early mouse
embryonic development. Interestingly, conditional deletion of NF-YA in postmitotic mouse
neurons induces progressive neurodegeneration (Yamanaka et al., 2014), which suggests a
role for NF-Y that is independent of its role in cell cycle regulation as has also been shown
in hepatocytes (Luo et al., 2011).

Given the relatively high expression of one or more NF-Y subunits in mouse oocytes (Su et
al., 2004) and the inner cell mass (ICM) of the mouse blastocyst (Y oshikawa et al., 2006),
we set out to determine NF-Y’s role in ESCs, derivatives of the ICM. Although NF-Y has
been predominantly studied in the context of its promoter-proximal binding at key cell cycle
genes, given the prevalence of NF-Y targeting sites at greater distances from TSSs (Fleming
et al., 2013), we investigated NF-Y’s function and mechanism of action at distal regulatory
elements. We demonstrate a requirement for all three NF-Y subunits in the expression of
core ESC self-renewal and pluripotency genes, and in the maintenance of ESC identity.
Through genome-wide occupancy and transcriptomic analyses in ESCs and neurons, we
show that not only does NF-Y regulate genes with housekeeping functions through cell type-
invariant promoter-proximal binding, but also genes required for cell identity by binding to
cell type-specific enhancers with master TFs. We present evidence that NF-Y’s distinct
DNA-binding mode facilitates a permissive chromatin conformation and promotes enhanced
binding of master ESC TFs at enhancers. Our studies unearth, to the best of our knowledge,
a novel function for NF-Y in promoting chromatin accessibility and specification of cell
identity.

RESULTS
Genomic profiling of NF-YA, NF-YB, and NF-YC binding sites in mouse ESCs

To gain insight into NF-Y-mediated transcriptional regulation in early embryogenesis, we
investigated the genome-wide occupancy of all three subunits of the NF-Y complex in
mouse ESCs using chromatin immunoprecipitation (ChlP) followed by sequencing (ChIP-
Seq). ChIP-Seq analyses revealed enrichment for NF-Y occupancy near TSSs of annotated
genes (Figure 1A), consistent with NF-Y’s preference for binding and recruiting RNA
Polymerase Il and general TFs to various CCAAT motif-containing promoters (Kabe et al.,
2005). Binding of all three subunits to the promoters of known NF-Y targets including
Cdc25¢, Rnf5, and Zic3 (Grskovic et al., 2007; Yamanaka et al., 2014) attested to the
sensitivity of the ChIP-Seq data (Figure 1B). ChIP followed by quantitative polymerase
chain reaction (QPCR) analysis of certain sites, either previously demonstrated as NF-Y
bound regions (Cdc25c, Rnf5, Zic3) or highly enriched for NF-Y binding (Khsrp) further
validated the quality and the reproducibility of the ChIP-Seq data (Figure 1C). Analysis of
ChIP-Seq datasets using the SISSRs peak calling algorithm (Jothi et al., 2008; Narlikar and
Jothi, 2012) identified a total of 4,642, 2,774, and 2,675 binding sites (peaks) for NF-YA,
NF-YB, and NF-YC, respectively, with at least 7-fold or more ChIP over input enrichment
(P < 1073). As expected, de novo sequence motif analysis identified the known
RRCCAATVR consensus motif within the binding sites for all three subunits (Figure 1D).
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NF-Y binding requires all three subunits and correlates with gene expression

Although a vast majority of the binding sites for NF-YA, NF-YB, or NF-YC overlap with
those for one or both of the other two subunits (Figure 1E), about one-third of the NF-YA
binding sites did not show statistically significant evidence for the co-binding of the other
two subunits. To determine whether NF-Y A alone binds certain genomic loci, we knocked
down NF-YA or NF-YC using siRNAs for 48 hours (Figures S1A and S1B) and analyzed
their binding patterns at sites bound by all three NF-Y subunits (Figure 1B) as well as those
bound only by NF-YA (Figure S1C). ChIP-gPCR analyses show that upon NF-YC
knockdown (KD), NF-YA occupancy on DNA is compromised even at sites that seem to
bind only NF-YA (Figure S1D), indicating that NF-YC is essential for NF-Y A binding. Low
NF-YB and NF-YC occupancy at sites defined as bound only by NF-YA compared to those
bound by all three subunits (Figure S1E) suggest that the failure to call peaks for NF-
YB/NF-YC at these sites is likely due to weaker ChIP-Seq signals that did not pass the
statistical threshold for peak-calling, and/or less immuno-efficient antibodies for NF-

YB /NF-YC compared to that of NF-YA. Together with the fact that nearly all of the NF-
YB-only and NF-YC-only sites contain the CCAAT motif, we conclude that NF-Y binding
requires all three subunits. Although we cannot completely rule out that a very low and/or
transient occupancy of NF-YA alone or NF-YB/NF-YC heterodimer may exist, our data
show that such events are highly unlikely if not sparse, consistent with in vitro biochemical
studies showing NF-Y binding requiring all three subunits (Sinha et al., 1995). Therefore,
hereafter, we will refer to the union of all NF-YA, NF-YB and NF-YC binding sites (5,359
in total) as NF-Y binding sites.

Relative to annotated RefSeq genes, a vast majority of all NF-Y binding sites are located
near genic regions (Figure 1F), suggesting a role for NF-Y in regulation of gene expression.
Indeed, the levels of NF-Y binding at gene promoters correlate positively with gene
expression (Figure 1G), which is consistent with NF-Y’s established role as a transcription
activator (Dolfini et al., 2012a).

NF-Y co-occupies enhancers with ESC-specific master TFs

NF-Y has predominantly been reported to bind in close proximity to TSSs. While we
confirm a strong enrichment for NF-Y binding sites around TSSs (within 500bp of TSSs),
with a clear preference for binding to the region immediately upstream of the TSS (Figure
2A), nearly half of all NF-Y binding sites are located at distances greater than 500bp from
the TSSs (Figure 2B). These data suggest a role for NF-Y in ESC transcription regulation by
binding to sites distal to TSSs. To investigate the role distal sites may play in the regulation
of gene expression, and how they might differ in function compared to that of promoter-
proximal NF-Y sites, we examined published ChIP-Seq datasets for histone modifications,
DNase I hypersensitivity, Hi-C interaction profiles, 14 different TFs, and other genomic
features. As one would expect from their proximity to TSSs, nearly 80% of all promoter-
proximal NF-Y sites overlap with CpG islands (Figure S1F), consistent with ~85% of all
promoters overlapping CpG islands. In contrast, only about a tenth of distal NF-Y sites
overlap with CpG islands (Figure S1F), a fraction similar to that observed for enhancers.
Furthermore, ChromHMM annotation of chromatin states (Ernst and Kellis, 2012) show a
majority of distal NF-Y sites with chromatin features reminiscent of enhancers (Figure
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S1G). Chromatin marks at distal NF-Y sites revealed open chromatin architecture marked by
high DNase | activity, accompanied by enhancer marks H3K4mel and H3K27ac but not the

promoter mark H3K4me3 (Figure 2C). Additionally, enrichment of Hi-C interaction density
at distal but not proximal NF-Y strongly support the notion that distal NF-Y sites are within

enhancers (Figure 2D).

To gain insight into the mechanism underlying NF-Y’s function at enhancers, we studied the
frequency of known TF binding motifs within distal and proximal NF-Y sites. We found that
distal NF-Y sites are significantly enriched for sequence motifs bound by master ESC TFs
known to bind distal enhancers, including Oct4 and Sox2, but not for motifs bound by
ubiquitous TFs, such as CTCF (Figure 2E). In contrast, promoter-proximal NF-Y sites are
significantly enriched for sequence motifs bound by KIf4, cMyc and Zfx, all known to
preferentially bind to promoters (Figure 2E) (Chen et al., 2008). Furthermore, analysis of
NF-Y binding in conjunction with other TF binding data revealed an extensive
colocalization of NF-Y with ESC-specific master TFs Oct4, Sox2, Nanog, and Esrrb at
distal NF-Y sites, and with TFs Zfx, cMyc, and KIf4 at promoter-proximal NF-Y sites
(Figure 2F). Consistent with NF-Y’s co-occupancy with master ESC TFs at distal NF-Y
sites, gene ontology analysis revealed enrichment for genes with roles in early embryonic
development among those targeted by distal NF-Y sites (Figure 2G). Interestingly, genes
with NF-Y sites at proximal-promoters are enriched for housekeeping functions including
cell cycle and proliferation. Taken together, these data suggest a potential role for NF-Y in
the regulation of the core pluripotency transcription network through distal enhancer
binding.

NF-Y is required for the expression of core ESC self-renewal and pluripotency genes

Genes targeted by NF-Y include many key pluripotency-associated genes that have been
implicated in the control of ESC identity (Figure 3A). These include genes encoding the
master ESC TFs Oct4, Nanog, Prdm14, Esrrb, Tcl1, Tbx3, Rex1, Leftyl, and Lefty2. More
importantly, in a majority of cases, NF-Y colocalizes with master ESC TFs at distal
enhancers previously demonstrated (Kagey et al., 2010; Zhang et al., 2013) to interact with
promoters of these ESC identity genes (Figures 3A and S2A). This suggests that NF-Y
might be regulating these genes via enhancer-promoter interactions. In addition to its
binding at the enhancers of self-renewal and pluripotency genes, NF-Y binds the promoters
of genes with known roles in cell cycle (Figure S2B) as well as development (including
Gata3, Krt18, Krt8, Sf, Jun, Proml, and Lef1) (Figures 3B and S2C).

To establish a functional role for NF-Y in the regulation of these genes, we used RNAI to
knockdown subunits of the NF-Y complex individually or in combination (Figures 3C and
S2D) and profiled gene expression changes using gPCR following reverse-transcription
(gRT-PCR). As a positive control, we observed significant changes in the expression of key
cell cycle genes in cells depleted of individual NF-Y subunits (Figure S2E) accompanied by
severe proliferation defects and growth arrest (Figures S2F and S2G), corroborating NF-Y’s
established role in proliferation (Dolfini et al., 2012a). Depletion of NF-Y subunits
decreased the expression of pluripotency-associated factors by 2- to 5-fold, and increased
the expression of differentiation genes by up to an order of magnitude (Figure 3D).
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Together, these findings show that the NF-Y complex is required for the expression of key
ESC self-renewal and pluripotency genes, and support the conclusion that not only does NF-
Y regulate genes with housekeeping functions through its canonical promoter-proximal
binding, but also genes required for ESC identity by co-binding distal enhancers with cell
type-specific master regulators.

All three NF-Y subunits are required for ESC self-renewal and pluripotency

To investigate whether NF-Y is essential for the maintenance of ESCs in an undifferentiated
state, we examined colony morphology and alkaline phosphatase (AP) staining 96 h after
RNAi-mediated silencing of individual or all subunits of the NF-Y complex (Figure S2D).
We observed notable self-renewal defects accompanied by loss of characteristic ESC colony
morphology and AP staining (ESC marker), all consistent with ESC differentiation (Figure
4A). NF-YA KD ESCs showed profound proliferation defects compared to NF-YB/NF-YC
KD ESCs, perhaps due to NF-Y A being the limiting subunit of the NF-Y complex with
relatively low expression compared to the other two subunits (Figure S2H). Nevertheless,
these cellular changes are consistent with NF-Y’s control over both housekeeping and ESC-
specific functions through distinct modes of regulation (Figures 3 and S2). At the molecular
level, immunostaining experiments after NF-YA silencing revealed a drastic loss of Nanog
protein levels, while NF-YC protein levels remain unchanged (Figure 4B). Furthermore,
RT-gPCR analysis of ESCs depleted of NF-Y subunits revealed a significant increase in the
expression of differentiation and lineage markers (Figure 4C) in addition to a significant
decrease in the expression of pluripotency genes including Oct4, Nanog, Prdm14, Esrrb,
Tcll, Thx3, and nodal antagonists Leftyl and Lefty2 (Figure 3D), which are among the
earliest to be downregulated during ESC differentiation. Based on these data, we conclude
that the NF-Y complex is essential to maintain ESC identity, and that the depletion of even
one of the three NF-Y subunits leads to the loss of the pluripotent state.

NF-Y is an essential component of the core pluripotency network

To determine the extent to which NF-Y regulates gene expression programs influencing
ESC self-renewal and pluripotency, we used microarrays to profile global gene expression in
ESCs transfected with a control siRNA or siRNA(s) targeting individual or all of the NF-Y
subunits (Figures 3C and S3A). Consistent with gene expression changes observed in the
RT-gPCR analysis (Figures 3D and 4C), global gene expression changes upon silencing of
all three NF-Y subunits correlated highly with those after individual knockdowns (Figure
S3B). Notably, many of the NF-Y targets lie at a ‘crossroads’ of cell-fate determination
during embryonic development (Figure S4). Using a stringent criteria (FDR < 0.05; fold
change = 2.0), we identified 847 genes that were differentially expressed in cells depleted of
all three NF-Y subunits (NF-Y TKD) (Figure 4D), a vast majority of which were also
differentially expressed in individual knockdowns (Figure 4E). Notably, while a majority of
the down-regulated genes harbor NF-Y binding sites either within 5 kb upstream of the TSS
or the gene body, only ~18% of the up-regulated genes have NF-Y binding sites (Figure
4D). With much of the up-regulation attributable to indirect effects, this is a clear indication
that NF-Y plays a predomintantly activating role in ESCs.
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We observed a strong positive correlation between gene expression changes upon NF-Y
TKD ESCs and during the normal course of embryoid body differentiation (Fig. 4F).
Consistent with this observation, principle component analysis of gene expression profiles
during differentiation of ESCs into three different lineages showed ESCs depleted of NF-Y
clustering away from undifferentiated ESCs (Figure 4G). Analysis of published gene
expression microarray data from ESCs depleted of key pluripotency-associated factors
revealed a strong correlation between the global gene expression changes upon loss of
individual or all NF-Y subunits and those observed after the loss of Oct4, Sox2, Nanog, Ncl,
Tetl, or Klfs (Figure 4H). These data, together with NF-Y’s co-occupancy with and
regulation of master ESC TFs (Figures 2F, 3A, and 3D), places NF-Y as a member of the
core pluripotency network.

NF-Y binding at enhancers is cell type-specific, whereas NF-Y binding at promoters is cell
type-invariant

To investigate whether NF-Y’s function at enhancers is broadly conserved in other cell
types, we compared NF-Y binding sites in ESCs with previously published NF-Y ChIP-Seq
data from ESC-derived neuronal progenitors (NPCs) and terminal neurons (Tiwari et al.,
2012). Remarkably, while promoter-proximal NF-Y binding is largely conserved across the
three cell types, distal NF-Y binding is cell type-specific (Figure 5A). Panther pathway
analysis of genes associated with either proximal or distal NF-Y binding sites in ESCs or
neurons revealed that while genes associated with proximal NF-Y binding are enriched for
housekeeping functions in both cell types, genes associated with distal NF-Y binding in
ESCs or neurons are highly enriched for pathways known to have critical roles in ESC
maintenance or neuronal function, respectively (Figure 5B). This suggests that while
promoter-proximal NF-Y binding is largely cell-type invariant and regulates several
housekeeping functions, distal NF-Y binding is largely cell type-specific and controls
pathways characteristic of cell identity. Hence, we reasoned that we should observe loss of
ESC-specific NF-Y binding at distal sites immediately after ESCs exit from the pluripotent
state. As predicted, NF-YA ChlIP followed by qPCR in differentiating ESCs revealed a
significant loss of NF-Y binding at distal but not cell type-invariant proximal sites (Figure
5C).

NF-Y co-occupies active enhancers with cell-type specific master TFs

To gain additional insight into mechanisms underlying NF-Y’s cell type-specific binding,
we performed de novo motif analysis of 200 bp regions centered on distal NF-Y binding
sites in ESCs and neurons, in search of sequence motifs for potential cell type-specific
cofactors. We found that distal NF-Y binding sites in ESCs are significantly enriched for
sequence motifs known to bind Oct4, Sox2, and Nanog (Figure 5D), consistent with their
colocalization at distal NF-Y sites (Figure 2F). In contrast, distal NF-Y binding sites in
neurons are enriched for sequence motif known to bind CTCF, an essential master regulator
of neural development (Golan-Mashiach et al., 2012). In good agreement, Oct4, Sox2,
Nanog, and Prdm14 colocalize specifically at distal but not proximal NF-Y binding sites in
ESCs (Figure 5E, S5A, and S5B), whereas these factors are not enriched at distal or
proximal sites bound by NF-Y in neurons. In contrast, CTCF colocalizes specifically at
distal NF-Y binding sites in neurons but not in ESCs (Figure 5E and S5B), and CTCF is not
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enriched at proximal NF-Y sites in neurons or ESCs (Figure 5E). Examination of published
ChIP-Seq data for various TFs in ESCs and neurons further confirmed NF-Y binding distal
enhancer sites with cell type-specific master TFs: NF-Y colocalizes with master ESC TFs
Oct4, Sox2, Nanog, and Prdm14 in ESCs, and with master neuronal regulators CTCF,
NPAS4, CBP, and CREB in neurons (Kim et al., 2010b) (Figure 5F). Notably, in neurons,
NF-Y co-binds with CTCF, NPAS4, CBP, and CREB at distant enhancer elements
controlling stochastic promoter choice and alternative isoform expression of clustered
protocadherin genes (Pcdha, -B, and -y) (Figure S6A and S6B), which are essential for
neuronal diversity (Hirayama et al., 2012).

Examination of chromatin features at ESC-specific distal NF-Y binding sites revealed an
open chromatin architecture marked by high levels of H3K4mel and H3K27ac but lacking
H3K27me3 in ESCs, all hallmarks of active enhancers, as opposed to high levels of
H3K27me3 and no H3K4mel and H3K27ac in neurons (Figure 5G, left). Interestingly,
however, neuron-specific distal NF-Y binding sites, despite their not binding NF-Y in ESCs,
had surprisingly high levels of H3K4mel and H3K27ac but no H3K27me3 in ESCs,
comparable to those observed in neurons, indicating that neuron-specific NF-Y binding sites
are “primed” in ESCs (Figure 5G, right). This, in combination with low to moderate levels
of Oct4/Sox2 occupancy (Figures 5F and S5A) suggests a potential role for Oct4/Sox2 in
priming lineage-specific enhancers in addition to regulating ESC specific gene expression
programs. Together, these data support a model whereby NF-Y uses distinct mechanisms to
regulate housekeeping and cell identity genes: NF-Y regulates housekeeping genes by
binding to their proximal promoters, and promotes genes required for cell identity by
binding to active enhancers along with cell type-specific master TFs (Figure 5H).

NF-Y enhances Oct4, Sox2, Nanog, and Prdm14 binding on DNA, but not vice versa

To gain insight into the mechanisms underlying NF-Y’s function at active enhancers, we
examined DNase | hypersensitivity at sites bound by NF-Y and various TFs in ESCs.
Intriguingly, NF-Y binding sites are the most hypersensitive to DNase | digestion compared
to other TF sites analyzed, and are about two-fold more hypersensitive than those bound by
master ESC TFs Oct4, Sox2, Nanog, and Prdm14 (OSNP) (Figure 6A). In agreement with
this observation, NF-Y binds to sites that are relatively nucleosome-depleted (Figure 6B). In
contrast OSNP bind to sites within/near nucleosomal DNA, which is consistent with
previous reports showing their penchant for binding “closed chromatin” (Soufi et al., 2012;
Teif et al., 2012).

To investigate whether the increased accessibility at NF-Y binding sites is due to NF-Y
potentially recruiting a chromatin remodeler to facilitate permissive chromatin, we analyzed
our previously published ChIP-Seq data for Brgl and Ino80 (Wang et al., 2014), the ATPase
subunits of the chromatin remodeling complexes esBAF and INOB8O, respectively. We found
that the occupancy levels of chromatin remodeling factors at the NF-Y binding sites are
relatively low compared to those observed at many other TF binding sites (Figures S7A and
S7B), suggesting that increased hypersensitivity at NF-Y sites cannot be simply explained
by higher levels of chromatin remodeling activity. Examination of NF-Y and Brgl (esBAF)
occupancy at their sites of colocalization and at sites where they bind without the other
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reveals that the levels of esBAF occupancy at NF-Y/esBAF colocalized sites are no higher
than those at esBAF-only sites (Figure 6C), suggesting that it is less likely that NF-Y
recruits esBAF. Conversely, the levels of NF-Y occupancy are the same whether or not NF-
Y colocalizes with esBAF (Figure S7C), suggesting that NF-Y occupancy is independent of
esBAF. Taken together, these data argue against interdependency between NF-Y and
esBAF, and for a direct role for NF-Y in promoting enhanced accessibility.

NF-Y interacts with DNA through insertion of the NF-YA A2 helix into the DNA minor
groove, which induces a significant 78°-80° bend in the DNA. Because NF-YA utilizes
such a unique DNA-binding mode, and because the resulting bend in DNA may promote
binding of other TFs in the adjacent major grooves, we hypothesized that NF-Y might foster
binding of master ESC TFs at their sites of colocalization. Towards testing this hypothesis,
we examined NF-Y and OSNP occupancy at their sites of colocalization and at sites where
they bind without the other. Strikingly, the levels of OSNP occupancy are significantly
higher at sites where they colocalize with NF-Y compared to those at sites where they do not
(Figure 6D). In contrast, levels of NF-Y occupancy are the same whether or not NF-Y
colocalizes with OSNP (Figure 6E), indicating that NF-Y promotes enhanced binding of
OSNP at their sites of colocalization, but not vice versa. A similar phenomenon was also
observed in neurons at sites colocalized by NF-Y and CTCF (Figure S7D). Consistent with
this observation, target genes of Oct4/Sox2 with NF-Y co-occupancy have significantly
higher expression compared to those of Oct4/Sox2 without NF-Y co-occupancy, and are
significantly downregulated in NF-Y TKD cells (Figure STE). Interestingly, de novo motif
analysis of Oct4/Sox2 sites with or without NF-Y co-occupancy revealed identical Oct4/
Sox2 motifs (Figure S7F), suggesting that enhanced Oct4/Sox2 binding at sites of NF-Y co-
occupancy is likely due to NF-Y and not the underlying sequence motifs.

NF-Y interacts with Oct4, and Oct4/Sox2 binding is dependent on NF-Y

To establish the mode of functional interaction between NF-Y and TFs whose binding it
might promote, we performed co-immunoprecipitation experiments using protein extracts
from ESCs and antibodies against NF-YA or NF-YC subunits of the NF-Y complex. As
expected, NF-YA co-immunoprecipitated with NF-YC and vice versa (Figure 6F). More
importantly, we found that Oct4 co-immunoprecipitated with NF-YC but not NF-YA
(Figure 6F). Conversely, NF-YC, but not NF-YA, co-immunoprecipitated with Oct4. Given
that Oct4 interacts with the NF-YC subunit of the NF-Y complex and that Oct4 binding is
enhanced at sites of NF-Y co-binding (Figure 6D), we next asked whether Oct4 binding is
dependent on NF-Y. To explore this connection, we studied NF-YA KD ESCs 48h after
SiRNA transfection, when NF-YA is depleted but the cells appear normal with no obvious
reduction in Oct4 or Sox2 levels compared to control KD ESCs (Figures 6G, S7G, and
S7H). ChIP using antibodies against Oct4 or Sox2 followed by gPCR revealed a significant
loss of Oct4/Sox2 binding specifically at Oct4/Sox2 sites co-bound by NF-Y but not at sites
where Oct4/Sox2 bind without NF-Y (Figure 6H). These data indicate that Oct4/Sox2
binding is NF-Y dependent at sites where Oct4/Sox2 colocalize with NF-Y.
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NF-Y promotes Oct4/Sox2 binding by facilitating a favorable chromatin conformation

To probe the link between NF-Y deficiency and diminished Oct4/Sox2 binding at their sites
of colocalization, we next examined the DNase | hypersensitivity at sites bound by OSNP
either with or without NF-Y. We found that those sites co-bound by NF-Y and OSNP are
two- to three-fold more hypersensitive to DNase | digestion than those that are bound only
by OSNP (Figure 7A). DNase | hypersensitivity assay followed by gPCR amplification
confirmed that NF-Y independent Oct4/Sox2 sites in ESCs are less accessible compared
with NF-Y dependent Oct4/Sox2 sites, as shown by their greater resistance to digestion by
DNase | (Figure 7B). Consistent with the higher DNase | hypersensitivity at NF-Y
dependent OSNP sites (Figures 7A and 7B), we find lower nucleosome occupancy at sites
where OSNP colocalize with NF-Y (Figure 7C), which is especially pronounced on the side
of NF-Y occupancy. Hence, we reasoned that diminished Oct4/Sox2 binding upon NF-Y
deficiency might be due to loss of intrinsic chromatin accessibility.

To investigate this possibility, we depleted NF-Y and examined the accessibility of NF-Y
dependent versus NF-Y independent Oct4/Sox2 sites using a DNase | hypersensitivity assay
followed by gPCR amplification of the target region to quantitatively assess the relative
‘openness’ of the region. Depletion of NF-Y results in a significant reduction in the
accessibility at NF-Y dependent but not NF-Y independent Oct4/Sox2 sites (Figures 7D, 7E,
S71, and S7J). Because sites that only bind NF-Y (and not Oct4/Sox2) also lose accessibility
(Figure S7K) but not control sites devoid of both NF-Y and Oct4/Sox2 binding (Figure
S7L), we conclude that the observed reduction in accessibility is a direct consequence of
NF-Y deficiency.

The observation that NF-Y is required to induce enhanced chromatin accessibility for Oct4/
Sox2 binding prompted us to examine whether increased nucleosome occupancy
accompanies reduced chromatin accessibility upon NF-Y depletion. Examination of
nucleosome occupancy, as assessed using histone H3 ChiP followed by gPCR, reveals
elevated levels of nucleosome presence at NF-Y dependent but not NF-Y independent Oct4/
Sox2 sites upon NF-Y KD (Figure 7F). Together, these data support the conclusion that NF-
Y promotes Oct4/Sox2 binding by facilitating enhanced chromatin accessibility.

DISCUSSION

NF-Y’s function has almost exclusively been studied in relation to its promoter-proximal
binding (Dolfini et al., 2012a), likely driven by the prevalence of CCAAT motif within core
promoters and promoter-focused arrays. In this study, by focusing on the surprisingly high
proportion of NF-Y sites at distal regulatory elements, we report a cell type-specific function
for NF-Y, whereby NF-Y promotes chromatin accessibility for cell type-specific master TFs
at active enhancers.

NF-Y’s distinct modes of binding

Through comprehensive genome-wide occupancy analysis of NF-YA, NF-YB, and NF-YC
subunits of the NF-Y complex in mouse ESCs, we find that nearly half of all NF-Y binding
sites are within enhancers located at least 500 bp from TSSs. At these distal sites, NF-Y
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preferentially colocalizes with master ESC TFs known to bind active enhancers. In addition
to confirming its regulation of key cell cycle genes via promoter-proximal binding, we show
that NF-Y regulates many key pluripotency-associated genes including Oct4, Nanog, and
Prdm14 by binding to their enhancers, where it colocalizes with master ESC TFs. Overall,
genes targeted by distal NF-Y binding are enriched for processes related to early embryonic
development, whereas those bound by NF-Y at the proximal promoter are enriched for
housekeeping functions, including cell cycle.

NF-Y is required for ESC identity

In line with NF-Y’s regulation of master ESC TFs, global gene expression changes upon
NF-Y KD are similar to those observed after Oct4, Sox2, Nanog, Ncl, or Tetl KD. ESCs
lacking one or more of the NF-Y subunits exhibit severe self-renewal defects, undergo
differentiation, and have global expression profile that is comparable to cells differentiating
toward the trophoblast lineage, all consistent with the propensity of ESCs lacking many of
these master ESC factors to differentiate towards trophoectoderm (Cinghu et al., 2014;
Freudenberg et al., 2012; Li et al., 2007; Nichols et al., 1998). In light of overexpression of
NF-Y A counteracting ESC differentiation induced by Leukemia inhibitory factor (LIF)
withdrawal (Dolfini et al., 2012b), NF-Y’s broad control of key ESC identity genes
including master ESC TFs places NF-Y as part of the core pluripotency network. While we
have not yet established whether the proclivity of ESCs lacking NF-Y to favor
differentiation towards trophectoderm (TE) is a direct effect of NF-Y deficiency, we
postulate that this outcome is perhaps indirect due to NF-Y’s positive regulation of genes
including Oct4 and Sox2, which are known to inhibit master TE regulator(s). An
understanding of NF-Y’s role in pluripotency, lineage specification/commitment, and
developmental potential will require analysis of NF-Y deficient mice during early
embryonic development.

Cell type-specific function for NF-Y

A comparison of NF-Y occupancy in ESCs, and ESC-derived neuronal progenitors and
terminal neurons revealed that while promoter-proximal NF-Y binding is largely conserved
across cell types, distal NF-Y binding is cell type-specific. More importantly, as in ESCs
where NF-Y colocalizes with master ESC TFs, NF-Y preferentially colocalizes with master
neuronal regulators at active enhancers of neuronal genes. These findings, along with those
linking NF-Y to neuronal identity (Tiwari et al., 2012), point to a critical role for NF-Y in
the specification of neuronal cells that is independent of its role in cell cycle progression.
This supposition is in accordance with a recent study showing that conditional deletion of
NF-YA in postmitotic mouse neurons induces progressive neurodegeneration (Yamanaka et
al., 2014).

Consistent with NF-Y’s role in ESC specification, ESCs lose NF-Y binding at distal but not
proximal sites immediately after they exit the pluripotent state, with ESC-specific distal NF-
Y sites epigenetically silenced in neurons. Interestingly, however, neuron-specific NF-Y
binding sites, despite their not binding NF-Y in ESCs, are within ‘open’ chromatin regions
marked by DNase | hypersensitivity, histone marks characteristic of active enhancers, and
low to moderate levels of Oct4/Sox2 occupancy. Although further studies are required to
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ascertain the potential role for Oct4/Sox2 at these sites, we postulate that Oct4/Sox2 binding
at lineage-specific enhancers might serve as placeholders for lineage-specific TFs, ‘priming’
these sites for rapid initiation of lineage-specific gene expression programs during
differentiation. Such a role for Oct4/Sox2 in priming the chromatin would be different from,
but consistent with, their pioneer activity during induced pluripotent stem cell (iPSC)
reprogramming (Soufi et al., 2012). Further investigation is needed to precisely characterize
the functional significance of these “primed enhancers”.

NF-Y promotes chromatin accessibility for master TFs

The levels of Oct4, Sox2, Nanog, and Prdm14 occupancy in ESCs, and CTCF occupancy in
neurons are significantly higher at sites where they colocalize with NF-Y compared to those
sites where they bind without NF-Y. This enhancement cannot be attributed exclusively to
cooperative binding of TFs because NF-Y occupancy levels are invariant whether or not it
colocalizes with other factors. This inequitable augmentation suggests that NF-Y promotes
binding of master TFs at their sites of colocalization. Supporting this line of argument, NF-
Y depletion in ESCs results in reduced Oct4/Sox2 occupancy at NF-Y dependent but not
NF-Y independent Oct4/Sox2 sites, accompanied by reduced chromatin accessibility.

NF-Y’s role in nucleosome displacement, pioneer factor binding, and enhanceosome

assembly

As pioneer factors, Oct4 and Sox2 bind nucleosomal DNA in ESCs (Teif et al., 2012), as
also observed here and during reprogramming (Soufi et al., 2012). Given the enhanced
binding of master TFs at sites of NF-Y colocalization, our observations raise a tantalizing
possibility that Oct4/Sox2 and perhaps other pioneer factors with a preference for binding
nucleosomal DNA view the NF-Y/DNA complex, with its nucleosome-like properties, as an
attractive target. This supposition may not be farfetched given that the structure and DNA-
binding mode of the NF-YB/NF-YC dimer are nearly identical to that of histones H2A/H2B.
Additionally, Oct4’s interaction with NF-Y, as shown here, would add to a stronger and a
more stable Oct4/Sox2 binding, enabling Oct4/Sox2 to recruit other TFs for an ordered
enhanceosome assembly (Chen et al., 2014), consistent with the proposed role for pioneer
factors (Zaret and Carroll, 2011). Given that in vitro studies have previously demonstrated
NF-Y to displace nucleosomes (Coustry et al., 2001), it will be interesting to explore
whether and how NF-Y mediates pioneer activity or even how NF-Y itself could play the
role of a pioneer factor.

Based on our findings, we propose a general model wherein NF-Y facilitates enhanced
chromatin accessibility via two modes. First, NF-Y’s nucleosome-like properties provide for
a stable and a stronger binding of pioneer factors Oct4/Sox2. Second, NF-Y’s unique DNA-
binding mode, which induces ~80° bend in the DNA, imposes sufficient spatial constraints
to induce local nucleosome repositioning (such as flanking nucleosomes sliding down), thus
allowing and/or promoting binding of other TFs, whose recognition sequences become more
accessible (Figure 7F). While we could not find evidence supporting increased chromatin
remodeling activity at NF-Y binding sites by known chromatin remodelers, we cannot rule
out the possibility that the increased accessibility at NF-Y binding sites could be due to NF-
Y potentially recruiting a bona fide chromatin remodeler to facilitate permissive chromatin.
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Given that CHRAC15 and CHRAC17, two small subunits of the nucleosome remodeling
complex CHRAC with HFDs structurally similar to that of NF-YB/NF-YC and histones
H2A/H2B, have previously been shown to facilitate nucleosome sliding (Kukimoto et al.,
2004), it is tempting to speculate that NF-Y, with its sequence specific binding ability, may
be a ‘pseudo chromatin remodeler’ mimicking the role of a bona fide ATP-dependent
chromatin remodeler, albeit at a very small and a limited scale. As in the case of chromatin
remodeling enzymes, a formal demonstration of NF-Y’s role in chromatin remodeling,
direct or indirect, will require in vitro biochemical experiments involving reconstituted
nucleosomes.

Although NF-Y’s role in transcription is widely accepted to be through transactivation,
mechanistic details remain undetermined. Based on our findings, it is conceivable that NF-
Y’s primary mode of action, both at enhancers and promoters, is to promote binding of other
TFs including basal transcription machinery by facilitating an accessible chromatin. This
supposition is consistent with a strong positive correlation between NF-Y binding and gene
expression.

Our findings establish NF-Y as an essential regulator of the pluripotent state in ESCs, and
suggest a role for NF-Y in cell specification. It remains to be seen how NF-Y selectively
targets cell type-specific enhancers. Perhaps, this is accomplished through direct recruitment
by a cell type-specific TF, alternative isoform usage, and/or post-translational modifications.
In summary, our studies unearth a cell type-specific function for NF-Y in promoting
chromatin accessibility. Our data suggest that other HFD proteins, with structural and DNA-
binding properties analogous to NF-Y, may function in similar ways.

EXPERIMENTAL PROCEDURES

See Supplemental Experimental Procedures.

Mouse ES Cell Culture, RNAI, and AP staining

Mouse ESC culture, siRNA transfection, and alkaline phosphatase (AP) staining were
performed as previously described (Freudenberg et al., 2012), and as detailed in the
Supplemental Experimental Procedures.

Chromatin Immunoprecipitation (ChIP)

Mouse ESCs (1x107) were cross-linked with 1% formaldehyde, and the reaction was
quenched with glycine for 5 min. Cells were lysed and then sonicated for 16 cycles (30sec
ON; 50sec OFF) to obtain ~200-500 bp fragments. ChIP was peformed as described in
Supplemental Experimental Procedure. See Table S1 for a list of ChIP primers used.

DNase | Hypersensitivity

Mouse ESCs treated with non-targeting control sSiRNA or NF-YA siRNA were collected 48
hours post-transfection. Nuclei isolation and DNase | digestion were performed as
previously described (Burch and Weintraub, 1983), with minor modifications as detailed in
the Supplemental Experimental Procedures.
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Figure 1. Genomic profiling of NF-YA, NF-YB, and NF-YC binding sites in mouse ESCs
(A) ChIP-Seq read density plot showing NF-YA, NF-YB, and NF-YC occupancy near TSSs

of all mouse RefSeq genes.

(B) Genome browser shots showing NF-YA, NF-YB, and NF-YC occupancy at gene
promoters.

(C) ChIP-gPCR validation of the NF-Y occupancy at sites highlighted in (B). Error bars
represent S.E.M. of three experiments.

(D) Consensus sequence motifs enriched within NF-YA, NF-YB, and NF-YC sites using de
novo motif analysis.

(E) Overlap among NF-YA, NF-YB, and NF-YC sites (peaks).

(F) Genome-wide distribution of the NF-Y sites (union of the NF-YA, NF-YB, and NF-YC
sites). Promoter, 500 bp upstream of TSS.

(G) Correlation between gene expression levels and NF-Y occupancy near TSSs. See also
Figure S1.
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Figure 2. NF-Y co-occupies enhancers with ESC-specific master TFs
(A) Frequency distribution of NF-Y sites within 1 kb of TSSs.

(B) Proximity of NF-Y sites to TSSs.

(C) Levels of DNase I hypersensitivity, H3K4mel, H3K27ac, and H3K4me3 near proximal
and distal NF-Y sites.

(D) Hi-C interaction density near proximal and distal NF-Y sites.

(E) TF binding motifs enriched within distal vs proximal NF-Y sites. CTCF is not enriched
at either set of NF-Y sites.

(F) Co-occupancy between ESC TFs (Chen et al., 2008; Ho et al., 2011; Ma et al., 2011;
Marson et al., 2008) and NF-Y at distal and proximal sites.

(G) Gene ontology categories enriched among distal and proximal NF-Y target genes.
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Figure 3. NF-Y binds to and regulates core ESC self-renewal and pluripotency genes
(A-B) Genome browser shots showing NF-Y co-occupancy with master ESC TFs (Chen et

al., 2008; Ma et al., 2011; Marson et al., 2008) at the enhancers of ESC identity genes (A),

and at the promoters/enhancers of differentiation/developmental genes (B).

(C) Western blot analysis of NF-YA, NF-YB, and NF-YC in NF-YA knockdown (KD), NF-
YB KD, NF-YC KD, or NF-Y triple KD (TKD; KD of all three NF-Y subunits) ESCs 96h

after sSiIRNA transfection. Ran is used as a loading control.

(D) RT-gPCR analysis of relative mRNA levels of ESC identity genes (left), and
differentiation markers (right) in NF-YA KD, NF-YB KD, NF-YC KD, and NF-Y TKD ESCs
compared to control KD ESCs 96h after siRNA transfection. Data normalized to Actin,

HAZ, and TBP. Error bars, SEM. See also Figure S2.
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Figure 4. NF-Y is required for ESC self-renewal and is an essential component of the core

pluripotency network
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(A) Morphology and alkaline phosphatase staining of NF-YA KD, NF-YB KD, NF-YC KD,

and NF-Y TKD ESCs 96h after siRNA transfection.

(B) Co-immunostaining of NF-YA and Nanog (left)/NF- YC (right) in control and NF-YA

KD ESCs 96h after siRNA transfection. Nuclei counterstained by DAPI.

(C) RT-gPCR analysis of relative mRNA levels of differentiation markers in NF-YA KD,
NF-YB KD, NF-YC KD, and NF-Y TKD ESCs compared to control KD ESCs 96h after
siRNA transfection. Data normalized to Actin, HAZ, and TBP. Error bars, SEM.

(D) Number of genes up- and down-regulated in NF-Y TKD ESCs 96h after siRNA

transfection, and percent of those that are also bound by NF-Y.

(E) Gene expression fold changes upon NF-YA KD, NF-YB KD, NF-YC KD, or NF-Y TKD,
measured 96h after sSiRNA transfection. Experiments performed in triplicates. Only genes

that were differentially expressed (FDR < 0.05 and fold change = 2) in NF-Y TKD are

shown.

(F) Relative gene expression changes of NF-Y regulated genes during the normal course of
embryoid body formation (day 14) compared to undifferentiated ESCs. NF-Y regulated

genes, ordered as in Figure 4E, were grouped into 50 bins.

(G) Principal component analysis of gene expression profiles showing NF-YA KD, NF-YB
KD, NF-YC KD, and NF-Y TKD ESCs (all in red) alongside differentiation of ESCs into

three different lineages (Nishiyama et al., 2009). Z0-Z5, trophoblast lineage (ESCs
differentiating into trophoblast cells from day 0 to day 5; purple); NO-N6, neural lineage
(ESCs differentiating into neural lineage from day 0 to day 6; orange); FO-F5, primitive

endoderm (PE; embryonal carcinoma cells differentiating into PE from day 0 to day 5;

green); ESCs, white; Control KD ESCs, black; A, NF-YA KD; B, NF-YB KD; C, NF-YC

KD; ABC, NF-Y TKD.
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(H) Correlation between global gene expression changes upon NF-YA KD, NF-YB KD, NF-
YC KD, and NF-Y TKD and those observed after KD or knockout (KO) of other ESC-
associated factors, as previously reported. Rows/columns ordered based on unsupervised
hierarchical clustering. TKD, Triple KD; WD, Withdrawal. See also Figures S3 and S4.
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Figure 5. NF-Y binding at enhancers is cell type-specific, whereas NF-Y binding at promoters is
cell type-invariant
(A) Overlap among NF-Y sites in ESCs (red), neural progenitor cells (NPCs; green), and

neurons (blue).

(B) Panther pathway enrichment analysis of proximal and distal NF-Y target genes in ESCs
and neurons.

(C) ChIP-gPCR analysis of NF-YA sites in undifferentiated ESCs and differentiating ESCs
(induced by retinoic acid, 96h). Error bars, SEM.

(D) Sequence motifs, other than that of NF-Y’s, enriched within distal NF-Y sites in ESCs
or neurons, identified using de novo motif analysis.
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(E) Nanog and CTCF (ENCODE, GSE49847) co-occupancy at promoter-proximal and
ESC-specific (red) and neuron-specific (purple) distal NF-Y binding sites.

(F) TF occupancy (ChlP-Seq read density) near ESC-specific and neuron-specific distal NF-
Y sites in ESCs and neurons.

(G) Levels of active enhancer marks H3K4mel and H3K27ac, and repressive mark
H3K27me3 near ESC-specific and neuron-specific distal NF-Y binding sites in ESCs
(Creyghton et al., 2010; Ho et al., 2011) and neurons (ENCODE, GSE49847).

(H) Model for NF-Y mediated transcriptional regulation of housekeeping and cell identity
genes. See also Figures S5 and S6.
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Figure 6. Oct4/Sox2 binding is dependent on NF-Y
(A) DNase | hypersensitivity, as measured by DNase-Seq (ENCODE, GSE37074), at distal

binding sites for various TFs in ESCs.

(B) Nucleosome occupancy, as measured by MNase-Seq (Teif et al., 2012), at distal binding
sites for various TFs in ESCs.

(C) Brgl occupancy at distal Brgl sites colocalized with NF-Y (purple), distal Brgl-only
sites (orange), distal NF-Y sites colocalized with Brgl (cyan).

(D) Oct4/Sox2/Nanog/Prdm14 (X) occupancy (Ma et al., 2011; Marson et al., 2008) at distal
X sites colocalized with NF-Y (purple), distal X-only sites (orange), and distal NF-Y only
sites (blue).

(E) NF-Y occupancy at distal NF-Y sites colocalized with X (purple), distal NF-Y only sites
(blue), and distal X-only sites (orange).

(F) Co-immunoprecipitation and western blot analysis showing NF-YC and Oct4 co-
immunoprecipitating with Oct4 and NF-YC, respectively. As a positive control, NF-YC and
NF-YA, two subunits of NF-Y complex, co-immunoprecipitates with NF-YA and NF-YC,
respectively.

(G) Western blot analysis of NF-YA, NF-YC, Oct4, and Sox2 in NF-YA KD ESCs 48h after
SiRNA transfection. Ran used as a loading control.

(H) ChIP-gPCR analysis of sites co-bound by Oct4/Sox2 and NF-Y (purple) or bound by
Oct4/Sox2 but not NF-Y (orange) in control or NF-YA KD ESCs. Error bars, SEM. See also
Figure S7.
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Figure 7. NF-Y facilitates Oct4/Sox2 binding by promoting chromatin accessibility
(A) DNase | hypersensitivity (ENCODE, GSE37074) at NF-Y dependent (purple) and

independent (orange) Oct4/Sox2/Nanog/Prdm14 sites in ESCs.

(B) DNase | and gPCR analysis of NF-Y dependent and NF-Y independent Oct4/Sox2 sites

in ESCs. Error bars, SEM.

(C) Nucleosome occupancy (Teif et al., 2012) at NF-Y dependent (purple) and independent

(orange) Oct4/Sox2/Nanog/Prdm14 sites in ESCs.

(D-E) DNase | and gPCR analysis of NF-Y dependent (D) and NF-Y independent (E) Oct4/
Sox2 sites (n = 3) in control and NF-YA KD ESCs. Error bars, SEM.

(F) ChlP-gPCR analysis of NF-Y dependent (purple) and NF-Y independent (orange) Oct4/
Sox2 sites in Control and NF-YA KD ESCs. Error bars, SEM.

(G) Proposed model for NF-Y mediated chromatin accessibility. See also Figure S7.
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