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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 underappreci-
ated. Here we show that the ubiquitous CCAAT-bind-
ing NF-Y complex is required for the maintenance
of embryonic stem cell (ESC) identity and is an essen-
tial component of the core pluripotency network.
Genome-wide studies in ESCs and neurons reveal
that NF-Y regulates not only genes with house-
keeping functions through cell type-invariant pro-
moter-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 accessi-
bility and suggest that other HFD proteins with anal-
ogous structural and DNA-binding properties may
function in similar ways.

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 (Oes-

treich and Weinmann, 2012). This assumption may have unin-

tentionally led to the underappreciation of the roles ‘‘house-

keeping’’ 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,
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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 reassess-

ment 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 pro-

moters (Dolfini et al., 2012a). NF-YB andNF-YC dimerize via their

histone-fold domains (HFDs) before associating with NF-YA

(Romier et al., 2003), which harbors both DNA-binding and trans-

activation domains. The crystal structure of NF-Y bound to DNA

shows that while NF-YA makes sequence-specific DNA con-

tacts, NF-YB/NF-YC interacts with DNA via nonspecific 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 �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 nega-

tive cofactor 2 (NC2a/b), and the CHRAC15/CHRAC17 sub-

units of the nucleosome remodeling complex CHRAC (Nardini

et al., 2013). Yet, unlike H2A/H2B, which lack sequence speci-

ficity, 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 nonspecific DNA binding, a com-

bination that allows for stable DNA binding.

NF-Y, largely described as a transcription activator via its pro-

moter-proximal binding, is a key regulator of cell-cycle progres-

sion 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

transcription start sites (TSSs) (Fleming et al., 2013; Testa et al.,
nc.
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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 (Bun-

gartz 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 dpc (Bhattacharya et al., 2003), suggest-

ing an essential role for NF-Y in early mouse embryonic develop-

ment. Interestingly, conditional deletion of NF-YA in postmitotic

mouse neurons induces progressive neurodegeneration (Yama-

naka et al., 2014), which suggests a role for NF-Y that is indepen-

dent 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 sub-

units in mouse oocytes (Su et al., 2004) and the inner cell mass

(ICM) of the mouse blastocyst (Yoshikawa 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 house-

keeping 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 a 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 (ChIP) followed by

sequencing (ChIP-Seq). ChIP-Seq analyses revealed enrich-

ment for NF-Y occupancy near TSSs of annotated genes (Fig-

ure 1A), consistent with NF-Y’s preference for binding and

recruiting RNA polymerase II 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

Cdc25c, 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 repro-

ducibility of the ChIP-Seq data (Figure 1C). Analysis of ChIP-Seq

data sets using the SISSRs peak-calling algorithm (Jothi et al.,
Molec
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 < 10�3). As expected, de novo sequence motif

analysis identified the known RRCCAATVR consensus motif

within the binding sites for all three subunits (Figure 1D).

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 cobinding

of the other two subunits. To determine whether NF-YA alone

binds certain genomic loci, we knocked down NF-YA or NF-

YC using siRNAs for 48 hr (see Figures S1A and S1B available

online) 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-qPCR 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 (Fig-

ure S1D), indicating that NF-YC is essential for NF-YA 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 immunoefficient 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 hetero-

dimer may exist, our data show that such events are highly un-

likely 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 vastmajority of all NF-Y

binding sites are located near genic regions (Figure 1F), suggest-

ing 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 500 bp of TSSs), with a clear prefer-

ence 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 500 bp from the TSSs (Figure 2B).

These data suggest a role for NF-Y in ESC transcription regula-

tion by binding to sites distal to TSSs. To investigate the role

distal sites may play in the regulation of gene expression, and
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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-qPCR validation of the NF-Y occupancy at sites highlighted in (B). Error bars represent SEM 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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how they might differ in function compared to that of promoter-

proximal NF-Y sites, we examined publishedChIP-Seq data sets

for histone modifications, DNase I hypersensitivity, Hi-C interac-

tion 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 (Fig-

ure S1F), consistent with �85% of all promoters overlapping

CpG islands. In contrast, only about one-tenth of distal NF-Y

sites overlap with CpG islands (Figure S1F), a fraction similar

to that observed for enhancers. Furthermore, ChromHMM anno-

tation of chromatin states (Ernst and Kellis, 2012) shows amajor-

ity of distal NF-Y sites with chromatin features reminiscent of

enhancers (Figure S1G). Chromatinmarks at distal NF-Y sites re-

vealed open chromatin architecture marked by high DNase I ac-

tivity, accompanied by enhancer marks H3K4me1 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 supports 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 bindingmo-
710 Molecular Cell 55, 708–722, September 4, 2014 ª2014 Elsevier I
tifs 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

Klf4, 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 Klf4 at promoter-proximal NF-Y sites (Fig-

ure 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). Interest-

ingly, 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.
nc.



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, H3K4me1, 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 versus 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 and 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 96 hr after siRNA transfection. Ran is used as a loading control.

(D) RT-qPCR 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 96 hr after siRNA transfection. Data normalized to Actin, HAZ, and TBP. Error bars, SEM. See also Figure S2.
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NF-Y Is Required for the Expression of Core ESC
Self-Renewal and Pluripotency Genes
Genes targeted by NF-Y include many key pluripotency-associ-

ated genes that have been implicated in the control of ESC iden-

tity (Figure 3A). These include genes encoding the master ESC

TFs Oct4, Nanog, Prdm14, Esrrb, Tcl1, Tbx3, Rex1, Lefty1,

and Lefty2. More importantly, in a majority of cases, NF-Y coloc-

alizes 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 (Fig-

ure S2B) as well as development (including Gata3, Krt18, Krt8,

Srf, Jun, Prom1, and Lef1) (Figures 3B and S2C).

To establish a functional role for NF-Y in the regulation of

these genes, we used RNAi to knock down subunits of the
712 Molecular Cell 55, 708–722, September 4, 2014 ª2014 Elsevier I
NF-Y complex individually or in combination (Figures 3C and

S2D) and profiled gene expression changes using qPCR

following reverse transcription (qRT-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 (Fig-

ure S2E) accompanied by severe proliferation defects and

growth arrest (Figures S2F and S2G), corroborating NF-Y’s es-

tablished role in proliferation (Dolfini et al., 2012a). Depletion of

NF-Y subunits decreased the expression of pluripotency-asso-

ciated factors by 2- to 5-fold, and increased the expression

of differentiation genes by up to an order of magnitude (Fig-

ure 3D). Together, these findings show that the NF-Y complex

is required for the expression of key ESC self-renewal and plu-

ripotency genes, and support the conclusion that NF-Y regu-

lates not only genes with housekeeping functions through its

canonical promoter-proximal binding but also genes required

for ESC identity by cobinding distal enhancers with cell type-

specific master regulators.
nc.
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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 hr 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 pro-

found proliferation defects compared to NF-YB/NF-YC KD

ESCs, perhaps due to NF-YA 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 house-

keeping and ESC-specific functions through distinct modes of

regulation (Figures 3 and S2). At the molecular level, immuno-

staining experiments after NF-YA silencing revealed a drastic

loss of Nanog protein levels, while NF-YC protein levels remain

unchanged (Figure 4B). Furthermore, RT-qPCR analysis of

ESCs depleted of NF-Y subunits revealed a significant increase

in the expression of differentiation and lineage markers (Fig-

ure 4C) in addition to a significant decrease in the expression

of pluripotency genes including Oct4, Nanog, Prdm14, Esrrb,

Tcl1, Tbx3, and nodal antagonists Lefty1 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 expres-

sion 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-qPCR 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 dur-

ing embryonic development (Figure S4). Using a stringent criteria

(FDR < 0.05; fold change R 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 (Fig-

ure 4E). Notably, while a majority of the downregulated genes

harbor NF-Y binding sites either within 5 kb upstream of the

TSS or the gene body, only �18% of the upregulated genes

have NF-Y binding sites (Figure 4D). With much of the upregula-

tion attributable to indirect effects, this is a clear indication that

NF-Y plays a predominantly activating role in ESCs.

We observed a strong positive correlation between gene

expression changes upon NF-Y TKD ESCs and those during

the normal course of embryoid body differentiation (Figure 4F).

Consistent with this observation, principle component analysis
Molec
of gene expression profiles during differentiation of ESCs into

three different lineages showed ESCs depleted of NF-Y cluster

away from undifferentiated ESCs (Figure 4G). Analysis of pub-

lished gene expression microarray data from ESCs depleted of

key pluripotency-associated factors revealed a strong correla-

tion 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, Tet1, 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), place 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 specific to cell type (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 asso-

ciated with proximal NF-Y binding are enriched for house-

keeping functions in both cell types, genes associated with distal

NF-Y binding in ESCs or neurons are highly enriched for path-

ways 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 pre-

dicted, NF-YA ChIP followed by qPCR in differentiating ESCs re-

vealed 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 sequencemotifs 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 a 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 (Figures 5E, S5A,

and S5B), whereas these factors are not enriched at distal or

proximal sites bound by NF-Y in neurons. In contrast, CTCF co-

localizes specifically at distal NF-Y binding sites in neurons, but

not in ESCs (Figures 5E and S5B), and CTCF is not enriched at
ular Cell 55, 708–722, September 4, 2014 ª2014 Elsevier Inc. 713



Figure 4. NF-Y Is Required for ESC Self-Renewal and Is an Essential Component of the Core Pluripotency Network

(A) Morphology and alkaline phosphatase staining of NF-YA KD, NF-YB KD, NF-YC KD, and NF-Y TKD ESCs 96 hr after siRNA transfection.

(B) Coimmunostaining of NF-YA and Nanog (left)/NF-YC (right) in control and NF-YA KD ESCs 96 hr after siRNA transfection. Nuclei counterstained by DAPI.

(C) RT-qPCR 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

96 hr after siRNA transfection. Data normalized to Actin, HAZ, and TBP. Error bars, SEM.

(D) Number of genes up- and downregulated in NF-Y TKD ESCs 96 hr 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 96 hr after siRNA transfection. Experiments performed in

triplicates. Only genes that were differentially expressed (FDR % 0.05 and fold change R 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);

N0–N6, neural lineage (ESCs differentiating into neural lineage from day 0 to day 6; orange); F0–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.

(H) Correlation between global gene expression changes uponNF-YAKD,NF-YBKD,NF-YC KD, andNF-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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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 to distal enhancer sites with cell
714 Molecular Cell 55, 708–722, September 4, 2014 ª2014 Elsevier I
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
nc.
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(Kim et al., 2010b) (Figure 5F). Notably, in neurons, NF-Y cobinds

with CTCF, NPAS4, CBP, and CREB at distant enhancer ele-

ments controlling stochastic promoter choice and alternative

isoform expression of clustered protocadherin genes (Pcdha,

Pcdhb, and Pcdhg) (Figures 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 H3K4me1 and H3K27ac but lacking

H3K27me3 in ESCs, all hallmarks of active enhancers, as

opposed to high levels of H3K27me3 and no H3K4me1 and

H3K27ac in neurons (Figure 5G, left). Interestingly, however,

neuron-specific distal NF-Y binding sites, despite not bound

by NF-Y in ESCs, had surprisingly high levels of H3K4me1

and H3K27ac but no H3K27me3 in ESCs, comparable to those

observed in neurons, indicating that neuron-specific NF-Y bind-

ing sites are ‘‘primed’’ in ESCs (Figure 5G, right). This, in com-

bination 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 regulates 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 I hypersensitivity at

sites bound by NF-Y and various other TFs in ESCs. Intriguingly,

NF-Y binding sites are the most hypersensitive to DNase I diges-

tion compared to other TF sites analyzed, and are about 2-fold

more hypersensitive than those bound by master ESC TFs

Oct4, Sox2, Nanog, and Prdm14 (OSNP) (Figure 6A). In agree-

ment 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 Brg1 and Ino80 (Ho

et al., 2011; Wang et al., 2014), the ATPase subunits of the chro-

matin remodeling complexes esBAF and INO80, 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 Brg1 (esBAF)

occupancy at their sites of colocalization and at sites where

they bind without the other reveals that the levels of esBAF occu-

pancy at NF-Y/esBAF colocalized sites are no higher than those

at esBAF-only sites (Figure 6C), suggesting that it is less likely
Molec
that NF-Y recruits esBAF. Conversely, the levels of NF-Y occu-

pancy 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 interdepen-

dency 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 (Nardini et al., 2013). 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 colocal-

ization. Toward 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 (Fig-

ure 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 co-

localized by NF-Y and CTCF (Figure S7D). Consistent with this

observation, target genes of Oct4/Sox2 with NF-Y co-occu-

pancy 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 S7E). 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 coim-

munoprecipitation experiments using protein extracts from

ESCs and antibodies against NF-YA or NF-YC subunits of the

NF-Y complex. As expected, NF-YA coimmunoprecipitated

with NF-YC and vice versa (Figure 6F). More importantly, we

found that Oct4 coimmunoprecipitated with NF-YC, but not

NF-YA (Figure 6F). Conversely, NF-YC, but not NF-YA, coimmu-

noprecipitated 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 cobinding (Figure 6D), we next asked

whether Oct4 binding is dependent on NF-Y. To explore this

connection, we studied NF-YA KD ESCs 48 hr 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 qPCR

revealed a significant loss of Oct4/Sox2 binding specifically at

Oct4/Sox2 sites cobound 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.
ular Cell 55, 708–722, September 4, 2014 ª2014 Elsevier Inc. 715



(legend on next page)

Molecular Cell

NF-Y Promotes Chromatin Accessibility at Enhancers

716 Molecular Cell 55, 708–722, September 4, 2014 ª2014 Elsevier Inc.



Molecular Cell

NF-Y Promotes Chromatin Accessibility at Enhancers
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 I hypersensitivity at sites bound by OSNP either

with or without NF-Y. We found that those sites cobound by

NF-Y and OSNP are 2- to 3-fold more hypersensitive to DNase

I digestion than those that are bound only by OSNP (Figure 7A).

DNase I hypersensitivity assay followed by qPCR 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

I (Figure 7B). Consistent with the higher DNase I 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 exam-

ined the accessibility of NF-Y-dependent versus NF-Y-indepen-

dent Oct4/Sox2 sites using a DNase I hypersensitivity assay

followed by qPCR amplification of the target region to quantita-

tively 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, S7I, 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 acces-

sibility 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 accom-

panies reduced chromatin accessibility upon NF-Y depletion.

Examination of nucleosome occupancy, as assessed using his-

toneH3ChIP followed by qPCR, reveals elevated levels of nucle-

osome 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
Figure 5. NF-Y Binding at Enhancers Is Cell Type Specific, whereas NF

(A) Overlap among NF-Y sites in ESCs (red), neural progenitor cells (NPCs; gree

(B) Panther pathway enrichment analysis of proximal and distal NF-Y target gen

(C) ChIP-qPCR analysis of NF-YA sites in undifferentiated ESCs and differentiati

(D) Sequence motifs, other than that of NF-Y, enriched within distal NF-Y sites in

(E) Nanog and CTCF (ENCODE, GSE49847) co-occupancy at promoter-proxima

(F) TF occupancy (ChIP-Seq read density) near ESC-specific and neuron-specifi

(G) Levels of active enhancer marks H3K4me1 and H3K27ac, and repressive mark

ESCs (Creyghton et al., 2010; Ho et al., 2011) and neurons (ENCODE, GSE4984

(H) Model for NF-Y-mediated transcriptional regulation of housekeeping and cel
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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 preferentially colocalizes with master

ESC TFs known to bind active enhancers. In addition to con-

firming its regulation of key cell-cycle genes via promoter-

proximal binding, we show that NF-Y regulates many key plu-

ripotency-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 Tet1 KD. ESCs lacking one or

more of the NF-Y subunits exhibit severe self-renewal defects,

undergo differentiation, and have a global expression profile

that is comparable to that of cells differentiating toward the

trophoblast lineage, all consistent with the propensity of ESCs

lacking many of these master ESC factors to differentiate toward

trophoectoderm (Cinghu et al., 2014; Freudenberg et al., 2012; Li

et al., 2007; Nichols et al., 1998). In light of overexpression of

NF-YA 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 lack-

ing NF-Y to favor differentiation toward 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 embry-

onic development.
-Y Binding at Promoters Is Cell Type Invariant

n), and neurons (blue).

es in ESCs and neurons.

ng ESCs (induced by retinoic acid, 96 hr). Error bars, SEM.

ESCs or neurons, identified using de novo motif analysis.

l and ESC-specific (red) and neuron-specific (purple) distal NF-Y binding sites.

c distal NF-Y sites in ESCs and neurons.

H3K27me3 near ESC-specific and neuron-specific distal NF-Y binding sites in

7).

l identity genes. See also Figures S5 and S6.
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Figure 6. Oct4/Sox2 Binding Is Dependent on NF-Y

(A) DNase I 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) Brg1 occupancy at distal Brg1 sites colocalized with NF-Y (purple), distal Brg1-only sites (orange), distal NF-Y sites colocalized with Brg1 (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) Coimmunoprecipitation and western blot analysis showing NF-YC and Oct4 coimmunoprecipitating with Oct4 and NF-YC, respectively. As a positive control,

NF-YC and NF-YA, two subunits of NF-Y complex, coimmunoprecipitate with NF-YA and NF-YC, respectively.

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

(H) ChIP-qPCR analysis of sites cobound 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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Cell Type-Specific Function for NF-Y
A comparison of NF-Y occupancy in ESCs, and ESC-derived

NPCs and terminal neurons revealed that while promoter-prox-

imal NF-Y binding is largely conserved across cell types, distal

NF-Y binding is cell type specific. More importantly, as in
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ESCs where NF-Y colocalizes with master ESC TFs, NF-Y pref-

erentially 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
nc.



Figure 7. NF-Y Facilitates Oct4/Sox2 Binding by Promoting Chromatin Accessibility

(A) DNase I hypersensitivity (ENCODE, GSE37074) at NF-Y-dependent (purple) and independent (orange) Oct4/Sox2/Nanog/Prdm14 sites in ESCs.

(B) DNase I and qPCR 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 and E) DNase I and qPCR 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) ChIP-qPCR 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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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 pro-

gressive 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
Molec
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 I hypersensitivity, histone marks characteristic of active

enhancers, and low tomoderate levels of Oct4/Sox2 occupancy.

Although further studies are required to ascertain the potential

role for Oct4/Sox2 at these sites, we postulate that Oct4/Sox2
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binding at lineage-specific enhancers might serve as place-

holders 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 chro-

matin would be different from, but consistent with, their pioneer

activity during induced pluripotent stem cell (iPSC) reprogram-

ming (Soufi et al., 2012). Further investigation is needed to pre-

cisely 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 colocaliza-

tion. 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 re-

programming (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 proper-

ties, as an attractive target. This supposition may not be far-

fetched 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 inter-

esting to explore whether and how NF-Y mediates pioneer ac-

tivity 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. Sec-

ond, NF-Y’s unique DNA-binding mode, which induces an �80�

bend in the DNA, imposes sufficient spatial constraints to induce

local nucleosome repositioning (such as flanking nucleosomes

sliding out), 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 possibil-
720 Molecular Cell 55, 708–722, September 4, 2014 ª2014 Elsevier I
ity that the increased accessibility at NF-Y binding sites could be

due to NF-Y potentially recruiting a bona fide chromatin remod-

eler to facilitate permissive chromatin. 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 re-

modeler, 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 undeter-

mined. Based on our findings, it is conceivable that NF-Y’s pri-

mary 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 supposi-

tion is consistent with a strong positive correlation betweenNF-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 posttranslational modifications. In sum-

mary, 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 analo-

gous to NF-Y, may function in similar ways.

EXPERIMENTAL PROCEDURES

See Supplemental Experimental Procedures.

Mouse ESC Culture, RNAi, and AP Staining

Mouse ESC culture, siRNA transfection, and AP staining were performed as

previously described (Freudenberg et al., 2012) and as detailed in the Supple-

mental Experimental Procedures.

Chromatin Immunoprecipitation

Mouse ESCs (13 107) were crosslinked with 1% formaldehyde, and the reac-

tion was quenched with glycine for 5 min. Cells were lysed and then sonicated

for 16 cycles (30 s on, 50 s off) to obtain �200–500 bp fragments. ChIP was

peformed as described in Supplemental Experimental Procedures. See Table

S1 for a list of ChIP primers used.

DNase I Hypersensitivity

Mouse ESCs treated with nontargeting control siRNA or NF-YA siRNA were

collected 48 hr posttransfection. Nuclei isolation and DNase I digestion were

performed as previously described (Burch and Weintraub, 1983), with minor

modifications as detailed in the Supplemental Experimental Procedures.
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the GEO repository under the accession number GSE56840.
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Figure S1 (related to Figure 1). NF-Y binding requires all three subunits  

(A-B) RT-qPCR analysis showing relative mRNA levels of NF-YA and NF-YC in NF-YA KD (A) and 

NF-YC KD (B) ESCs (48h), respectively. Data are normalized to Actin, HAZ, and TBP. Error 

bars represent S.E.M. of three experiments. 



 

(C) Genome browser shots showing NF-YA occupancy at the promoters of 1700081H04Rik, 

Nxn, AK141396, and Xist genes, but not NF-YB and NF-YC, the other two subunits of the 

NF-Y complex. 

(D) ChIP-qPCR analysis of the NF-YA and NF-YC occupancy in Control KD, NF-YA KD, and NF-YC 

KD ESCs 48h after siRNA transfection. Error bars represent S.E.M. of three experiments.  

(E) Heatmap representation of NF-YA, NF-YB, and NF-YC occupancy (ChIP-Seq read density) 

near called sites bound by NF-YA, NF-YB, NF-YC, or a combination of the three. 

(F) Percent of NF-Y sites overlapping CpG islands. Proximal, NF-Y sites within 500 bp of TSSs; 

Distal, NF-Y sites that are >500 bp away from TSSs. 

(G) Annotation of proximal and distal NF-Y sites using chromatin state maps (Ernst and Kellis, 

2012).  

  



 

 

 

Figure S2 (related to Figure 3). NF-Y controls ESC proliferation by regulating the expression of 

key cell cycle genes 

(A) Genome browser shots showing TF occupancy at pluripotency-associated genes Tbx3 and 

Zfp42. 

(B) Genome browser shots showing TF occupancy at cell cycle genes Cdc25c, Ccnb2, 

Gadd45g, and Cdkn1a (p21). 

(C) Genome browser shots showing TF occupancy at differentiation genes Srf and Jun.  

(D) Schematic showing siRNA transfection strategy. 



 

(E) RT-qPCR analysis of relative mRNA levels of cell cycle genes shown in (B) 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 are normalized to Actin, HAZ, and TBP. Error bars represent S.E.M. of 

three experiments. 

(F) Cell proliferation growth curves were determined by counting the cell numbers in control 

KD, NF-YA KD, NF-YB KD, NF-YC KD, and NF-Y TKD ESCs at 48h, 72h, and 96h after siRNA 

transfection. Cells were replated and retransfected at 48h after the initial transfection. 

The average cell numbers from three experiments are shown. Error bars represent with 

S.E.M. of three experiments. 

(G) Cell cycle distribution measured by flow cytometry analysis in control KD and NF-Y TKD 

ESCs 48h and 72h after siRNA transfection.  

(H) RT-qPCR analysis of relative mRNA levels of NF-Y subunits NF-YA, NF-YB, and NF-YC in 

wild-type mouse ESCs. Error bars represent S.E.M. of three experiments. 

 

  



 

 

 

 

Figure S3 (related to Figure 4). Global gene expression changes upon depletion of individual 

or all NF-Y subunits are correlated. 

(A) Principal component analysis (PCA) of gene expression profiles showing Control KD, NF-YA 

KD, NF-YB KD, NF-YC KD, and NF-Y TKD ESCs. Each dot represents a biological replicate. 

(B) Scatter plots showing pair-wise correlation of global gene expression changes upon NF-YA 

KD, NF-YB KD, NF-YC KD, and NF-Y TKD ESCs compared to control KD ESCs. 

  



 

 

 

 

 

Figure S4 (related to Figure 4). NF-Y regulates key ESC identity and cell cycle genes. Circos plot 

depicting NF-YA, NF-YB, and NF-YC binding sites across the genome (outer-most tracks). Y-axis 

represents the peak height for binding sites. Also shown are gene expression fold changes upon 

NF-YA KD, NF-YB KD, NF-YC KD, and NF-Y TKD (inner-most tracks). Genes whose expression 

increases (or decreases) by two or more fold are denoted by red (green, respectively) circles, 

with the size of the circle denoting the magnitude of the change. Selected genes that bind NF-Y 

and whose expression ≥2-fold are highlighted.   

  



 

 

 

 

 

 

Figure S5 (related to Figure 5). TF co-occupancy at proximal and ESC-specific and neuron-
specific distal NF-Y sites. 

(A) Master ESC TF co-occupancy at proximal and ESC-specific (red) and neuron-specific 
(purple) distal NF-Y sites in ESCs 

(B) Genome browser shot showing TF occupancy in ESCs and neurons at Prdm14-Ncoa2 locus. 
ESC-specific, neuron-specific, and cell type-invariant NF-Y sites are highlighted. 

 

  



 

 

 

 

Figure S6 (related to Figure 5). NF-Y colocalizes, in a neuronal specific manner, with CTCF at 
sites controlling clustered Protocadherin expression.   

(A) Genomic structure of the clustered Pcdh gene locus, adapted from Hirayama et al 
(Hirayama et al., 2012). Rectangles represent exons. Pink diamonds represent enhancer 
regions (HS5-1 enhances Pcdhα3–α12 and Pcdhαc1; CCR enhances Pcdhaβ1–β22). 

(B) Genome browser shot showing TF occupancy in ESCs and neurons at the Pcdh gene locus. 
Neuron-specific and cell type-invariant NF-Y sites are highlighted in yellow and blue, 
respectively. 

 
 

  



 

 

Figure S7 (related to Figures 6 and 7). Depletion of NF-Y diminishes chromatin accessibility at 
sites co-bound by NF-Y and Oct4/Sox2 but not at sites bound only by Oct4/Sox2.   

(A) Chromatin remodeling complex esBAF occupancy, as measured by Brg1 ChIP-Seq (Ho et 
al., 2009) at various TF (distal) binding sites in ESCs.  



 

(B) Chromatin remodeling complex Ino80 occupancy, as measured by Ino80 ChIP-Seq (Wang 
et al., 2014), at various TF (distal) binding sites in ESCs. Colors and labels same as in Figure 
S7A.  

(C) NF-Y occupancy at distal NF-Y sites colocalized with Brg1 (blue), distal NF-Y-only sites 
(cyan), and distal Brg1 only sites (orange). 

(D) CTCF (left) and NF-Y (right) occupancy at distal CTCF sites colocalized with NF-Y (purple), 
distal CTCF-only sites (orange), distal NF-Y sites colocalized with CTCF (cyan), and distal 
NF-Y only sites (blue).  

(E) Left: Expression levels of target genes of Oct4 with and without NF-Y co-occupancy in 
control ESCs. Right: Expression fold change of target genes of Oct4 with and without NF-Y 
co-occupancy in NF-Y TKD vs Control KD ESCs.  

(F) Consensus sequence motif enriched within Oct4/Sox2 binding sites with and without NF-Y 
co-occupancy using de novo motif analysis. 

(G) Morphology and alkaline phosphatase staining of control KD and NF-YA KD ESCs 48h after 
siRNA transfection.  

(H) RT-qPCR analysis of relative mRNA levels of NF-Y subunits NF-YA, Oct4, and Sox2 in 
Control and NF-YA KD ESCs. Data are normalized to Actin, HAZ, and TBP. Error bars 
represent S.E.M. of three experiments. 

(I) DNase I and qPCR analysis of NF-Y dependent Oct4/Sox2 sites (n = 3 each) in Control and 
NF-YA KD ESCs. Error bars represent S.E.M. of four experiments.  

(J) DNase I and qPCR analysis of NF-Y independent Oct4/Sox2 sites (n = 3 each) in Control and 
NF-YA KD ESCs. Error bars represent S.E.M. of four experiments. 

(K) DNase I and qPCR analysis of a distal NF-Y site within the Srf gene, bound by NF-Y (but not 
Oct4, Sox2, Nanog, Prdm14, Esrrb or Klf4), in Control and NF-YA KD ESCs. Error bars 
represent S.E.M. of four experiments.  

(L) DNase I and qPCR analysis of a control site, that does not bind NF-Y, in Control and NF-YA 
KD ESCs. Error bars represent S.E.M. of four experiments.  

 
  



 

Table S1 (related to Figures 1, 5, 6, and 7). Primers used for ChIP-qPCR and DNase I 

hypersensitivity analysis 

Primer name Forward primer Reverse primer 

1700081H04Rik AGGGTCCGGTAACTCCTCTC GGCTCATACCTGTCGTTCCA 

AK141396 CAGCACACAGGAGGAGGACT CGGCTGGTCTCTAACTGCAT 

Calm2 AGGGCCATTCACAACAAAAG TGTTAGGATGCGTGCTTGTC 

Cdc25c GGAACAGAAGCGATTCTTCG TCATGTTCTGGTGCGATGAT 

Esrrb TGGGAAGTGTTGCTATTCCA TCAGAGCTCCAGATCCCCTA 

Foxi3 GGCCTCGAGGTTAGAGTCCT AGGGAACTAGCGTGTTCAGC 

Khsrp CGGCAAGATAGTCGTCAACA AGTCACGTCCAAATCCAAGC 

Nanog CCGCTCCTTTTCAGCACTAA CAGGGAAGCGGTTTGAATAG 

NR_040693 AGGGTCCGGTAACTCCTCTC GGCTCATACCTGTCGTTCCA 

Nudcd3 GGATGTGTGCAATGTTGAGG CTCACTTCCGCTCCTTCTGT 

Nxn CAACTGTCGACTGTGCGTTT TAGCTTTGACTGCCCTGACC 

Paip2b GAGAATGCCGCTCACTTACC TCAGAGCTGGGAGTCTCCAT 

Prdm14-2 AAGCAGCAGGGTGGAGATAA CAAACGGATTGGAGGTTGAT 

Prdm14-4 GCAAATTAGGCTCATTCGTG AATCCTCGGGAGTTCTGGTT 

Rnf5 ACCCTTGCACGATGATGATT CGAGTTCTGTAGGCCTGAGC 

Srf AGGCCTTGAGAACCAAGCTA AACGCCTTTACCAATCAACG 

Xist1 AACCCTTTTAAGTCCACTGTAAATTCC TAGAGAGCCAGACAATGCTAAGCC 

Zfp568 TCCGCCCCTATATCTTGTTG CTGGGTCTCTGGACTTCAGG 

Zic3 CCGCAGCTACCCAATCAG AATCACTCACTCCTCGCACA 

Ager (control #1) ACCCCACTCAGACATGAACC TGGCAATTCCCCTCAGTTAG 

chr8 (control #2) AAGGGGCCTCTGCTTAAAAA AGAGCTCCATGGCAGGTAGA 

Pdp2 (control #3) CTGGACCTCTCTGGTTCTGG TTGGCCTCTTAGCGACAAGT 

Tmem179 
(control #4) 

TTCCGTGTCCCCAGAATAAG TTAAGCCATCCACTCCCTTG 

Tpg (control #5) TGGAGCTCTTTCATGTTCTTCCTT ATGAATGGGCTTCTTGAATTTCTACT 

 

  



 

Table S2 (related to Figures 3 and 4). Gene specific primers used for RT-qPCR analysis 

Primer name Forward primer Reverse primer 

Brachyury ACCCAGACTCGCCCAATTT CACGATGTGAATCCGAGGTT 

Ccnb2 ACTGGCTGGTCCAAGTCCAT ATATTTGGAAGCCAGGAGCA 

Cdc25c TTCAGAAGACCCAATGGAGTG GAATGGCGTTCATGTCACAG 

Cdkn1a TTGCCAGCAGAATAAAAGGTG TTTGCTCCTGTGCGGAAC 

Cdx2 AGGCTGAGCCATGAGGAGTA CGAGGTCCATAATTCCACTCA 

Eomes ACCGGCACCAAACTGAGA AAGCTCAAGAAAGGAAACATGC 

Esrrb CAGGCAAGGATGACAGACG GAGACAGCACGAAGGACTGC 

Fgf5 AAAACCTGGTGCACCCTAGA CATCACATTCCCGAATTAAGC 

Foxa2 CGAGCTAAAGGGAGCACCT TAATGGTGCTCGGGCTTC 

Gadd45g GGATAACTTGCTGTTCGTGGA AAGTTCGTGCAGTGCTTTCC 

Gata3 TTATCAAGCCCAAGCGAAG TGGTGGTGGTCTGACAGTTC 

Gata4 GGAAGACACCCCAATCTCG CATGGCCCCACAATTGAC 

Gata6 GGTCTCTACAGCAAGATGAATGG TGGCACAGGACAGTCCAAG 

Hand1 CAAGCGGAAAAGGGAGTTG GTGCGCCCTTTAATCCTCTT 

Id2 GACAGAACCAGGCGTCCA AGCTCAGAAGGGAATTCAGATG 

Krt18 AGATGACACCAACATCACAAGG TCCAGACCTTGGACTTCCTC 

Krt8 AGTTCGCCTCCTTCATTGAC GCTGCAACAGGCTCCACT 

Lefty1 ACTCAGTATGTGGCCCTGCTA AACCTGCCTGCCACCTCT 

Lefty2 CACAAGTTGGTCCGTTTCG GGTACCTCGGGGTCACAAT 

Mixl1 CATGTACCCAGACATCCACTTG ACTCTGGCGCCTGGACTT 

Nanog AAGCAGAAGATGCGGACTGT ATCTGCTGGAGGCTGAGGTA 

Nestin TCCCTTAGTCTGGAAGTGGCTA GGTGTCTGCAAGCGAGAGTT 

NF-YA GGCACAATTCTCCAGCAAG GGCTCCTGTCTGAACGATCT 

NF-YB GCTTCATCACGTCGGAAGCAAGCG GTCCATCTGTGGCGGAGACTGC 

NF-YC CCCACTGGCTCGTATTAAGAA GGCTCGAAGAGTCAGCTCAG 

Nkx2.2 GCAGCGACAACCCCTACA ATTTGGAGCTCGAGTCTTGG 

Oct4 CCAATCAGCTTGGGCTAGAG CCTGGGAAAGGTGTCCTGTA 

Pax6 GTTCCCTGTCCTGTGGACTC ACCGCCCTTGGTTAAAGTCT 

Prdm14 GGCCATACCAGTGCGTGTA TGCTGTCTGATGTGTGTTCG 

Tbx3 AGATCCGGTTATCCCTGGGAC CAGCAGCCCCCACTAACTG 

Tcl1 ACCTTGGGGGAAGCTATGTC CTTGGAGCCCAGTGTAGAGG 

Actin (control #1) AAGGCCAACCGTGAAAAGAT GTGGTACGACCAGAGGCATAC 

HAZ (control #2) CGTTGTAGGAGCCCGTAGGTCAT TCTGGTTGCGGAAGCATTGGG 

TBP (control #3) CTGAAGAAAGGGAGAATCATGG TGTCTTTGTTGCTCTTCCAAAA 

  



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). Briefly, E14Tg2a ESCs were maintained on 

gelatin-coated plates in the ESGRO complete plus clonal grade medium (Millipore). For siRNA 

transfections, ESCs were cultured in M15 medium: DMEM (Invitrogen) supplemented with 

15%FBS, 10µM 2-mercaptoethanol, 0.1mM nonessential amino acids (Invitrogen), 1x 

EmbryoMax nucleosides (Millipore), 1U/ml of ESGRO mLIF (Millipore). ESCs (~25x103) were 

transfected with siRNAs at 50nM using lipofectamine 2000 (Invitrogen) at day 0, re-plated and 

re-transfected at 48h, and collected after 96h (see Figure S2A). AP staining was performed 

using Alkaline Phosphatase Detection Kits from Stemgent (00-0055) according to the 

manufacturer's instructions. Gene specific siRNAs used: NF-YA (Invitrogen, MSS247473), NF-YB 

(Qiagen, SI01327193), NF-YC (Qiagen, SI05348217), non-targeting control (Dharmacon, D-

001810-02-50). 

Chromatin Immunoprecipitation (ChIP) 

Mouse ESCs (1x107) were cross-linked with 1% formaldehyde in DMEM for 10 min, and the 

reaction was quenched by the addition of glycine at a final concentration of 125 mM for 5 min. 

Cells were scraped, pelleted, washed twice with PBS, and resuspended in 1ml of lysis buffer A 

[50mM Hepes pH7.5; 140mM NaCl; 1mM EDTA; 10% Glycerol; 0.5% IGEPAL CA-630; 0.25% 

Triton X-100; 1x Complete protease inhibitor mixture (Roche), 200nM PMSF]. After 10 min on 

ice, the cells were pelleted and resuspended in 1ml of lysis buffer B [10mM Tris-HCl pH8.0; 

200mM NaCl; 1mM EDTA; 0.5mM EGTA; 1x protease inhibitors, 200nM PMSF]. After 10min at 

room temperature, cells were sonicated in lysis buffer C [10mM Tris-HCl pH8.0; 100mM NaCl; 

1mM EDTA; 0.5mM EGTA; 0.1% sodium deoxycholate; 0.5% N-lauroylsarcosine; 1x protease 

inhibitors, 200nM PMSF] using Diagenode Bioruptor for 16 cycles (30sec ON; 50sec OFF) to 

obtain ~200–500 bp fragments. Cell debris were pre-cleared by centrifugation at 14,000 rpm for 

20 min, and 25µg of chromatin was incubated with either NF-YA (Santa Cruz, G-2, sc-17753X), 

NF-YB (Santa Cruz, FL-207X, sc-13045X), NF-YC (Santa Cruz, N-19X, sc-7715X), Oct4 (Santa Cruz, 

N-19, sc-8628X), Sox2 (Santa Cruz, Y-17, sc-17320X), or histone H3 (Abcam, ab1791) antibodies 

overnight at 4˚C. Protein A/G-conjugated magnetic beads (Pierce Biotech) were added the next 

day for 2 hours. Subsequent washing and reverse cross-linking were performed as previously 

described (Heard et al., 2001). ChIP enrichment for a primer-set was evaluated using 

quantitative PCR as percentage of input, and normalized to a negative primer-set. See Table S1 

for a list of ChIP primers used. 
 



Quantitative RT-PCR 

Total RNAs were prepared from cells using Trizol (Invitrogen), and cDNAs were generated using 

the iScript kit (Bio-Rad) according to the manufacturer’s instructions. Quantitative PCRs were 

performed on the Bio-rad CFX-96 or CFX-384 Real-Time PCR System using the Bio-rad SsoFast 

EvaGreen supermix. Three or more biological replicates were performed for each experiment. 

Data are normalized to Actin, Haz and TBP expression, and plotted as mean +/- S.E.M. See Table 

S2 for a list of gene specific primers used. 

Western Blot 

Cell pellets, lysed in RIPA buffer (25mM Tris-HCl, pH 7.4, 150mM NaCl, 1% NP-40, 1% Sodium 

deoxycholate) with protease inhibitors, were sonicated using Bioruptor (Diagenode) for three 

cycles (30 seconds ON; 50 seconds OFF). The lysate was boiled with SDS-PAGE sample buffer, 

loaded onto NuPAGE gel, and transferred to 0.22μM PVDF membranes. Each membrane was 

treated with appropriate primary and secondary antibodies. Antibodies used: NF-YA (Santa 

Cruz, H-209, sc-10779X), NF-YB (Santa Cruz, FL-207X, sc-13045X), NF-YC (Santa Cruz, N-19X, sc-

7715X), and Ran (BD Bioscience, 610341). The membrane was then incubated with a 

horseradish-peroxidase-conjugated secondary antibody and developed with enhanced chemi-

luminescence PLUS reagent (Amersham). Loading was normalized based on Ran. 

Immunoflourescence 

Mouse ESCs transfected with NF-YA or control siRNA were grown on gelatin-coated glass cover-

slips, and stained for appropriate antibodies for 1hr at 37°C as previously described (Cinghu et 

al., 2012)(Cinghu et al., 2012), followed by washing in phosphate buffered saline (PBS). 

Antibodies used: NF-YA (Santa Cruz, G-2X, sc-13057X), NF-YC (Santa Cruz, N-19X, sc-7715X), 

Nanog (BD Bioscience, 560259). The cover-slips were then treated with appropriate secondary 

antibody (Alexa 488 or Alexa 594; Invitrogen) for another 1hr at 37°C. Staining of nuclei was 

accomplished by incubation with DAPI (5mg/ml) for 10min. The slides were then washed 

extensively in PBS and mounted using Prolong gold anti-fade (Invitrogen). Specimens were 

viewed using a Zeiss N710 confocal microscope. 

Cell Cycle Analysis  

Cell cycle analysis was performed using flow cytometry as previously described (Cinghu et al., 

2014). Briefly, 48 or 72 hours after siRNA transfection, cells were fixed with 70% ethanol 

overnight. The next day, cells were washed with PBS, treated with 10µg/ml RNase A (Roche, 

10109169001) for 1 hour at room temperature and then stained with 50µg/ml propidium 

iodide (Sigma, P4170) for at least 10 minutes before loading on a FACSCalibur flow cytometer 
 



(BD Biosciences). Raw data was analyzed using the CellQuest Pro software, and the percentage 

of each cell cycle phase was calculated with the Flow Jo software.  

Co-Immunoprecipitation 

ESCs (1.2x107) were lysed with 1 mL lysis buffer [20 mM Tris-HCl, 2 mM EDTA, 137 mM NaCl, 

10% glycerol, 1% Triton-X] for 30 min at 4oC. Lysates were incubated with antibodies against 

NF-YA (Santa Cruz, H-209, sc-10779X), NF-YC (Santa Cruz, N-19X, sc-7715X), Oct4 (Santa Cruz, 

N-19, sc-8628X), or IgG (Santa Cruz, sc-2027) overnight at 4oC. Magnetic Dynabeads (Life 

Technologies) were added for 3h at 4oC. Beads were washed three times with lysis buffer, and 

proteins were eluted with Laemmli sample buffer at 100oC for 15 min. Western blots were 

performed according to standard protocols and were developed using the Odyssey Infrared 

Imaging System (Li-Cor Biosciences).  

DNase I Hypersensitivity 

Mouse ESCs treated with non-targeting control siRNA or NF-YA siRNA were collected 48 hours 

post-transfection in cold PBS. Nuclei isolation and DNase I digestion were performed as 

previously described (Burch and Weintraub, 1983), with minor modifications. Nuclei were 

isolated by incubation of 107 cells for 10 min on ice with 5 ml RSB buffer [10 mM Tris–HCl pH 

7.4, 10 mM NaCl, 3 mM MgCl2, 0.15 mM spermine and 0.5 mM spermidine, 1mM PMSF, 0.5% 

IGEPAL], and pelleted by centrifugation at 300g and 4˚C for 10 min. Nuclei were then 

resuspended in 1 ml DNase reaction buffer [40mM Tris-HCl pH7.4, 10mM NaCl, 6mM MgCl2, 

1mM CaCl2, 0.15mM Spermine, 0.5mM Spermidine] and counted. Additional resuspension 

buffer was used to generate equal concentrations of nuclei between samples. Nuclei from 

5x105 cells were aliquoted into microcentrifuge tubes and incubated at 37°C for 5 min with 

varying amounts of DNase (0U to 75U, Worthington). Digestion was stopped by addition of an 

equal volume of termination buffer [10 mM Tris pH 7.4, 50 mM NaCl, 100 mM EDTA, 2% SDS, 

10 μg/ml RNAse cocktail]. The nuclei were then incubated at 55˚C for 15 min, followed by 

addition of 2 µl of 20 mg/ml Proteinase K. Reaction mixtures were incubated overnight at 55°C, 

followed by a phenol–chloroform extraction followed by chloroform extraction of the DNA. The 

DNA was then precipitated and resuspended in 100 µl H2O.  

Microarray Analysis 

Raw microarray data files were processed and normalized using RMA and Affymetrix Mouse 

Genome 430 2.0 Array annotation using applicable R/Bioconductor packages to generate single 

expression intensity measure per gene per sample. All subsequent analyses were carried out on 
 



the log2 scale. Differential expression analysis (NF-Y TKD vs. control) was performed using 

limma R package (Smyth, 2005), followed by Benjamin-Hochberg multiple testing correction to 

control the false discovery rate (FDR). Genes were considered differentially expressed if they 

had an FDR≤0.05 and were at least 2.0 fold up- or down-regulated. To compare gene expression 

changes upon NF-Y depletion to those observed after KD or knockout (KO) of other 

pluripotency-associated factors in previously published studies, respective reference datasets 

were downloaded from GEO and processed as previously described (Freudenberg et al., 2012). 

Correlation between global gene expression changes upon KD/KO of various factors were 

computed and visualized as a heatmap. Published mircoarray datasets used for comparative 

analysis: Oct4 KD and Nanog KD (Loh et al., 2006); Sox2 KD, Tbx3 KD, Esrrb KD, and Tcl1 KD 

(Ivanova et al., 2006); Ncl KD (Cinghu et al., 2014); Brg1 KO and LIF withdrawal (Ho et al., 2011); 

Klf2/4/5 TKD (Jiang et al., 2008); Tet1 KD (Freudenberg et al., 2012); Tcf3 KO (Yi et al., 2011); 

Suz12 KO (Pasini et al., 2007); Sall4 KD (Lim et al., 2008); embryoid body differentiation 

(Hailesellasse Sene et al., 2007). Principal component analysis (PCA) of expression profiles from 

control and NF-Y depleted ESCs and previously published data from wild-type and 

differentiating ESCs (Aiba et al., 2009; Nishiyama et al., 2009) was performed using R and 

visualized using R package “rgl.”  

ChIP-Seq Data Analysis 

Single-end 36 bp reads generated from NF-YA, NF-YB, and NF-YC ChIP-Seq were aligned to the 

mouse reference genome (mm9 assembly) using Bowtie version 0.12.8 (Langmead et al., 2009), 

and only those reads that mapped to unique genomic locations with at most two mismatches 

were retained for further analysis. For visualization on the UCSC Genome Browser, and 

generation of screenshots and read density plots, the data was normalized to reads per million 

(RPM) and plotted as histograms. For binding site definition (peak calls), aligned reads were 

processed using SISSRs (Jothi et al., 2008; Narlikar and Jothi, 2012) using default settings.  

Genome-wide distribution of binding sites was determined with reference to RefSeq gene 

annotations. Binding sites located withing 500 bp of transcription start sites (TSSs) were defined 

as promoter-proximal or proximal sites, with the rest defined as distal sites. Genes binding NF-Y 

within 500 bp of their TSSs were defined as proximal NF-Y target genes, and those that bind NF-

Y within 50 Kb but not within 500 bp of their TSSs were defined as distal NF-Y target gene. 

Binding sites for two transcription factors were defined to be colocalized if the centers of the 

corresponding peaks are within 500 bp of each other. CpG island annotations were downloaded 

from UCSC genome (Karolchik et al., 2014). Published ESC ChIP-Seq datasets used for 

comparative analysis: Oct4, Sox2, Nanog, Tcf3, and Suz12 (Marson et al., 2008); Prdm14 (Ma et 

al., 2011); Esrrb, Klf4, CTCF, cMyc, nMyc, Zfx, Smad1 (Chen et al., 2008); Stat3 and H3K27me3 

(Ho et al., 2011); H3K4me1 and P300 (Creyghton et al., 2010) , H3K4me3 (Agarwal and Jothi, 
 



 

2012); H3K27ac (ENCODE, GSE31039); DNase (ENCODE, GSE37074); Hi-C (Dixon et al., 2012); 

Brg1 (Ho et al., 2009); and Ino80 (Wang et al., 2014). Published neuron ChIP-Seq datasets used 

for comparative analysis: NF-YA and H3K27me3 (Tiwari et al., 2012); CTCF (ENCODE, 

GSE49847); NPAS4, CREB, SRF, CBP, H3K4me1 and H3K27ac  (Kim et al., 2010), DNase (ENCODE, 

GSE37074).   

Functional and pathway enrichment analysis 

Gene Ontology (GO) functional enrichment analysis was performed using DAVID (Huang da et 

al., 2009), and pathway enrichment analysis was performed using PANTHER classification 

system (Mi et al., 2013). 

Motif Analysis 

Relevant sequences spanning 200 nucleotides around the centers of NF-Y binding sites were 

retrieved from the reference genome, and De-novo motif search was performed using MEME 

(Bailey and Elkan, 1994) using zoops (zero or one motif occurrence per sequence) option. 

Search for known TF motifs, obtained from TRANSFAC (Matys et al., 2006) and  JASPAR 

(Mathelier et al., 2014),  was performed using the MAST (Bailey and Gribskov, 1998). 
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