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ABSTRACT

The modulation of chromatin structure is a key step
in transcription regulation in mammalian cells and
eventually determines lineage commitment and dif-
ferentiation. USF1/2, Setdia and NURF complexes
interact to regulate chromatin architecture in ery-
thropoiesis, but the mechanistic basis for this reg-
ulation is hitherto unknown. Here we showed that
Setd1a and NURF complexes bind to promoters to
control chromatin structural alterations and gene ac-
tivation in a cell context dependent manner. In hu-
man primary erythroid cells USF1/2, H3K4me3 and
the NURF complex were significantly co-enriched at
transcription start sites of erythroid genes, and their
binding was associated with promoter/enhancer ac-
cessibility that resulted from nucleosome reposition-
ing. Mice deficient for Setd1a, an H3K4 trimethy-
lase, in the erythroid compartment exhibited re-
duced Ter119/CD71 positive erythroblasts, periph-
eral blood RBCs and hemoglobin levels. Loss of
Setd1a led to a reduction of promoter-associated
H3K4 methylation, inhibition of gene transcription
and blockade of erythroid differentiation. This was
associated with alterations in NURF complex oc-
cupancy at erythroid gene promoters and reduced

chromatin accessibility. Setd1a deficiency caused
decreased associations between enhancer and pro-
moter looped interactions as well as reduced expres-
sion of erythroid genes such as the adult g-globin
gene. These data indicate that Setdia and NURF
complexes are specifically targeted to and coordi-
nately regulate erythroid promoter chromatin dynam-
ics during erythroid lineage differentiation.

INTRODUCTION

Lineage differentiation is a highly regulated process involv-
ing commitment and differentiation of stem cells or progen-
itors into mature differentiated lineages such as red blood
cells (RBCs) (1,2). During erythropoiesis, erythroid tran-
scription programs are coordinated by erythroid-specific
and ubiquitous transcription factors (TFs), chromatin insu-
lators and histone modifying and remodeling factors. These
activities cause dramatic changes in chromatin structure
and gene expression patterns during erythropoiesis. Pertur-
bation of these activities may lead to various forms of ane-
mia (3,4). Recent global transcriptome analyses revealed
that each erythroid differentiation stage exhibits unique
transcription profiles that are temporally regulated (5). It
remains unclear how gene expression patterns are switched
from stem cell specific expression to lineage restricted ex-
pression and whether epigenetic modifier mediated chro-
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matin dynamics underlies differentiation dependent tran-
scription changes. During terminal erythroid differentia-
tion, upstream stimulatory factor 1 (USF1) protects ery-
throid genes from encroachment of heterochromatin by in-
teracting with SET domain containing 1A (Setdla) and nu-
cleosome remodeling factor (NURF) complexes (6). How-
ever, how these complexes are targeted to lineage specific
genes and cooperate to regulate erythroid-specific chro-
matin structure and gene expression remains poorly under-
stood.

USF1 and USF2 are ubiquitously expressed TFs that
form heterodimers to bind to E-box elements (CANNTG).
USF and associated cofactors act within domains that are
rendered accessible by tissue-specific TFs during differenti-
ation, providing tissue-specific activities. In erythroid cells,
USFs are critical for the expression of erythroid-specific
genes, including those encoding erythroid TFs and the
globin genes. During erythropoiesis, GATA binding factor
1/globin transcription factor 1 (GATA1) and Krupple-like
factor 1 (KLF1) have been implicated in establishing acces-
sible chromatin domains. USFs may act within these acces-
sible domains to remodel nucleosomes for recruiting tran-
scription preinitiation complexes (PIC) to erythroid pro-
moters.

In mammalian cells, conserved SET domain-containing
SET1/MLL histone methyltransferase (HMT) complexes
specifically methylate H3K4 (7). SET1/MLL complexes
contain shared subunits, WDRS5 (WD repeat domain 5),
RBBP5 (Retinoblastoma-binding protein 5), ASH2L ((Ab-
sent, small or homeotic)-like) and HCF1 (host cell fac-
tor 1) that are required for enzymatic activity (8,9). In ad-
dition to the shared subunits, the complexes contain dis-
tinct enzymatic subunits (MLL1-4, SETDIA or SETDI1B).
MLLI (mixed lincage leukemia 1) is required for defini-
tive hematopoiesis (10), and the loss of MIlI reduces H3K4
methylation at the HoxC locus (11). In contrast, MLL3/4
has been linked to adipogenesis (12).

Ablation of SETDIA, but not MLLs, has the most dra-
matic effect on global H3K4 trimethylation (H3K4me3)
and gene expression (13,14). H3K4me3, one of the most
studied histone marks, is highly enriched at transcription
start sites (TSS) of active genes and controls gene transcrip-
tion (15-18). Setdla knock-out (KO) mice die at an early
embryonic stage (19), while hematopoietic-specific Setdla
KO blocks progenitor-B to precursor-B cell development by
inhibiting H3K4me3 levels and the immunoglobulin heavy
chain (IgH) rearrangement (20). Thus, each SET1/MLL
complex appears to have distinct context-dependent func-
tion in different tissues or cell lineages.

Mammalian genomes encode two ISWI genes, SNF2H
(SNF2 homolog) and SNF2L (SNF2-like). SNF2H cat-
alyzes the formation of regularly ordered nucleosome ar-
rays and facilitates heterochromatin formation. In con-
trast, the SNF2L-containing NURF complex is involved in
transcriptional activation by creating nucleosome-free re-
gions at promoters via sliding nucleosomes on DNA tem-
plates (21). Mechanistically, nucleosome sliding could be
directly coupled to H3K4me3 because NURF recognizes
the H3K4me3 marks (22). NURF is required for USF1-
mediated barrier insulator activity to protect erythroid
genes from silencing (6). Interestingly, recent genome-wide

studies indicated that USF1 predominantly occupied prox-
imal promoters in human erythroleukemia K562 cells (23).
This raises the possibility that USF1 may collaborate
with Setdla and NURF complexes to create a promoter-
accessible region allowing recruitment of PIC.

To understand how USFI1, SETDIA and NURF
interact to regulate erythroid chromatin dynamics and
gene transcription, we performed ChIP (chromatin
immunoprecipitation)-seq in human primary erythroid
cells and compared these results to MNase (micrococcal
nuclease)-seq data (24). USF1, BPTF, a component of the
NURF complex and SETDIA co-occupied the promoters
of active erythroid genes and this correlated with changes
in promoter-H3K4me3 levels and promoter accessibil-
ity. Depletion of Setdla led to reduced transcription of
erythroid genes accompanied by decreases in H3K4me3
levels, NURF occupancy and chromatin accessibility at
erythroid promoters. Finally, erythroid-specific Setdla KO
mice revealed a reduced number of splenic CD717% /Ter119*
erythroblasts, reduced peripheral blood RBC counts and
hemoglobin (HGB) levels. Together, these data revealed
a collaborative role of Setdla HMT complexes and
NURF chromatin-remodeling complexes on erythroid-
specific chromatin structure alterations at lineage specific
promoters during differentiation.

MATERIALS AND METHODS
Constructs, tissue culture and cell transfections

Setdla shRNAs were cloned into the pSuper.retro.puro vec-
tor (Oligoengine) or pTRIZP lentiviral inducible vector
(Open Biosystems) following the manufacturer’s instruc-
tions. Infectious viruses were produced in packaged cells
and used to infect embryonic stem cells (ESCs). The in-
fected cells were selected with 1 wg/ml puromycin as de-
scribed previously (14). Primary human CD34* hematopoi-
etic stem cells (HSCs) were isolated and differentiated to
CD36"* or R3/R4 erythroblast cells, which were purified as
described (6,25). Briefly, human peripheral/core blood de-
rived CD34" cells were enriched through positive immune
selection by flow cytometry. The CD34-selected stem and
progenitor cells were cultured in StemSpan SF expansion
media (StemSpan, 09650) with estradiol (100 ng/ml), dex-
amethasone (10 ng/ml), human transferrin (200 ng/ml), in-
sulin (10 ng/ml), FIt3 ligand (100 ng/ml), stem cell factor
(100 ng/ml), IL3 (50 ng/ml), IL6 (20 ng/ml), insulin like
growth factor-1 (50 ng/ml) and erythropoietin (EPO) (3
U/ml) for 9-14 days. During the course of erythroid dif-
ferentiation, CD36" erythroid progenitors could be puri-
fied by flow cytometry. The CD36* cells continue to dif-
ferentiate and were used to isolate cells expressing CD71
(transferrin receptor) and CD235a (glycophorin A), defined
as the R3/R4 population of differentiating erythroid cells
(6). Murine erythroleukemia (MEL) cells were cultured in
Dulbecco’s modified Eagle’s medium media supplemented
with 10% fetal bovine serum (FBS) and induced to differ-
entiate with 1.8% Dimethyl Sulphoxide (DMSO) for 5 days.
In vitro ES cell-derived erythroid embryoid body (EB) dif-
ferentiation was performed as described (26) with modifi-
cations (Supplementary Figure S3A). To induce EB forma-
tion, 5 x 10° R1E ES cells/ml were plated into non-treated



10 cm petri dishes containing ES cell culture medium with-
out leukemia inhibitory factor (LIF). At day 4 of differen-
tiation, EBs were harvested and replated into fresh EB dif-
ferentiation medium (IMDM, 1% penicillin/streptomycin,
15% FBS) plus 20 ng/ml mouse SCF (Peprotech). At day
7, EBs were replated into fresh EB differentiation medium
plus 20 ng/ml mouse SCF, 10 ng/ml mouse IL-3, 10 ng/ml
mouse IL-6 and 2 U/ml EPO. At day 10, EBs were replated
into fresh EB differentiation medium plus 10 ng/ml mouse
1L-3, 10 ng/ml mouse IL-6, 2 U/ml EPO and extra 5 pg/ml
doxycycline for inducible Setdla KD R1E ES cells. From
day 13 on, EBs were replated every 3 days into fresh EB
differentiation medium only containing 2 U/ml EPO and 5
wg/ml doxycycline. At day 19 of differentiation, EBs were
harvested and appeared pink in color.

Purification of USF1 complexes and co-immunoprecipitation

USF1 containing protein complexes were isolated
from HeLaS3 cells stably transduced with a FLAG-
Hemagglutinin (HA)-tagged USF1. Complexes were first
purified with M2-anti-FLAG resin (Sigma) by incubating
100 w1 packed resin with nuclear extracts for 4 h at 4°C,
which were then washed three times with wash buffer
(20 mM Tris, pH7.9, 0.1IM KCI, 5 mM MgCI2, 10%
glycerol, 0.1% Tween 20, 1 mM DTT, protease inhibitors)
in a disposable column followed by two elutions with
100 wl each of Wash buffer plus 0.16 pg/ml FLAG
peptide. The eluted complexes were resolved in sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized by western blot analysis.
For co-immunoprecipitation assays, nuclear extracts were
incubated with antibody immobilized on protein A beads,
which were then washed briefly four times with RTPA buffer
followed by a wash with phosphate buffered saline (PBS)
for 10 min at 4°C with agitation. Immunoprecipitated
proteins were fractionated by SDS-PAGE and electro-
transferred to polyvinylidene difluoride membranes. Blots
were incubated with the indicated primary antibodies, and
then with HRP-conjugated secondary antibodies. Proteins
were visualized by enhanced chemiluminescence (Pierce,
Rockford, IL, USA).

Quantitative polymerase chain reaction (qPCR) and qRT-
PCR

Total RNA was prepared using the RNeasy mini-isolation
kit according to manufacturer’s instructions (Qiagen, MD,
USA). A total of 2 pg RNA was subjected to reverse-
transcription with Superscript II reverse Transcriptase (In-
vitrogen) and analyzed by a CFX 96 real-time polymerase
chain reaction (PCR) Detection System (Bio-Rad).

ChIP and sequential ChIP

ChIP, ChIP-Seq and sequential-ChIP assays were per-
formed as described previously (6,14). Briefly, Nuclei were
sonicated with the Bioruprtor™ UCD200. Chromatin
samples prepared from 1 x 10° cells of Day 19 EBs or
bone marrow (BM) cells were immunoprecipitated with
antibodies specific for histone modifications or epigenetic
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regulators. The immunoprecipitated chromatin complexes
were reverse cross-linked and purified. The recovered DNA
was analyzed by qPCR. The relative enrichment was de-
termined by the following equation: 2CUIP-CleD  The se-
quential ChIP assays were carried out essentially as de-
scribed (14,27) with some modifications. Briefly, chromatin
prepared from 5 x 10° cells was immunoprecipitated with
antibodies specific for H3K4me3 or USF1. The H3K4me3
or USFl-selected chromatin complexes were eluted, dia-
lyzed and subsequently immunoprecipitated with antibody
specific to BPTF. The bound protein-DNA complexes were
reverse cross-linked and purified. The recovered DNA was
analyzed by qPCR.

Antibodies against H3K4me2 (07-730), H3K4me3 (04-
745), SNF2L (05-698) and BPTF (ABE24) were purchased
from Millipore, H3K4mel (ab8895) was from Abcam,
ASH2L (A300-489A) and Setdla (A300-289A) were from
Bethyl laboratories and USF1 (H-86) was from Santa Cruz
Biotechnology.

ChIP-seq and MNase-seq

After chromatin immunoprecipitation, The ChIP DNA was
ligated to Illumina ChIP-Seq adaptors, amplified using the
Illumina primers and sequenced on the [llumina GAII plat-
form. Sequence reads of 25-bp were obtained and mapped
to the human genome (UCSC Genome Browser hgl8). For
BPTE, SETD1A and H3K4me3, the reads per sample were
ranged from 28 to 34 million reads. The USF1 average reads
were around 10.3 million and USF2 average reads were
8.3 million reads. The Model-based Alignment of ChIP-seq
(MACS) program was used to identify and call peaks with
a default cutoff P-value of <10e-5 (28). The USF1 motif
was predicted by MEME SUITE program (29) and the an-
notation of protein binding sites was done by using CEAS
(30) and HOMER 4.7 (31) with default settings. The over-
lapping of USF1 and USF2 ChIP-Seq peaks was analyzed
by HOMER 4.7. The association of USF1, USF2, BPTF
and H3K4me3 with global gene expression (GEO accession
number: GSE53983) was performed by ‘ChIPpeakAnno’ R
package (32). The ChIP-seq data were visualized by UCSC
genome browser (33) and IGV browser (34,35).

For MNase-seq, CD34+ and CD36+ cells were treated
with MNase to generate approximately 80% mononucle-
osomes and 20% dinucleosomes. The DNA fragments of
~150 bp were isolated from agarose gels, blunt-ended, lig-
ated to Solexa adaptors and sequenced. Nucleosome tag-
enriched regions were identified by the NPS Python soft-
ware package (36). Nucleosome profiles were obtained by
applying a simple scoring function to the sequenced reads.
A sliding window of 10 bp was applied across all chromo-
somes and at each window all reads mapping to the sense
strand 80 bp upstream of the window and reads mapping to
the antisense strand 80 bp downstream of the window con-
tributed equally to the score of the window. The program
identified 1.7, 2.2 and 2.3 million nucleosome tag-enriched
regions with a length varying from 80 to 250 bp for HSCs
(P < 0.05) and CD36+ cells (P < 0.01), To separate TF
sites based on whether or not the sites are occupied by po-
sitioned nucleosomes, we determined the most likely nucle-
osome position in a nucleosome-enriched region j as pj =
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sum of pji*nji/sum of nji, where nji is the number of tags
at position pji in region j. The binding sites were occupied
by nucleosomes if the distance to the nearest nucleosome
is <75 bp. The normalized nucleosome positioning around
USF1 ChIP-seq proximal peaks was analyzed by HOMER
4.7 (31).

Formaldehyde-assisted isolation of regulatory elements
(FAIRE)

Formaldehyde-assisted isolation of regulatory elements
(FAIRE) assays were performed as described (37,38).
Briefly, 1 x 107 cells were cross-linked with 1% formalde-
hyde for 10 min, and then cell lysate was sonicated to
achieve an average DNA fragment size of ~200-400 bp.
FAIRE DNA was extracted from the upper aqueous phase
by phenol/chloroform/isoamyl alcohol followed by chlo-
roform and purified. Quantitative PCR was used to detect
FAIRE enrichment.

Chromosome conformation capture (3C) assay

The chromosome conformation capture (3C) assay was
performed as described previously with minor modifica-
tions (39). In brief, 2 x 107 cells were cross-linked with
2% formaldehyde for 10 min and stopped by the addition
of glycine at a final concentration of 0.125M. Cells were
pelleted and washed twice with cold PBS. Cells were col-
lected and washed with appropriate 1x restriction buffer
and then resuspended in 1x restriction enzyme buffer con-
taining 0.3% SDS at 37° with overnight shaking. Triton X-
100 was then added to a final concentration of 2% to se-
quester SDS at 37°C for 1.5 h with shaking. Chromatin was
than digested with 800U of Bgl/II at 37°C overnight with
shaking. Next day the reaction was stopped by adding SDS
to a final concentration of 1.6% at 65°C for 20 min. The
digested chromatin was then diluted in 1 ml of T4 DNA
ligation buffer (NEB) containing 1% Triton X-100 and in-
cubated at 37°C for 1.5 h with shaking. A total of 400 U of
T4 DNA ligase (NEB) was added and the ligation was car-
ried out at 16°C for 3 days followed by 1 h at room temper-
ature. The ligated chromatin was then reverse crosslinked
overnight by adding 200 pg of Proteinase K (Invitrogen) at
65°C followed by phenol chloroform extraction to purify 3C
DNAs. Purified 3C ligated DNA was amplified using PCR
and the products were cloned into pCR-TOPOII vector (In-
vitrogen) for sequencing. Relative crosslinking frequencies
were calculated and plotted after normalization to the load-
ing control (40).

Conditional knockout mice and peripheral blood profile anal-
ysis

Setdld"" mice (20) were intercrossed with ErGFPcre
transgenic mice (41) to generate erythroid-specific
ErGFPcre:Setdld" mice. Aliquots of 10° spleen cells
were stained with a combination of labeled antibodies on
ice in PBS plus 4% FBS for 30 min and analyzed using a
LSR-II flow cytometer (BD Biosciences). Blood samples
were collected in EDTA-containing Microtainer tubes
(BD Biosciences) and analyzed on a HemaTrue analyzer

(HESKA, Inc). Animal protocols were approved by the
University of Florida Institutional Animal Care and Use
Committee.

RESULTS

Loss of Setd1a impaired erythropoiesis in a Setd1a knockout
mouse model

We recently reported that knockout of Setd/a in murine BM
resulted in splenomegaly with blocked lymphopoiesis and
perturbed myelopoiesis and erythropoiesis (20). To assess
the role of Setd 1a in erythropoiesis, we crossed the Setda//
mice (20) with the ErGFPcre knock-in mice in which green
fluorescent protein (GFP)/cre fusion protein is controlled
by the EPO receptor promoter and cre-mediated recombi-
nation is limited to erythroid progenitors in the BM (41).
We generated nine ErGFPcre:Setdld" (CKO) mice that
showed a significant decrease in expression of S-globin, but
not the bromodomain PHD finger TF (bptf), in BM cells
(Figure 1A). The mice were viable and appeared normal.
Biochemical analysis of peripheral blood of these mice re-
vealed that the hematocrit (HCT) value was significantly
decreased in Setdla-CKO mice compared to the Setdld""
mice in which mice were obtained from the same genera-
tion of the three months old pups with matched gender and
age (Figure 1B). HGB levels and RBC counts were also sig-
nificantly reduced in the Serdla-CKO mice (Figure 1B). In
contrast, there was no difference in white blood cell counts
comparing Setdla-CKO and Setdla"/" control mice (Figure
1B).

Next, we examined if splenic erythroid progenitors are
impaired by the Setdla-CKO. Splenic cells were ana-
lyzed for CD71eh /Ter119Me" expression using FACS as-
says comparing the Setdld"’ and Setdla-CKO mice. In
both control and mutant groups, we used matched age
and gender mice in which two male mice and four female
mice at three months of age were used. CD71 is a trans-
ferrin receptor and Ter119 encodes a protein associated
with glycophorin A (GYPA) and specifically marks the late
stages of murine erythroid lineage. Both are surface mark-
ers of erythroid precursors. Activation of both markers in-
dicates differentiation of proerythroblasts into more ma-
tured erythroblasts just prior to enucleation (42). Setdla-
CKO led to a moderate, but consistent decrease in numbers
of CD71"eb /Ter119high erythroblasts (Figure 1C). Consis-
tent with a defective erythroid phenotype, genes critical
for the erythroid transcription program such as 7all (T-
cell acute lymphoblastic leukemia 1), Gatal, Notch2, p4.2
(erythrocyte membrane protein band 4.2 ) and KIf1 were af-
fected by the Setdla KO in the erythroid compartment (Fig-
ure 1D). Setdla is a major HMT required for promoter
H3K4 trimethylation (43,44). We next examined whether
promoter-associated Setdla KO impairs recruitment of the
Setdla components and H3K4 trimethylation at promoters
in total BM of the Setdla KO mice. Setd/a KO disrupted
recruitment of ASH2L and perturbed H3K4me3 levels at
promoters of erythroid-specific genes such as -globin, p4.2
and Notch2 (Figure 1E and F; Supplementary Figure S1IA
and B). Interestingly, promoter recruitment of BPTF, a core
component of the NURF complex, was also impaired by
the Setdla-CKO, but its expression was not (Figure 1A,
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Figure 1. Loss of Setdla in the erythroid compartment impaired erythropoiesis (A) qRT-PCR analysis of bptf and B-globin expression comparing two
represented pairs of the Setdla" and Setdla CKO mice. qRT-PCR analysis for each pair has been repeated three times. Data are shown as mean =+
SD. *P < 0.05; **P < 0.01 by student z-test. (B) Peripheral blood analysis of hematocrit (HCT), red blood cells (RBCs), white blood cells (WBCs) and
hemoglobin (HGB) levels in the seven controls and the five Setdla KO mice. The unpaired ¢-test was performed to determine the statistical significance. * P
< 0.05; **P < 0.01; ¥**P < 0.001. (C) FACS analysis of CD71 and Ter119 positive erythroblast in spleen comparing six pairs of the Setdla" and Setdla
KO mice in which two male mice and four female mice at three months of age were used. The unpaired 7-test was performed to determine the statistical
significance. *P < 0.05; **P < 0.01; ***P < 0.001. (D) qRT-PCR analysis of genes important for erythroid differentiation comparing two represented
pairs of the SetdlaM and Setdla CKO mice. qRT-PCR analysis for each pair has been repeated three times. Data are shown as mean & SD. *P < 0.05;
**P < 0.01 by student ¢-test. (E and F) ChIP analysis of H3K4me3, ASH2L occupancy and BPTF recruitment at S-globin (E) and Notch2 (F) loci in one
represented pair of the Setdl ™/ and Setdla CKO BM cells with three technical repeats. Data are shown as mean =+ SD. *P < 0.05; **P < 0.01 by student

t-test.
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E and F; Supplementary Figure S1C). Thus, Setdla may
play an important role in regulating erythropoiesis, perhaps
through its H3K4 methyltransferase activity. It is possible
that the decrease in the recruitment of chromatin modifying
complexes and levels of H3K4me3 at erythroid promoters
was in part the result of a decreased number of erythrob-
lasts in the Setdla KO BM. Nevertheless, the data reveal an
important role of Setdla in erythroid cell differentiation.

USF1 positions SETD1A and NURF complexes at TSSs of
active erythroid genes

SETDIA is the enzymatic component of the trithorax
(TrxG) H3K4 HMT complex and it is ubiquitously re-
quired for promoter activity (45). In K562 cells, USF1 asso-
ciates with enzymatically active SETD1A and NURF com-
plexes (6) and both complexes are critical for chromatin
structure alterations at proximal promoters of active genes
(16). To test if the SETD1A HMT complex physically as-
sociates with the NURF chromatin remodeling complex,
we purified USF1 associated protein complexes in Flag-
tagged USF1 expressing HeLa cells. USF1 associated with
SETDI1A complex and with SNF2L, an enzymatic subunit
of the NURF complex (Figure 2A). Furthermore, all com-
ponents of the SETDI1A complex co-immunopricipitated
with USF1 in nuclear extract (Figure 2B). Importantly,
a BPTF antibody specifically precipitated the SETD1A
complex (Figure 2C) indicating that USF1, SETDIA and
NURF complexes physically interact with each other.

Next, we thought to determine how SETDIA regu-
lates erythroid gene expression during erythropoiesis. The
presence of SETD1A and NURF in the USF1-associated
complexes suggests that their action in erythroid cells
could be mediated by TF USF1, which plays an impor-
tant role in erythropoiesis (6,46). Ablation of SETDIA
blocked differentiation of hematopoietic stem and pro-
genitor cells (HSPCs) into CFU-E (colony forming unit-
erythroid lineage) and BFU-E (erythroid burst-forming
unite) but not into CFU-GEMM (CFU-granulocyte, ery-
throcyte, monocyte, and megakaryocyte) and CFU-GM
(CFU-granulocyte and monocyte) colonies (47). To exam-
ine the relationship of USF, SETD1A and NURF, human
CD34* HSCs were differentiated into primary erythroid
cells and subjected to ChIP-Seq using USF1/2, SETDI1A,
BPTF and H3K4me3 specific antibodies. Two replicates
of the USF1 and USF2 ChIP-Seq revealed reproducible
genome-wide interactions, including associations with the
B-globinlocus (Supplementary Figure S2). We found 13,986
USF1 and 11,750 USF2 binding peaks located near TSSs.
The majority (73.8%) of the USF1 and USF2 peaks over-
lapped at proximal promoters suggesting that USF1 and
USF2 act as a heterodimer at promoters (Figure 2D), bind-
ing to consensus E-box motifs. Analyzing the binding of
USF1 in the top 1000 highly expressed erythroid genes and
the bottom 1000 silenced genes revealed USF1/2 bound to
the consensus E-box motif at proximal TSSs in highly tran-
scribed genes (Figure 2E-QG).

ChIP-seq data were correlated with global transcriptome
profiles (5) and composite profiles of H3K4me3 modifica-
tions as well as USF and NURF occupancy at the TSSs
were created for highly expressed erythroid genes, medium

expressed genes and silent genes (Supplementary Figure
S3A and B). Notably, H3K4me3 and BPTF significantly
colocalized with USF1/2 at predicted E-box motifs in prox-
imal promoters (Figure 2G-I) and co-occupancy positively
correlated with levels of erythroid gene expression (Figure
2, Supplementary Figure S3). More than 50% of sites co-
occupied by USF1 and H3K4me3 or BPTF were located
near TSSs of active erythroid genes (Figure 2H and I) sug-
gesting that NURF and H3K4me3 may be important for
erythroid promoter activation, likely through interactions
with USF1/2. When we examined their occupancy and his-
tone modification at erythroid-specific genes, we found that
USF1/2, SETDIA, BPTF and H3K4me3 colocalized with
many promoters of highly expressed erythroid genes includ-
ing B-globin, NOTCH2, P4.2, GATA-1, Ankyrin 1 (ANKI)
and KLF3 in erythroblasts (Figure 3). The ChIP-seq data
have either been repeated or confirmed by ChIP-qPCR as-
says. Thus, the global binding and histone modification data
revealed that USF1 preferentially co-occupied promoter-
chromatin sites together with the SETDIA and NURF
complexes.

Recruitment of NURF correlates with promoter/enhancer
nucleosome repositioning

It has been shown by MNase-seq analysis that global
position of nucleosomes surrounding enhancer-associated
GATA motifs dramatically shift during erythroid differ-
entiation (24). However, it remains unknown whether and
how promoter proximal nucleosome positioning and ac-
cessibility are also altered to coordinate nucleosome po-
sition changes at the erythroid-specific TF bound en-
hancers during differentiation. Detailed comparisons be-
tween ChIP-seq analyses of H3K4me3, SETDIA and
NUREF occupancy in erythroblasts with MNase-seq data
from CD34* HSCs and CD36" erythroid precursors re-
vealed a positive correlation among the co-occupancy of
USFs/SETD1A/NURF complexes, promoter H3K4me3
enrichments and repositioning of promoter/enhancer nu-
cleosomes (Figure 4). The combined analyses of USF ChIP-
seq data and nucleosome profiles surrounding the USF1
binding sites at promoters revealed a substantial increase of
40 bp nucleosome repeat length upon erythroid differentia-
tion (Figure 4A). For example, the co-recruitment of USFs,
SETDI1A, H3K4me3 and BPTF at HS3 (hypersensitive
site 3) of the LCR (locus control region), HBB promoter,
TALI promoter 1 and the p4.2 promoter correlated with a
lost/shift of nucleosome occupancy at the HS3 core region
and the core promoters of HBB, TALI and p4.2 genes in
erythroid cells compared to CD34* HSCs (Figure 4B-D).
The repositioning of nucleosomes created nucleosome-free
accessible regions over these regulatory DNA elements in
erythroid cells that may lead to gene activation (Figure 4).
The data suggest that SETD1A and NURF complexes col-
laborate to establish local accessibility at USF binding sites
at erythroid-specific promoters/enhancers.

Setdla mediated differential H3K4me3 is required for ery-
throid lineage differentiation

To further examine promoter associated H3K4me3 dynam-
ics during lineage differentiation, we determined the enrich-
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Figure 2. Correlation of USF1, H3K4me3 and NURF complex genome wide occupancy and gene expression patterns of erythroid genes (A and B) western
blot analysis of reciprocal co-immunoprecipitation performed in Hela NEs with antibodies against flag-tagged USF1 (A) or a component of the Setdla
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Figure 3. Colocalization of USF1 and associated histone modifying and remodeling complexes at promoters of erythroid genes. ChIP-seq analyses of
USF1/2 binding, hRSETDI1A recruitment, BPTF occupancy and H3K4me3 enrichment at erythroid specific gene loci including KLF3, NOTCH2, GATA-
1, ANKI, p4.2 and B-globin. The data has either been repeated or confirmed by ChIP-qPCR assays.

ment of H3K4me3 at promoters of stemness genes, OCT4,
Nanog, Sox2, as well as erythroid specific genes before
and after EB erythroid differentiation by ChIP. We found
that H3K4me3 is highly enriched at promoters of stemness
genes, but not at erythroid-specific promoters at the ESC
stage (Figure 5A). The enrichment of H3K4me3 is com-
pletely lost at the stemness genes upon EB erythroid dif-
ferentiation and switched to promoters of erythroid-specific
genes (Figure 5A). To test whether Setdla is responsible
for promoter associated H3K4me3 during erythroid differ-
entiation, we silenced Setd/a in murine ESCs using a Tet-

on doxycycline (Dox) inducible sShRNA vector. Compared
to vector control, Setdla expression was substantially re-
duced in the Dox-induced Setdla knockdown (KD) ESCs
(Figure 5B). ESCs carrying the vector control or Setdla-
specific shRNAs were differentiated into erythroblast-like
cells by adding cytokines and EPO following the withdrawal
of LIF (Supplementary Figure S4A). Setdla was silenced
at day 10 of differentiation and erythroid gene expression
patterns were examined in cells collected at different time
points. Expression levels of definitive erythroid markers, -
globin, p4.2 and GYPA, gradually increased and reached
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Figure 4. The recruitment of USF1 associated NURF complex in erythroid promoters positively correlates with promoter-associated nucleosome reorga-
nization. (A) Normalized nucleosome tag densities obtained from MNase-Seq were plotted for the USF1 motif near proximal promoters of erythroid genes
in HSC:s (black line) and CD36 (red line) cells. The results show that in comparison to the CD34 positive HSCs, average nucleosome space surrounding the
promoter associated USF1 motif of erythroid genes increases 40 bp in CD36 positive erythroid precursors upon erythroid differentiation. (B) Correlation of
the binding of the USF1 associated complexes and nucleosome positioning at the P4.2 promoters during erythroid cell differentiation. The ovals indicated
the positioned nucleosomes surrounding the P4.2 promoter. (C) Correlation of the binding of the USF1 associated complexes and altered nucleosome
positioning at the B-major globin promoter and LCR element HS3 during erythroid cell differentiation. The orange closed ovals are positioned nucleo-
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peak levels at dayl9 while c-kit, a marker highly expressed
at the HSPCs, was gradually silenced (Supplementary Fig-
ure S4B). Over the period of erythroid culture conditions,
the expression of embryonic S HI and €y gradually switched
to adult B-major/minor globin (Supplementary Figure S4C)
and the culture morphology gradually resembled definitive
erythroblasts (Supplementary Figure S4D), indicating that
ESCs were differentiating into cells with a definitive ery-
throid phenotype. Consistent with in vivo KO data (Fig-
ure 1D), Setdla KD significantly inhibited expression of
erythroid genes critical for the erythroid transcription pro-
gram, Tall, Gatal, Notch2, B-globin, p4.2 and Gypa (Figure
5C and D; Supplementary Figures S4C and 5A). The ex-
periments have been carried out in two murine ES cell lines,
R1/E and D3, with consistent results. Thus, the data sug-
gest that erythroid gene transcription is regulated by Setdla
HMT.

To test if Setdla KD could lead to a loss of H3K4me3
at target genes and thus perturb transcriptional activation,
ChIP-qPCR was performed by comparing the vector con-
trol and Setdla KD cells at day 19 of erythroid differen-
tiation. Although levels of H3K4mel /me2 were decreased
at the LCR and at promoters across the g-globin locus, the
H3K4me3 levels were significantly reduced only at the §-
major/ B-minor promoters upon Setdla depletion (Figure
SE), consistent with the decrease in Setd1a occupancy at the
B-globin promoters (Figure 5F, bottom). However, ASH2L
bound to both HS2 and the B-globin promoters and the
binding was also decreased upon KD (Figure SF, top) sug-
gesting that other MLL complexes may also be involved in
regulating LCR function (48). Similarly, reduced H3K4me3
levels were also observed at two other erythroid promot-
ers, p4.2 and Notch2 (Supplementary Figure S5B). Setdla
KD had similar effects on H3K4me3 levels at the S-globin
promoter and B-globin expression in the DMSO-induced
MEL differentiation system (Supplementary Figure S6A—
D). Thus, the combined in vivo KO (Figure 1) and in vitro
KD (Figure 5, Supplementary Figure S6) data indicate that
recruitment of Setdla and its HMT activity plays a critical
role in activating genes important for erythroid transcrip-
tion and differentiation.

Setdla-mediated H3K4me3 is required for BPTF recruit-
ment at erythroid promoters and chromatin accessibility

Given that USF1 binds specifically to erythoid specific pro-
moters including B-globin, p4.2 and Notch in erythroid pro-
genitor cells (Figures 2 and 3), we hypothesized that USF1
may act as the primary TF important for the recruitment
of the Setdla and NURF protein complexes at promoter
chromatin sites to coordinate with the GATA-1 mediated
accessible enhancer domains. We examined the binding re-
lationship among USF1, Setdla and NURF at erythroid
promoters during EB erythroid differentiation using se-
quential ChIP analysis comparing control and Setdla KD
EBs. Sequential-ChIP indicated that USF1 and BPTF co-
occupied HS?2 of the LCR and adult promoters of the -
globin locus in wild-type cells (Figure 6A). Depletion of
Setdla led to a decrease in the occupancy of SNF2L at
the LCR and the globin promoters, especially at the §-
major/B-minor promoters. The occupancy of BPTF was
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specifically reduced at the globin promoters upon Setdla
KD (Figure 6B and C). In contrast, loss of Setdla did not
impair USF1 binding to HS2 and the S-globin promoters
(Figure 6D), suggesting that although Setdla and NURF
can be targeted by USF1 to erythroid genes, Setdla itself
or its mediated H3K4me3 at promoters is essential for re-
cruiting the NURF complex. To distinguish between these
two possibilities, we carried out sequential-ChIP to exam-
ine whether H3K4me3 is required for BPTF recruitment,
because the PHD domain of BPTF has been reported to
recognize and couple H3K4me3 with chromatin remodel-
ing (22). Both H3K4me3 and BPTF co-occupied B-globin
promoters (Figure 6E), and other erythroid promoters, such
as p4.2 and Notch2 (Figure 6G). Consistent with decreases
in H3K4me3 at promoters of erythroid genes (Figure SE,
Supplementary Figure S5), loss of H3K4me3 at promot-
ers by Setdla KD impaired BPTF recruitment (Figure 6E
and G). It should be noted that the H3K4me3 levels were
very low at LCR HS2 (Figure 5E) suggesting that SNF2L
is recruited to this site by other mechanisms. The NURF
complex is an ATP-dependent chromatin remodeling com-
plex that catalyzes promoter nucleosome sliding, thereby
exposing DNA sequences for the recruitment of transcrip-
tion complexes (21,49). Thus, the interaction of Setdla-
mediated H3K4me3 and BPTF at promoters may regulate
promoter chromatin accessibility, perhaps through nucleo-
some repositioning during erythroid differentiation (Figure
4). We further tested if Setd1a is required for DNA sequence
exposure at promoters of erythroid genes by FAIRE, which
is based on differences in cross-linking efficiencies between
free DNA and nucleosome-occupied DNA, therefore en-
riching DNA encompassing active promoters and TSSs
(38). Consistent with the reduction of NURF complex oc-
cupancy at the g-globin locus (Figure 6B—-C; Supplemen-
tary Figure S6E), KD of Setdla significantly reduced the
fraction of nucleosome-free accessible DNA regions at the
B-major and B-minor promoters in both erythroid differ-
entiated ESCs (Figure 6F) and DMSO-induced MEL cells
(Supplementary Figure S6F). The accessible DNA regions
were also lost at the promoters of the P4.2 and NOTCH?2
genes (Figure 6H). Thus, these data revealed an important
role of Setdla in NURF recruitment and generation of pro-
moter chromatin accessibility during erythroid gene activa-
tion.

To further examine the consequence of reduced accessible
chromatin regions at enhancers/promoters, we performed
chromatin conformation capture (3C) assay using HS2 of
the LCR as a bait for the interaction between the LCR and
the individual globin genes across the entire 8-globin locus
comparing the vector control and Setdla KD cells in ery-
throid cells 19 days after induction of differentiation (Fig-
ure 7A). Both HS2 core and HS2/3 of LCR interacted with
the B-major promoter in differentiated cells as previously
reported (39). The €y promoter was also shown to inter-
act with HS2 core and HS2/3 because of its proximity to
the LCR (Figure 7B and C). Setdla KD resulted in a spe-
cific inhibition of looped interactions between HS2/3 or the
HS?2 core and the S-major promoter or €y promoter (Fig-
ure 7B and C), consistent with inhibition of 8-globin gene
expression. The reduction of ligation frequency between the
LCR and the ey promoter is likely due, at least in part, to
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and NOTCH?2 promoters was impaired by the Setdla KD. (H) Results from FAIRE assays of the p4.2 and NOTCH?2 promoters at days 19 of erythroid
differentiation upon Serdla KD. Data are collected from at least three independent experiments shown as mean &+ SD. *P < 0.05; **P < 0.01 by student

1-test.
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reduced chromatin accessibility at the LCR core enhancers
as revealed by the FAIRE assay. As a control, BglII effi-
ciently cut across the B-globin locus in both vector con-
trol and Setdla KD cells (Figure 7D). The effect of Setdla
loss on the long-range interactions between HS2 of the
LCR and the g-major promoter was confirmed in DMSO-
induced MEL cells (Supplementary Figure S7A and B). In
addition to the B-globin locus, loss of Setdla and its medi-
ated H3K4me3 also impaired a long-range interaction be-
tween the +5/-enhancer and promoter at the TALI locus
in K562 cells (47). Together, these data indicate that disrup-
tion of Setdla HMT activity affects erythropoiesis by per-
turbing histone modifications, promoter accessibility and
enhancer/promoter interactions.

DISCUSSION

We recently purified USF1-associated SETD1IA/NURF
complexes that exhibit H3K4 methyltransferase and ATP-
dependent nucleosome sliding activities and act as chro-
matin barriers to prevent heterochromatin encroachment
during terminal erythroid differentiation (6) suggesting that
these complexes play an important role in erythroid tran-
scription programs. Evidence from genome-wide studies
showed that in erythroid cells USF1 predominantly binds to
promoter proximal regions close to TSSs (23). We demon-
strated that USF1 recruits SETD1A and NURF com-
plexes to many promoter-associated USF sites of erythroid
lineage-specific genes and that their co-occupancy posi-
tively correlates with transcription levels of erythroid genes
upon lineage differentiation. Depletion of Setdla reduced
H3K4me3 at promoters of these erythroid genes, thereby
decreasing NURF recruitment, promoter accessibility and
gene transcription. Finally, KO of Setd!a in erythroid pro-
genitors perturbed erythropoiesis in vivo. Thus, our data re-
veal a novel epigenetic mechanism by which USF1 cross-
talks with Setdla and NURF to coordinate erythroid gene
expression and differentiation.

Setdla predominantly trimethylates H3K4 at active
promoter-associated nucleosomes near TSSs (16,44,50,51).
BPTF contains two PHD domains and the second PHD
domain recognizes the combined patterns of H3K4me3
and H4K16ac (52). Loss of Setdla led to a decrease in
H3K4me3 levels at active promoters, and subsequently re-
sulted in reduced BPTF occupancy and nucleosome-free
promoter DNA sequences further illustrating that Setdla-
mediated H3K4me3 plays a role in targeting the NURF
complex to H3K4me3-enriched promoters leading to in-
creased promoter accessibility in a cell context dependent
manner. During differentiation, these chromatin modify-
ing and remodeling complexes are recruited and targeted
to erythroid specific promoters by USF TFs. This is il-
lustrated by the fact that nucleosome spacing is substan-
tially increased around the USF binding sites at promot-
ers upon erythroid differentiation (Figure 4A). This no-
tion is supported by the observation that loss of USF ac-
tivity resulted in defective erythropoiesis in transgenic an-
imals (46). Many lineage specific factors such as GATA1
and TAL1 are involved in regulating commitment and dif-
ferentiation of erythroid cells by controlling enhancer ac-
cessibility (24). It is possible that USF1 mediated promoter

chromatin structure opening coordinates and acts within
the erythroid specific enhancer chromatin domain to con-
fer erythroid-specific transcription program. In addition, it
was recently reported that long-non-coding RNAs are also
involved in targeting Setd 1a to specify early lineage-specific
chromatin structure alterations and differentiation (53). It
remains to be determined whether the remodeling activity
of NURF also stabilizes lineage specific factors, such as
USFI1, and Setdla complexes at promoters. Nevertheless,
our results support earlier observations showing that the
NURF complex is involved in transcriptional activation by
creating a nucleosome-free region at promoters (21,49).

Recent genome-wide studies indicate a correlation be-
tween different levels of histone modifications and gene
enhancer/promoter activity (15,54) with specific histone
modifications, such as H3K4 trimethylation involved in reg-
ulating enhancer/promoter communication (24,25,47). The
chromatin remodeling complex Brgl regulates nucleosome
accessibility and subsequent binding of TFs at enhancers
during erythroid differentiation (24). In the B-globin locus,
long-range regulatory elements like the LCR interact with
activate genes via formation of an active chromatin hub
(55,56). In both «- and B-globin loci, Brgl regulates nu-
cleosome structure and long-range interactions to facilitate
globin gene transcription (57,58). Long-range interactions
between enhancers and promoters are dependent on ac-
tive histone modifications (39,47) and we show that inhi-
bition of Setdla H3K4 trimethylase activity, which blocks
recruitment of the NURF complex, prevents formation of
nucleosome-free regions at promoters (Figure 6) and reduce
long-range enhancer/promoter interactions in the B-globin
and TALI loci (Figure 7) (47). These data reveal an impor-
tant role of Setdla and NURF in communications between
distal enhancers and proximal promoters.

The trithorax HMT complexes play critical roles dur-
ing early embryonic development and hematopoiesis. A re-
cent large-scale study in zebrafish identified SET1 as one
of the major regulators of hematopoiesis (59). Setdla KO
mice suffer from early embryonic lethality at the epiblast
stage, while Setd1b KO mice appear normal and viable, sug-
gesting a non-redundant role of Setd1a in embryonic devel-
opment (19). Furthermore, hematopoietic-specific Setdla-
CKO blocks progenitor-B-to-precursor-B cell development
by inhibiting H3K4me3 levels and IgH rearrangement (20).
MLLI KO mice exhibit a block in definitive hematopoiesis
(10). Loss of MIl5 leads to pleiotropic hematopoietic de-
fects and reduced neutrophil function (60,61). KO of Setdla
in the erythroid compartment impaired erythropoiesis (Fig-
ure 1) with numerous genes critical for erythroid differenti-
ation affected (Figure 1D). It is possible that Setdla may
be more critical for the later phases of erythroid differenti-
ation and maturation. Indeed, Setdla-mediated chromatin
barrier activity is required for protecting erythroid gene ex-
pression during late-stage erythropoiesis (6). It is worth not-
ing that genetic alterations of MLLs have been observed in
leukemia and lymphoma with frequent disruption of MLL1
by chromosomal translocations in acute leukemia (16,62).
Combined with our finding that erythroid-specific deletion
of Setdlaleads to a defect in erythropoiesis (Figure 1), these
observations indicate that TrxG-related complexes play an
essential role in hematopoiesis. However, it remains to be



determined whether distinct branches of TrxG HMT com-
plexes collaboratively or differentially target enhancers or
promoters of hematopoietic genes, and if they play distinct
or overlapping role in regulating different developmental
hematopoietic pathways.
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