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ABSTRACT

Normal erythropoiesis requires the precise regula-
tion of gene expression patterns, and transcription
cofactors play a vital role in this process. Deregula-
tion of cofactors has emerged as a key mechanism
contributing to erythroid disorders. Through gene
expression profiling, we found HES6 as an abun-
dant cofactor expressed at gene level during hu-
man erythropoiesis. HES6 physically interacted with
GATA1 and influenced the interaction of GATA1 with
FOG1. Knockdown of HES6 impaired human erythro-
poiesis by decreasing GATA1 expression. Chromatin
immunoprecipitation and RNA sequencing revealed
a rich set of HES6- and GATA1-co-regulated genes
involved in erythroid-related pathways. We also dis-

covered a positive feedback loop composed of HES6,
GATA1 and STAT1 in the regulation of erythropoiesis.
Notably, erythropoietin (EPO) stimulation led to up-
regulation of these loop components. Increased ex-
pression levels of loop components were observed
in CD34* cells of polycythemia vera patients. Inter-
ference by either HES6 knockdown or inhibition of
STAT1 activity suppressed proliferation of erythroid
cells with the JAK2V6'7F mutation. We further ex-
plored the impact of HES6 on polycythemia vera
phenotypes in mice. The identification of the HES6-
GATA1 regulatory loop and its regulation by EPO
provides novel insights into human erythropoiesis
regulated by EPO/EPOR and a potential therapeutic
target for the management of polycythemia vera.
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INTRODUCTION

Human erythropoiesis is the process by which hematopoi-
etic stem cells (HSCs) first commit to burst-forming
unit-erythroid (BFU-E) cells that further differentiate to
colony-forming unit-erythroid (CFU-E) cells, which subse-
quently undergo terminal erythroid differentiation to gen-
erate proerythroblasts, basophilic erythroblasts, polychro-
matic erythroblasts and orthochromatic erythroblasts. Or-
thochromatic erythroblasts expel their nucleus to generate
reticulocytes. Normal erythropoiesis is driven by precise
orchestration of specific gene expression at each distinct
stage of development (1). Disordered gene expression pat-
terns have contributed to erythroid-related diseases, such as
polycythemia vera (PV), an acquired clonal stem cell dis-
ease; ~95% of PV patients harbor the JAK2V¢!"F muta-
tion, which caused a constitutive activation of the erythro-
poietin (EPO) receptor (EPOR) signaling pathway, leading
to uncontrolled erythrocyte proliferation (2). The discovery
of novel transcriptional regulatory mechanisms will help to
understand normal and disordered erythropoiesis.

Hematopoietic transcription factors (TFs) bind directly
to cis-regulatory elements to elegantly regulate gene ex-
pression by recruiting cofactors that include TATA-binding
protein- (TBP) associated factors (TAFs), mediators, chro-
matin remodelers, histone/protein-modifying enzymes and
scaffold proteins to cis-regulatory elements, and thus orga-
nize the local chromatin structure and coordinate the bal-
ance of proximal post-translational modifications necessary
for the overall regulation of transcription (3). A series of
cofactors have been found to participate in transcription
of erythroid genes, such as FOGI (4), CBP/P300 (5) and
LDBI (6), indicating that normal expression levels and ac-
tivities of cofactors are critical for orchestrating gene ex-
pression patterns during erythropoiesis.

HESG6 is a unique member of the family of mammalian
homologs of Drosophila hairy and enhancer of split (HES).
Unlike other HES members, HES6 has been classified as a
transcription cofactor, as the loop region within the basic
helix-loop-helix (PHLH) domain of HESG6 is four or five
amino acids shorter than that of other HES proteins and
thus cannot bind DNA through its own bHLH domain.
It is instead recruited to DNA via interactions with other
DNA-binding proteins (7,8). HES6 has been shown to con-
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trol myogenesis in mouse C2C12 myoblasts and neuroge-
nesis in mouse and Xenopus embryos (9,10). However, the
regulatory role of HES6 and its interacting TFs in human
erythropoiesis remains to be defined.

In this study, we discovered that HES6 was an abun-
dant transcription cofactor at gene level during human
erythropoiesis. HES6 is involved in the GATA1-FOGI-
NuRD complex and in regulation of GATA1 downstream
genes. Chromatin immunoprecipitation (ChIP) and RNA
sequencing (RNA-seq) identified motifs, target genes and
pathways of GATAI1. which involved HES6 cooperation
in erythroid cells. Unexpectedly, we found that HES6 and
GATAI1 reciprocally regulated their transcription via a
novel positive feedback loop. HES6 regulated the transcrip-
tion of GATAI. Unexpectedly, GATAI1 reciprocally regu-
lated HES6 transcription by regulating the expression of
STAT1. Importantly, this loop is regulated by EPO signal-
ing and up-regulated in CD34" cells with the JAK2V6!7F
mutation from the PV database. In addition, HES6 knock-
down suppressed cell proliferation of erythroid cells in PV
patients and JAK2V®!'"F mice. Our findings enabled us to
identify a novel regulatory mechanism for human erythro-
poiesis and potential diagnosis and treatment strategies for
PV.

MATERIALS AND METHODS
Blood purification and cell culture

Human cord blood and PV patient bone marrow (BM) sam-
ples were obtained from Xiangya Hospital and the Sec-
ond Xiangya Hospital of Central South University with
approval from the Ethics Committees. Informed consent
was obtained from all participating subjects. The culture
medium composition and culture protocol of cord blood
and BM samples to induce CD34" cells to undergo ery-
throid differentiation have been described in detail previ-
ously (11,12). Briefly, CD34" cells were purified from cord
blood by positive selection using the magnetic-activated cell
sorting system (Miltenyi Biotec), according to the manu-
facturer’s instructions. The purity of isolated CD34™ cells
was 95-98%. The cell culture procedure was comprised
of three phases. the cells were cultured in Iscove’s modi-
fied Dulbecco’s medium (IMDM, Life Technologies) con-
taining 2% human AB plasma, 3% human AB serum, 200
pg/ml human holo-transferrin, 3 IU/ml heparin, 10 pg/ml
insulin and 1% penicillin/streptomycin. In Phase I (day 0-
6), CD34" cells at a concentration of 10°/ml were supple-
mented with 10 ng/ml stem cell factor (SCF), 1 ng/ml inter-
leukin 3 (IL-3) and 3 IU/ml EPO. In Phase I (day 7-11), the
cells were supplemented with 1 IU/ml EPO and 10 ng/ml
SCF alone. In Phase I1I (day 12-21), the cell concentration
was adjusted to 10°/ml on day 11 and to 5 x 10°/ml on day
15. The medium for this phase was the base medium con-
taining 1 ITU/ml EPO and 1 mg/ml holo-transferrin. The
cells were cultured at 37°C in the presence of 5% CO,, and
were split into fresh culture medium every 3 days. HEK293T
cells (ATCC@®) CRL-11268™) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, NY, USA) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco). The
HEL cell line with JAK2V!'"F mutation (13) was authenti-
cated by Sanger sequencing (Supplementary Figure S7D),



4776 Nucleic Acids Research, 2023, Vol. 51, No. 10

and cultured in RIPM (Gibco) supplemented with 109% FBS
(Gibco).

Virus infection

A total of 30 million lentiviruses were used to infect 0.5 mil-
lion primary erythroid cells on day 2. At 14 h after infection,
cells were washed with phosphate-buffered saline (PBS) and
cultured in new complete medium. At 48 h after infection
(day 4), cells were selected with 1 pg/ml puromycin until
the end of the culture period. For GATAI1 rescue assay,
0.5 million cultured primary erythroid cells were infected
with 40 million HES6 short hairpin RNA (shRNA) or con-
trol shRNA lentivirus on day 2 of culture with a multi-
plicity of infection (MOI) of 80 and, on day 7, cells were
again transduced with either 30 million control or GATA1-
overexpressing lentivirus with an MOI of 80. Starting at day
9, the extent of terminal erythroid differentiation was mon-
itored.

Nucleoprotein extraction and identification of HES6-
interacting partners

A total of 1 x 107 cultured primary erythroid cells at day
2 were infected with lentiviruses expressing pLV-3*FLAG-
HA-HES6 or pLV-3*FLAG-HA vectors with an MOI of
80. At 48 h after infection, cells were selected with 1 pg/ml
puromycin. At day 9, nuclear extracts were collected us-
ing the NE-PER™ Nuclear and Cytoplasmic Extraction
Kit (Thermo Scientific™, #P178833). Briefly, cells were har-
vested and then centrifuged at 500 g for 5 min. After wash-
ing with ice-cold 1x PBS, 200 wl of ice-cold hypotonic
buffer [10 mM HEPES, 1.5 mM MgCl,, 10 mM KCI, 0.5
mM dithiothreitol (DTT), 1 mM EDTA, pH 7.9] contain-
ing 1x protease inhibitor cocktail (Sigma-Aldrich, P8849)
was added to burst the cell pellet, and incubation was car-
ried out on ice for 10 min. Then, 11 wl of ice-cold deter-
gent (0.05% NP-40) was added, and the incubation was pro-
longed on ice for an additional 1 min. After centrifugation
(5 min at 16 000 g), the supernatant (cytoplasmic extract)
was transferred to a pre-chilled tube while the pellet fraction
containing the nuclei was suspended in 100 wl of ice-cold
nuclear extraction buffer (5 mM HEPES, 1.5 mM MgCl,,
300 mM NacCl, 0.2 mM EDTA, 0.5 mM DTT, 26% glyc-
erol, pH 7.9) containing 1 x protease inhibitor cocktail. The
samples were placed on ice and vortexed for 15 s every 10
min for a total of 40 min. After centrifugation (10 min at 16
000 g), the supernatant (nuclear extract) was collected into
a pre-chilled tube.

A FLAG® HA Tandem Affinity Purification Kit (Sigma-
Aldrich, MO, USA, #TP0010) was then used to detect inter-
actors of HES6 in nuclear extracts following the manufac-
turer’s protocol. Briefly, the nuclear extract was incubated
with anti-FLAG M2 resin rotating overnight at 4°C. The
supernatant was then removed, and the resin was washed
with RIPA buffer (Sigma, R0278) containing protease in-
hibitors. The first elution of the protein complex bound
on the resin was done by using 3*FLAG peptide, and in
a following step the eluate was bound to anti-HA resin
slurry. In the second elution of the protein complex, the
anti-HA slurry was washed with Tris-buffered saline (TBS;

0.138 M NacCl, 0.003 M KCI, 0.05 M Tris, pH 8.0) to re-
move unbound proteins. The final elution was done by using
TBS with 100 mM ammonium bicarbonate, and the sample
was subsequently resolved by 10% sodium dodecylsulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). Specific
protein bands of the experimental group on silver-stained
gels were excised and analyzed by liquid chromatography—
tandem mass spectrometry (LC-MS/MS) (14).

DNA pull-down

Promoter DNA that was labeled with biotin in the 5-
flanking region was cloned from recombinant plasmids con-
taining the gene-specific promoter sequence or mutant pro-
moter sequence by polymerase chain reaction (PCR) am-
plification. The biotin-scrambled DNA that has the same
sequence length as the promoter sequence in the experimen-
tal group served as a negative control. Following DNA pu-
rification (Qiagen, #28104), biotin-tagged promoter DNA
(5 wg) was mixed with nuclear extracts isolated from hu-
man erythroid cells (500 pg) at day 9 using the NE-PER™
Nuclear and Cytoplasmic Extraction Kit and 100 pl of
streptavidin-coupled Dynabeads (Thermo Fisher Scientific,
MA, USA) in binding buffer (50 mM Tris—HCI, pH 8.0 and
150 mM NacCl, 1% Triton X-100 and 1 mM phenylmethyl-
sulfonyl fluoride) and incubated at 4°C overnight. Follow-
ing incubation, the precipitated complexes were washed
three times with the wash buffer (0.5 M NaCl, 20 mM Tris
pH 7.5, 1 mM EDTA). A 20 pl aliquot of binding proteins
was then denatured and subjected to LC-MS/MS analysis
or western blotting assay.

Chromatin immunoprecipitation sequencing (ChIP-seq) and
data processing

ChIP assay was performed with the Pierce™ Magnetic ChIP
Kit (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. Briefly, a total of 1 x 107 erythroid cells
at day 2 were transfected with lentiviruses expressing pLV-
3*FLAG-GATAI1-HA or pLV-3*FLAG-HES6-HA with a
MOI of 80. Following differentiation for 7 days, 4 x 10°
cells for each group were harvested, fixed with 1% formalde-
hyde for 10 min and quenched with 0.125 M glycine for 5
min. Chromatin was isolated, digested by micrococcal nu-
clease (MNase), sheared by sonication and immunoprecip-
itated with ChIP-grade FLAG or ChIP-grade rabbit I1gG
antibodies (other ChIP-grade antibodies are shown in the
antibody list of Supplementary Data). Immunoprecipitated
DNA was washed and eluted according to the manufac-
turer’s instructions. DNA was then purified using column-
based DNA purification kits (Sangon Biotech Co., Shang-
hai, China, #B110093-0100). Purified DNA was analyzed
by quantitative reverse transcription-PCR (qRT-PCR) or
subjected to the ChIP-seq that was performed by the Novo-
gene Corporation (Beijing, China). The primers are shown
in the primer list of Supplementary Data.

For data processing, PCR products were purified (AM-
Pure XP system) and library quality was assessed on the
Agilent Bioanalyzer 2100 system. The library preparations
were sequenced on an Illumina Hiseq platform and 150
bp paired-end reads were generated. Then, the raw reads



were cleaned by Trim_galore and aligned to the reference
human genome (UCSC hg38) using Hisat2. Duplicate and
multi-mapped reads were removed using the markdup com-
mand of Sambamba. The ChIP-seq data were normalized
to RPGC (number of reads per bin/scaling factor for 1x
average coverage) and significant peaks were identified us-
ing MACS2 with a P-value <0.001. The ChIP-seq read den-
sity plot and heatmap were generated by deepTools. All mo-
tif analysis was done with the HOMER v4.7.2. software35
(http://homer.salk.edu/homer), using default parameters.
The ChIP-seq data have been deposited in the National Ge-
nomics Data Center (https://ngdc.cncb.ac.cn/?_blank) with
the dataset identifier PRJCA011578.

Transcriptome analysis

RNA was extracted from erythroblasts infected with
lentivirus containing control shRNA or human HES6
shRNA-2 at day 9, and was subjected to the RNA-seq
that was performed by the Novogene Corporation (Bei-
jing, China). Libraries were prepared using the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system and se-
quenced on an Illumina NovaSeq 6000. The 150 bp pair-
end reads were generated for each sample. Raw data were
filtered by Trim_galore for quality control and mapped to
the human (UCSC hg38) genome by Hisat2. Gene expres-
sion and differentially expressed genes (DEGs) were es-
timated by the Limma package. Data representation and
statistics were conducted in R. Principal component anal-
ysis (PCA) was performed on expressed genes in control
and shRNA groups [fragments per kilobase of transcript
per million mapped reads (FPKM) >0.1 in at least two
samples]. Gene set enrichment analysis (GSEA) was per-
formed using the R package ‘clusterProfiler’. Pathway anal-
ysis was performed using the Reactome database. Gene
Ontology (GO) enrichment analyses were performed using
DAVID (https://david.ncifcrf.gov/home.jsp). The RNA-seq
data have been deposited in the National Genomics Data
Center (https://ngdc.cncb.ac.cn/?_blank) with the dataset
identifier PRJCAO011578.

Knockdown of HES6 by CRISPR-HESG6 sgRNA

Single-guide RNAs (sgRNAs) targeting the hu-
man HES6 gene sequences are: sgRNA-1, 5-
GCGAGCGAGCGCTTCGCTGC-3; and sgRNA-2,
5'-GGACGACCTGTGCTCCGACC-3'. Oligonucleotides
were cloned into the lentiviral vector lentiCRISPR v2 (Ad-
dgene, # 52961). HEL cells were incubated with lentiviruses
for 12 h before washing away the excess virus. After 48 h
infection, cells were selected with 1 wg/ml puromycin for 1
week and then used for further experiments.

Statistical analysis

The significance of the differences between the control and
the experimental groups was evaluated by Student’s 7-test
using SPSS 18.0 statistical software. Values are shown as
the mean + standard deviation (SD) for three indepen-
dent experiments. One-way analysis of variance and Fisher’s
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least significant difference test were performed with Graph-
Pad Prism 7.0 (GraphPad software) and were used to com-
pare different groups from the GEP dataset. The corre-
lation analysis was performed using Pearson’s correlation
test. P <0.05 was considered statistically significant.

RESULTS
HESG6 positively regulates human erythropoiesis

In order to define the potential contribution of transcrip-
tion cofactors to human erythropoiesis, we analyzed their
expression patterns during erythropoiesis using our pub-
lished RNA-seq data (15). As shown in Figure 1A and
Supplementary Table S1, 418 transcription cofactors, in-
cluding TAFs, mediators, chromatin remodeling factors,
histone/protein-modifying enzymes and scaffold proteins,
were found to be expressed in erythroid cells. Among them,
HES6 was expressed at high gene levels. Compared with an-
other nine HES family/superfamily members, only HES6
was highly expressed in erythroid cells and its expression
increased during erythroid differentiation (Supplementary
Figure S1A). This pattern of expression was further con-
firmed by qRT-PCR (Figure 1B) and by western blotting
(Figure 1C). HES6 also exhibited higher gene expression
levels than some other established erythroid TFs and co-
factors, such as Trim28 (16), TAF9 (17), KLF1 (18) and
TAL1 (19) (Supplementary Figure S1B). To study the role
of HES6 in human erythropoiesis, we used the shRNA-
mediated knockdown approach with CD34% cells. HES6
was efficiently down-regulated by two independent shRINAs
(Supplementary Figure S1C). shRNA specificity was val-
idated by using both loss-of-function experimental strate-
gies and rescue with HES6 overexpression (Supplemen-
tary Figure S1D-F). HES6 knockdown markedly decreased
erythroid colony formation and has a mild influence on
granulocyte-macrophage (GM) colony formation, but no
impact on multilineage myeloid progenitor cells (GEMM;
Figure 1D), implying a role for HES6 in committed ery-
throid progenitors. Further, HES6 knockdown inhibited
growth of terminal erythroid cells, causing a high degree
of apoptosis (Figure 1E; Supplementary Figure S1G), and
delaying cell differentiation, as reflected by the delayed ex-
pression of Glycophorin A (GPA)(Figure 1F; Supplemen-
tary Figure S1H) as well as a lag in the down-regulation of
ad-integrin expression and up-regulation of band 3 expres-
sion (Figure 1G, H). A delay in enucleation was also noted
following HES6 knockdown (Supplementary Figure S11).
These findings imply an important role for HES6 in human
erythropoiesis.

HESG6 is a binding partner of the GATA1-NURD complex

To define the mechanisms by which HES6 regulates erythro-
poiesis, we sought to identify potential TF binding part-
ners of HES6. We transfected 3x Flag-HA-tagged HES6
c¢DNA into cultured human erythroblasts at day 2 and per-
formed 3x Flag-HA tandem affinity purification using nu-
clear extracts in conjunction with LC-MS/MS analysis for
protein identification at day 9 (Figure 2A; Supplementary
Table S2). The putative TF binding partners were screened
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domains of HES6 and GATAI, respectively. The HES6 protein includes a bHLH, Orange, PEST and WRPW domain. The GATA1 protein includes
N-terminal (N-TAD) and C-terminal (C-TAD) domains and two zinc finger (NF and CF) domains located in the middle of the molecule. (G) Left panel:
purified GST-HES6 deletion mutants were incubated with HEK293T cell lysates expressing Flag-tagged GATALI, and their interactions were analyzed
using a pull-down assay. Right panel: EGFP-tagged GATA1 deletion mutants and Flag-tagged HES6 were co-transfected into HEK293T cells. Their
interactions were analyzed using a Co-IP assay. (H) Under conditions of equivalent amounts of transfected plasmids and streptavidin-coupled Dynabeads,
the DNA pull-down assay was used to evaluate the alteration in interactions between exogenous Flag-GATA1 and bio-4 HSP (left panel) and bio-PRG2
(right panel) promoter DNA in the presence or absence of exogenous Flag-HES6. The expression of Flag-HES6 and Flag-GATAL in protein supernatants
served as loading controls. The empty pCMV3-C-flag vector was used as a negative control.
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based on the following criteria: (i) the —10log P-value (re-
ferred to as the protein confidence score) and (ii) compara-
ble expression of HES6 and the TFs. Based on these crite-
ria, GATA1 was identified as a potential HES6-interacting
TF (Figure 2B; Supplementary Figure S2A-D). To deter-
mine if HES6 and GATAL interact, we performed a co-
immunoprecipitation (Co-IP) assay using total cell, nuclear
and cytoplasmic lysates of cultured primary human ery-
throblasts. As shown in Figure 2C, there is reciprocal Co-1P
of GATA1 and HESG, specifically, in the nuclear fractions
(Figure 2D). To further validate direct binding of HES6 to
GATAL, we performed a glutathione S-transferase (GST)
pull-down assay. As shown in Figure 2E, purified GST-
GATALI, but not the control GST, was able to pull-down
His-HES6. Similarly, purified GST-HES®6, but not the con-
trol GST, brought down His-GATA1. To further define the
specific domains of HES6 and GATAT involved in the inter-
action, recombinant proteins representing the GST-tagged
functional domains of HES6 and enhanced green fluores-
cent protein (EGFP)-tagged functional domains of GATA1
were generated as shown in Figure 2F. Pull-down assays us-
ing the recombinant proteins showed that the bHLH do-
main and Orange domain of HES6 and the N- and C-
terminal transactivation domains (N-TAD and C-TAD) of
GATA1 were involved in the interaction between HES6 and
GATAL (Figure 2G).

To further explore in which GATA1 complex HES6 par-
ticipates, we analyzed the LC-MS/MS data; some com-
ponents of the GATAI-NuRD complex were also iden-
tified, including HDACI1, HDAC2, MTA2, RBBP4 and
RBBP7 (Supplementary Table S2). We firstly confirmed
that GATA1 was able to interact with GATA1-NuRD com-
plex components, including CHD3, CHD4, FOG1, MTAL,
HDACI1, HDAC2, RBBP7 and MBD3 in erythroid cells
by Co-IP assay. Correspondingly, HES6 also interacted
with these components, which indicates that HES6 partici-
pates in the GATA1-NuRD complex (Supplementary Fig-
ure S3A, B). In particular, through the quantitative Co-IP
assay, we found that the number of FOG1 pulled down by
an equal quantity of GATA1 was significantly decreased
upon HES6 knockdown. This suggests that HES6 plays
an important role in stabilizing the GATA1-FOG1-NuRD
complex (Supplementary Figure S3C).

HES6 enhances GATAL transcriptional activity by facilitat-
ing its DNA binding occupancy

Cofactors regulate gene transcription by affecting the tran-
scriptional activity of TFs (20). Having shown that HES6
interacted with transactivation domains of GATAI, we
explored the effect of HES6 on GATAI transcription
activity using luciferase reporter assay. Two commonly
used GATAI target genes, a-hemoglobin-stabilizing pro-
tein (AHSP) and proteoglycan 2 (PRG?2), were chosen
for this study (21,22). As shown in Supplementary Figure
S2E, compared with the groups ransfected with GATAT or
HES6 alone, the GATAT1 plus HES6-co-transfected group
showed strong fluorescence activity for both AHSP and
PRG2 genes, implying HES6 enhancement of GATA1 tran-
scription activity. Given that HES6 is a non-enzymatic co-
factor without the ability to modify interacting TFs, we rea-

soned that HES6 might regulate GATA1 transcriptional ac-
tivity by affecting its DNA binding occupancy. To test this,
we performed a DNA pull-down assay to examine the effect
of HES6 on the binding of GATAI to its target gene pro-
moter. As shown in Figure 2H, HESG6 increased the binding
events of GATALI to both A HSP and PRG2 promoters, vali-
dating a functional interaction between HES6 and GATAI.

HES6 promotes erythropoiesis through the transcriptional
regulation of GATA1

In order to determine if HES6 regulates human erythro-
poiesis through GATAI, a rescue strategy was adopted.
Since it has been shown that transcription cofactors regu-
late TF expression by either regulating their transcription or
altering protein stability (20), we firstly examined the effect
of HESG6 deficiency on GATAT1 expression. Notably, HES6
knockdown led to decreased expression of GATA1 as well
as the GATAI downstream target 4.1R at both protein and
mRNA levels (Figure 3A, B), but had little effect on some
other erythroid TFs (Supplementary Figure S4A, B). For
GATALI rescue assay, unexpectedly, we found that ectopic
expression of GATAL1 at near normal intracellular levels not
only rescued the expression of HES6 at both mRNA and
protein levels in HES6-knockdown erythroid cells (Figure
3C, D), but also rescued the delayed differentiation (Fig-
ure 3E, F; Supplementary Figure S4C), and impaired cell
growth (Figure 3G) and cell apoptosis (Supplementary Fig-
ure S4D) of HES6-knockdown erythroid cells. These results
suggest that HES6 modulates human erythropoiesis by reg-
ulating the transcription of GATAI1, and GATA1 recipro-
cally regulates the expression of HES6.

Integration of ChIP-seq and RNA-seq reveals a rich set of
HES6- and GATA1-co-regulated genes

Since HESG6 directly interacted with GATA1, we then inves-
tigated the downstream co-regulatory mechanisms of HES6
and GATA1. We firstly examined the global transcriptional
effect of HES6 knockdown; RNA-seq assays were per-
formed on erythroblasts infected with control shRNA or
HES6 shRNA vectors on day 9 of culture. A total of 2551
genes comprising 1535 up-regulated genes and 1016 down-
regulated genes were significantly changed upon HES6
knockdown (llogFCl >0.5; P <0.05), including a series of
cell cycle- and/or apoptosis-related molecules (Figure 4A).
GSEA revealed that those altered genes are functionally
related to developmental process, cell growth and apopto-
sis regulation (Figure 4B). For example, the p53-regulated
transcription of cell death genes was significantly enriched
in apoptosis regulation process (Figure 4C). Five candidate
genes: TP53INP1, p73, CREBBP, TRIAP1 and PRELIDI,
were selected for further validation by qRT-PCR using ma-
terial from the independent set of experiments (Figure 4D).

To identify genome-wide binding sites of GATA1 and
HES6, ChIP-seq assays were performed on erythroblasts
infected with 3x Flag-HES6 or 3x Flag-GATAL1 vectors
on day 9 of culture. With values normalized to the input,
we identified 7274 HES6 binding peaks and 1535 GATA1
binding peaks. Notably, the number of overlapping peaks
is 1362 (Figure 4E), which suggests that HES6 acting as a
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Figure 3. HES6 promotes human erythropoiesis through the transcriptional regulation of GATAL. (A) Representative images of western blotting analysis
showing HES6, GATA1 and 4.1R expression in erythroblasts infected with lentivirus containing control sSiRNA or HES6 shRNA. Right panel: quantitative
analysis of protein expression data from three independent experiments. GAPDH was used as a loading control. (B) qRT-PCR analysis showing HES6,
GATAL and 4.1R expression levels in erythroblasts infected with lentivirus containing control shRNA or HES6 shRNA on day 9 of culture. The results
were normalized to GAPDH mRNA. (C and D) Cultured primary erythroblasts co-infected with control shRNA plus HMD-GFP vectors, HES6 shRNA
plus HMD-GFP vectors and HES6 shRNA plus non-fused HMD-GATA1-GFP overexpression vectors on day 9. qRT-PCR (C) and western blotting
(D) analysis of the mRNA and protein levels of HES6, GATA1 and 4.1R. HMD-GATA1-GFP was expressed at levels comparable with those of wild-type
GATAL. Quantitative analysis of protein expression data from three independent experiments is shown. (E and F) Representative flow cytometry data for
erythroblasts co-infected with the same amount of plasmids as indicated in (D). Expression of band 3 and a4-integrin was monitored on day 13 (E) and
GPA expression was monitored on D9 (F). Statistical analysis of the GPA-positive rate and cell distribution (%) from three independent experiments is
shown. (G) Erythroid cell growth curves determined by manual cell counting of erythroblasts following co-infection with the same amount of plasmids as
indicated in (D). Statistical analysis of the data from three independent experiments; the bar plot represents the mean & SD of triplicate samples. * P <0.05,
*P <0.01, ***P <0.001 versus control based on Student’s 7-test.
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Figure 4. ChIP-seq and RNA-seq analysis of HES6- and GATA 1-co-regulated genes. (A) Volcano plot of DEGs in RNA-seq of HES6 knockdown. Red
dots represent significantly up-regulated genes (llogFCl >0.5; P <0.05); blue dots represent significantly down-regulated genes (llogFCl >0.5; P <0.05);
and black dots (NO) represent DEGs below the level of significance. (B) GSEA of DEGs of RNA-seq data of HES6 knockdown. Developmental process,
cell growth and apoptosis regulation gene sets are significantly enriched in the HES6 knockdown group. (C) Example of the apoptosis regulation process
showing that p53-regulated transcription of cell death genes was enriched. (D) Five candidate genes selected from (C) were validated by qRT-PCR using
material from the independent set of experiments. (E) Venn diagram showing the overlap of HES6 and GATA1 downstream target genes. (F) Genomic
distribution of HES6 and GATA1 ChIP-seq peaks. (G) Averaged profiles of HES6 (green) and GATA (blue) ChIP-seq reads centered on the transcription
start site (TSS) (£2 kb). (H) Heatmaps of normalized density of HES6 and GATA1 ChIP-seq tags centered on their binding peaks across a £+ 2 kb
window. The color key represents the signal density. (I) Motif enrichment analysis of HES6- and GATA 1-co-bound promoter peaks, listing motifs from
five significantly enriched response elements. (J) Motif enrichment analysis of co-bound promoter peaks of HES6 and GATAI, listing the top five enriched
motifs. TFs potentially recognizing the motifs are displayed. % TWM, percentage of targets with motif; %BWM, percentage of background with motif. (K)
Genome browser views of 10 kb genomic loci of the indicated genes (HBB, SPI1, CHD2 and MED13L) depicting ChIP-seq tracks with called peaks (gray
bars) for HES6 and GATA. Bars over peaks indicate significantly bound peaks with a cut-off g-value of 0.05. Input acts as a negative control. (L and M)
GO term enrichment (L) and Reactome pathway (M) analysis of co-regulated genes of HES6 and GATAL. Top up- and down-regulated GO terms and
pathways are shown.



transcriptional cofactor was present at a majority of tar-
get genes of GATAL. Analysis of all peaks revealed that the
majority of HES6 and GATAI1 peaks resided within distal
intergenic regions (46.1% for HES6, 72.1% for GATA1),
and other fractions were present at either intron regions
(40.4% for HES6, 21.6% for GATA1) or promoters (10.8%
for HESG6, 4.7% for GATAL1) (Figure 4F). The overlapping
regions between HES6 and GATAI are observed around
the transcription start site (TSS) (Figure 4G). Correspond-
ingly, the heatmap analysis showed that the peak densities of
HES6 and GATA1 were also enriched within elements + 2
kb proximal to the TSS (Figure 4H). Next, using Homer
for de novo motif discovery in the HES6 and GATAI co-
binding sites, we identified enrichment of some response el-
ements, including an E-box motif, a T-box binding element
(TBE), a NKX3.2 Homeobox, a GATA-binding site and
an ETS motif (Figure 4I). Strikingly, these DNA elements
previously were shown to be associated with GATA1 func-
tion (23). We also found that the co-binding motifs of HES6
and GATA1 are the most significant motif found in Smad2-,
FOXA1-, Retinoic acid receptor alpha (RAR«)-, BMYB-
and ERG-bound regions, suggesting a possible TF cooper-
ativity at promoter sites in regulating target genes (Figure
4]).

We next performed an integrated analysis of the ChIP-seq
and RNA-seq data. Among co-regulated genes, we found
that 263 co-regulated genes were modulated significantly
upon HES6 knockdown (llogFCl >0.5; P <0.05), including
HBB, SPI1, CHD2 and MED13L, all of which were previ-
ously suggested to be direct GATALI targets (Figure 4K).
GO enrichment analysis revealed that these co-regulated
genes were primarily involved in regulation of cell shape and
death, regulation of GTPase activity, oxidative phospho-
rylation, developmental process, metabolic process, riboso-
mal biogenesis, etc. (Figure 4L). Pathway analysis showed
that these genes participate in a series of erythroid-related
pathways, including KIT, GluR2-AMPA, calcium (Ca®*),
RARs, RAS, non-canonical Wnt, tumor necrosis factor
(TNF) receptor, thromboxane A2 (TXA2) receptor, p53, fo-
cal adhesion, heme signaling, etc. (Figure 4M). Together,
these results suggest that GATA1 works on the genome
at least through cooperation with HES6, which regulates
the expression of multiple erythroid-related biological pro-
cesses and pathways.

GATALI positively regulates HES6 transcription via the tran-
scription factor STAT1

We previously found that ectopic expression of GATAI1
in HES6-knockdown erythroblasts restored HES6 expres-
sion (Figure 3C, D). We further knocked down GATA1 by
short interfering RNA (siRNA) and found that GATAI
knockdown indeed led to decreased gene and protein ex-
pression of HES6 (Figure SA; Supplementary Figure S5A),
which strongly implies that GATAI reciprocally regulates
HESG6 expression. To explore the underlying mechanism by
which GATAL transcribes the HES6 gene, we first analyzed
the ChIP-seq data for GATA1. However, analysis of our
GATAT1 ChIP databases or public GATA1 ChIP databases
(ENCODE: GSM 970258, 722392, 1067274) failed to iden-
tify GATA1 binding peaks on the HES6 promoter and dis-
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tal regulatory region (within 30 kb upstream from the TSS)
in human erythroid cells (Supplementary Figure S5B). Fur-
thermore, data from in vitro DNA pull-down assay also
show that GATAI could not bind to the upstream 2 kb re-
gion of the HES6 promoter (Figure 5B). To uncover the in-
termediate TF that mediates the transcriptional regulatory
role of GATA1 on HES6, we performed a DNA pull-down
assay using the HES6 promoter including the 2 kb to +200
bp region (Supplementary Table S3). As shown in Figure
5C, a 90 kDa protein was pulled down by the HES6 pro-
moter but not by the scrambled DNA fragment. STAT1 was
identified as a potential upstream HES6 TF, which has: (i)
a high —10log P-value; (ii) a similar expression pattern to
HES6; and (iii) positive changes in gene expression follow-
ing alteration of GATA1 (Figure 5D; Supplementary Fig-
ure SSC-E).

We then examined whether STAT1 directly regulates
HES6 transcription. Using an siRNA-mediated STATI
knockdown strategy, we found that STATI positively reg-
ulates the gene and protein expression of HES6 (Figure
SE; Supplementary Figure S5F). Further, the public ChIP
database (CistromeDB: 41289) and JASPAR database re-
vealed that there are STAT1 binding peaks on the HES6
promoter region (437 bp to +92 bp from the TSS), which
includies a STAT1 binding site ‘GGGACCTGAAACCC’
(Supplementary Figure S5G). ChIP-qPCR confirmed that
two DNA fragments (-244 to —377 and —185 to —296)
containing a HES6 peak region could be pulled down by
STAT1 protein (Figure 5F). In vitro DNA pull-down as-
say also showed that STAT1 could directly bind to the
HES6 promoter including the —437 to +92 sequence, but
not the promoter carrying a mutation at the STAT1 bind-
ing site (Figure 5G). Thus, STAT1 can activate HES6 gene
expression via direct binding to its promoter. Further, we
examined the effect of GATAL on the transcription of
STATI. GATAL1 overexpression increased the transcrip-
tion of STATI and HES6, accompanied by increased lev-
els of protein expression (Figure SH; Supplementary Fig-
ure S5H). To further demonstrate that GATAT1 regulates
STATI transcription directly, we comprehensively analyzed
the public ChIP database (CistromeDB: 33545), GATAI1
ChIP-seq and the JASPAR database. A GATAI peak re-
gion on the STATI promoter (366 to —47 from the TSS)
that contains a GATA1 binding site ‘GCCAAATCTGT’
in human erythroid cells (Supplementary Figure S5I, J)
was found. The ChIP-qPCR confirmed that ChIP-grade
GATAI1 antibody could pull down the endogenous STAT!
promoter fragments (—190 to —335 and -212 to —-315) in ery-
throblasts (Figure 5I). DNA pull-down assay showed that
STATI promoter DNA including —366 to —47 upstream se-
quence was able to pull down GATAI1 protein, but not the
promoter carrying a mutation in the GATA1 binding site
in vitro (Figure 5J). These findings imply that GATA1 regu-
lates STAT1I transcription by directly binding to the STAT!
promoter (Figure 5K).

EPO/EPOR-JAK2V®'F signaling promotes expression lev-
els of HES6-GATA1 loop components in PV patients

Our findings imply that HES6 and GATA1 form a positive
feedback loop composed of HES6, GATA1 and STATI.
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Figure 5. GATAL positively regulates HES6 transcription via the TF STAT1. (A) qRT-PCR analysis of GATA1, HES6 and 4.1R mRNA levels in cultured
primary erythroblasts transfected with control siRNA or GATA1 siRNA at day 9. The results were normalized to GAPDH mRNA. (B) Western blotting
analysis showing that GATALI protein cannot be pulled down by the bio-HES6 promoter DNA (-2 kb to + 200 bp). The negative control is the biotin-
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protein samples pulled down by the biotin-HES6 promoter DNA. The specific band containing STAT1 (~90 kDa) is marked with an arrow. The ~50
kDa band acted as a loading control. (D) The STAT1 mass spectrogram and its specific amino acid sequence used for identification of the protein from
the protein database are shown. (E) qRT-PCR analysis of STAT1 and HES6 mRNA levels in erythroblasts transfected with control siRNA or STAT1
siRNA at day 9. (F) Graphs showing ChIP-qPCR amplification of two HES6 promoter fragments pulled down by STAT1 protein using ChIP-grade STAT1
antibody. ChIP-grade IgG antibody was used as a negative control. P1 and P2 primers amplified two HES6 promoter regions (i.e. —244 to —377 and —185
to —296), respectively. (G) Western blotting results showing that STAT1 protein could be pulled down by the 580 bp of bio-HES6 promoter DNA (-462 bp
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STAT]1 promoter regions (i.e. —190 to —335 and -212 to -315), respectively. (J) Western blotting results showing that GATA protein could be pulled down
by the 370 bp of bio-STATI promoter DNA (366 bp to —47 bp), but not the mutant promoter DNA. The sequence of the normal site of binding of
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erythroblasts. Statistical analysis of data from three independent experiments; the bar plot represents the mean + SD of triplicate samples. *P <0.05,
**P <0.01, ***P <0.001 versus control based on Student’s ¢-test.



Components in the HES6-GATAI regulatory loop can af-
fect each other’s expression (Figures 3A, B and 5A, H;
Supplementary Figures SS5A, F, H and S6). Knowing that
STAT1 is involved in EPO signaling (24) and that GATAI
is regulated by EPO signaling (25), we wondered whether
EPO can regulate the HES6-GATA1 loop. To test this, we
examined the effects of EPO on the expression of different
components of the HES6-GATA1 loop. As expected, EPO
treatment led to increased expression of HES6, GATA1 and
STAT1 at both the mRNA (Figure 6A) and protein expres-
sion levels (Figure 6B) in human primary erythroid cells
at day 4 in a dose-dependent manner, implying that EPO
indeed regulates the HES6-GATAI1 loop. Given that PV
is characterized by enhanced EPO signaling due to a so-
matic gain-of-function JAK2V¢!"F mutation in hematopoi-
etic stem cells (26,27), and that EPO increases the expres-
sion of HES6-GATA1 loop components, we next exam-
ined whether the transcription levels of loop components
in BM CD34* cells is altered in PV patients by analyz-
ing data from public databases (GSE103237). As shown
in Figure 6C, the mRNA levels of three loop components
were significantly up-regulated in BM CD34* cells from PV
patients, compared with healthy controls, and three loop
components were ranked among the top 100 in all up-
regulated molecules (Supplementary Figure S7A). Further-
more, there was a positive correlation between the levels of
HESG6 and other loop components at the mRNA level (Fig-
ure 6D).

Enhanced effects of HES6 knockdown and STAT1 inhibition
on cell growth of JAK2Y®!7F mutant cells

To explore the potential benefit of targeting the HES6—
GATALI loop in the treatment of PV, we examined the
effects of HES6 knockdown, or STAT1 inhibition or in
combination on the growth of cells with JAK2V6!"F mu-
tation. After confirming the presence of genetic modifica-
tions on the HES6 gene and that of the HES6-GATAI1
loop in JAK2Y!"F mutant HEL cells upon treatment with
two CRISPR-HES6 sgRNAs (Figure 6E, F; Supplemen-
tary Figure S8), we showed that either knockdown of HES6
by shRNA or STAT1 inhibition by fludarabine significantly
inhibited the growth of HEL cells (Figure 6G). Interest-
ingly, the combination of the two exhibited enhanced anti-
growth and pro-apoptosis effects (Supplementary Figure
S7B), which was accompanied by the decreased expres-
sion of the loop components (Figure 6H). Similar results
were obtained from cultured primary erythroblasts from
JAK2VO'F mutant PV patients (Figure 61, J; Supplemen-
tary Figure S7C). These findings imply that targeting the
HES6-GATAL loop could be a potential therapeutic ap-
proach for the management of PV patients.

Hes6 knockdown ameliorates JAK2V%!"F-induced myelopro-
liferative phenotypes

To further explore the potential benefit of Hes6 in PV treat-
ment in vivo, we firstly isolated and purified lineage-negative
cells upon Hes6 knockdown from BM of C57BL/6 mice
aged 6-8 weeks, and directed them into the erythroid lin-
cage (Figure 7A, B). Consistent with effects in human ery-
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throid cells, Hes6 knockdown inhibited growth of murine
erythroid cells (Figure 7C), and delayed erythroid differenti-
ation (Figure 7D). Next, we isolated, purified and amplified
c-kit+ cells from BM of JAK2V®!7F mice, infected with Hes6
shRNA or control shRNA lentivirus, and then transplanted
them into lethally irradiated recipient mice (CD45.1%, 6
weeks old). Compared with the control, complete blood
counts from Hes6 knockdown-recipient mice at 4, 6 and 8
weeks after transplantation displayed decreased red blood
cell (RBC), hemoglobin (HGB), hematocrit (HCT) and red
cell distribution width (RDW) (Figure 7E). While the white
blood cell (WBC) count and platelets remained unchanged.
Hes6 knockdown also moderately reduced splenomegaly
(Figure 7F) and total BM cells (Figure 7G). Flow cytom-
etry analysis showed that Hes6 knockdown induced mildly
ineffective erythropoiesis, as reflected by decreased RBCs
in spleen and BM (Figure 7H, I). Induced erythroid and
megakaryocytic hyperplasia within the BM and spleen has
been described in JAK2V0!'7F knock-in mice (28), whereas
Hes6 knockdown resulted in a reduction of megakaryocyte
hyperplasia in BM and spleen (Figure 7J, K). Addition-
ally, a decrease in thrombus in the lungs was also observed
in Hes6 knockdown-recipient mice (Figure 7L). Therefore,
in vivo results suggest that inhibition of Hes6 is able to ame-
liorate hyperproliferative phenotypes of PV.

DISCUSSION

Transcription cofactors working in concert with TFs regu-
late the transcriptional network in cells. In this study, we
documented that HES6, the abundantly expressed tran-
scription cofactor in erythroid cells, facilitates erythroid
cell proliferation and differentiation during human erythro-
poiesis. Through immunoprecipitation-related assays, we
demonstrated that HES6 is a cofactor of GATAI. Func-
tionally, GATAT1 could rescue the development defects in
HES6-knockdown erythroblasts, which suggests that HES6
regulates human erythropoiesis through GATAL, and high-
lights the importance of their interaction in human erythro-
poiesis.

Further detailed binding domain analysis of GATA1 and
HES6 revealed that the N-TAD and C-TAD of GATALI
are required for HES6 binding, and the bHLH and Orange
domains of HES6 are required for GATA1 binding. No-
tably, Kaneko et al. reported that the N-TAD and C-TAD
are indispensable for the full activity of GATA1 and con-
tribute to erythropoiesis by regulating their overlapping and
unique target genes (29). A previous study showed that the
bHLH domain of HESG is critical for transcription activity
of the HES6-containing transcription complex; HES6 can
directly interact with CREB-binding protein via its basic re-
gion within the bHLH domain in HeLa cells (30). Convinc-
ingly, we discovered that HES6 promotes the transcription
activity and DNA binding occupancy of GATAI, suggest-
ing that the identified interacting domains are critical for
optimal GATA1 activity.

Some GATAIl-containing transcriptional complex
have been revealed in mouse or human erythroid cells.
such as the GATAI-FOGI-NuRD complex (31), the
GATAI1-Scl/TAL1I-LMO2-BRG1 complex (32), the
GATA1-SWI/SNF complex (33) and the GATAIl-
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Figure 6. Expression levels and therapeutic implication of the HES6-GATAI loop in PV patients. (A) qRT-PCR results showing HES6, GATA1 and
STAT1 mRNA expression levels in cultured primary erythroid cells at day 4 treated with different doses of EPO for 48 h. (B) Western blotting analysis
of HES6, GATA1 and STAT1 protein expression levels in cultured primary erythroid cells treated with different doses of EPO for 48 h. (C) Expression
levels of HES6, GATA1 and STAT1 in CD34" cells from PV patients (n = 26), based on the expression profiling by array (GSE103237, P <0.0001).
Expression in CD34* cells from healthy control subjects (n = 15) served as the control group. (D) Pearson’s correlation analysis was performed to analyze
the expression correlations between HES6 and GATA1 or STAT1 in CD34* cells from PV patients at the mRNA expression level. (E) qRT-PCR results
showing HES6, GATA1 and STAT1 mRNA expression levels in HEL cells infected with lentivirus containing CRISPR-control or two CRISPR-HES6
sgRNAs. (F) Representative image of western blotting analysis of HES6, GATA1 and STAT1 expression in HEL cells infected with lentivirus containing
CRISPR-control or two CRISPR-HES6 sgRNAs. Right panel: quantitative analysis of protein expression levels from three independent experiments. (G)
Cell growth curves were determined by manual cell counting of HEL cells infected with control shRNA, HES6 shRNA or treatment with fludarabine (2.5
wM), or HES6 shRNA plus fludarabine (2.5 uM), respectively. (H) qRT-PCR analysis of HES6, GATA1 and STAT1 expression in HEL cells infected
with control shRNA, HES6 shRNA or treatment with fludarabine (2.5 wuM), or HES6 shRNA plus fludarabine (2.5 nM) at 72 h, respectively. (I) Cell
growth curves were determined by manual cell counting of cultured erythroblasts derived from primary CD34" cells from PV individuals infected with
control sShRNA, HES6 shRNA, fludarabine (2.5 pM) and HES6 shRNA plus fludarabine (2.5 pM) (n = 7). (J) qRT-PCR analysis of HES6, GATA1
and STAT1 expression on day 11 in cultured primary erythroblasts infected with control shRNA, HES6 shRNA, fludarabine (2.5 puM) and HES6 shRNA
plus fludarabine (2.5 wM) from PV patients (n = 7). Statistical analysis of data from three independent experiments or sample numbers, and the bar plot
represents the mean + SD of triplicate samples. * P <0.05, **P <0.01, ***P <0.001 versus control based on Student’s r-test.
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Figure 7. The impact of Hes6 on myeloproliferative phenotypes in JAK2V0!7F mice. (A) qRT-PCR (A) and (B) western blotting analysis showing Hes6
expression levels in BM lineage-negative cells of C57BL/6 mice infected with lentivirus containing control shRNA or Hes6 shRNA after 48 h of culture.
The results were normalized to Hsc70 mRNA and protein levels. (C) Quantification of cell number of erythroblasts infected with control shRNA or
Hes6 shRNA after 48 h of culture. (D) Quantification of erythroblasts infected with control sShRNA or Hes6 shRNA at different stages after 48 h of
culture by flow cytometry analysis. CD71*TER119* populations are erythroid progenitors, and CD71-TER119* populations are mature erythrocytes.
(E) Hemocytometer analysis of peripheral blood cells from Hes6 knockdown-recipient mice (n = 7) or shRNA control-recipient mice (n = 6) at 4, 6
and 8 weeks. (F) Quantification of spleen weight of Hes6 knockdown/shRNA control-recipient mice. (G) Total bone marrow cell counts from two pelvic
bones + two femora + two tibiae of Hes6 knockdown/shRNA control-recipient mice were enumerated by a hemocytometer. (H and I) Erythropoiesis
profiles of spleen (H) and bone marrow (I) of Hes6 knockdown/shRNA control-recipient mice. Representative plots of CD44 versus FSC of the TER119-
positive cells with gating of populations I, II, III, IV, V and VI are shown. There is a blockage at the stage from reticulocytes to RBCs. Right panel: the cell
distribution analysis based on the flow cytometry results. The bar plot represents the mean £+ SD of sample numbers. *P <0.05, **P <0.01 versus control
based on Student’s #-test. (J) H&E staining of bone marrow and spleens of the indicated mice. Arrows indicate megakaryocytes. Scale bars: 100 um. (K)
Quantification of megakaryocytes (Meg) in the bone marrow and spleen of the indicated mice. (L) H&E staining of lungs of Hes6 knockdown/shRNA
control-recipient mice. Inserted are magnifications parts. Scale bars: 100 pm. *P <0.05, **P <0.01 versus control based on Student’s 7-test.
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HDACS5-EKLF-pERK complex (34). Here, through
FLAG-HA tandem affinity purification and Co-IP assay,
we found that HES6 was present in the GATA1-FOGI1-
NuRD complex. Specially, HES6 knockdown caused a
decrease in the interaction between GATA1 and FOGI.
Previous studies show that FOGI recruits the NuRD com-
plex into association with GATAI1 to mediate activation
and repression of target genes (35). Thus, the presence of
HES6 may be critical for stabilizing the GATAI-FOGI1-
NuRD complex. Furthermore, through integration of
ChIP-seq and RNA-seq, we found that the co-binding
regions of HES6 and GATALI involved several response
elements, such as the E-box and ETS-binding elements
that have been associated with GATA1 function (23). In-
terestingly, the GATA1-FOG1 complex could be recruited
to a ETS elements by ETS proteins (36). The ETS proteins
ERG and SPI1 were also enriched in the co-binding regions
of HES6 and GATALI, suggesting that the ETS element
may be a key downstream effector for the HES6-GATA -
FOGI1 complex. HES6 and GATAI1 also co-regulated a
series of downstream pathways that have previously been
found to be regulated by GATAI in erythroid cells, such
as KIT (37,38), heme (39), RAR (40) and p53 signaling
(41). Motif analysis found that the RAR«a-binding motif
is enriched in partial co-binding regions of HES6 and
GATAI1. GSEA revealed that HES6 is involved in p53-
regulated transcription of cell death genes, while HES6
was also reported to be involved in the RAR- (42) and p53
(30)-dependent transcriptional cascades in other cell types.
Therefore, HES6 could be a novel transcriptional regulator
for these pathways in erythroid cells. Furthermore, we iden-
tified a critical positive feedback loop composed of HES6,
GATALI1 and STATI in human erythroid cells. Specifically,
we demonstrated that HES6 promoted transcription of the
GATAI1 gene, while GATA1 reciprocally promoted HES6
gene expression through HES6’s upstream TF STAT1. For
potential regulatory mechanisms of HES6 on GATAI,
through analysis of ChIP-seq data of HES6, we found that
no HES6-binding site was observed within 30 kb upstream
from the TSS in the GATAI gene. This suggests that the
way in which HES6 regulates GATA1 transcription may
not be achieved through binding to the promoter region
of GATAIL. Whether there is an intermediate TF that
mediates the regulatory role of HES6 on the GATAI1 gene
needs to be further investigated.

For the implication of STAT1 in erythropoiesis, previ-
ous studies in mice demonstrated that Statl-deficient ery-
throblasts showed delayed differentiation with a reduction
in BM-derived CFU-E and increased apoptosis of early ery-
throblasts (43). Statl expression is also significantly down-
regulated in Gatal-knockdown murine megakaryocytes.
However, the underlying mechanism(s) involved are yet to
be fully defined (44); nevertheless, our study supports that
there is a positive relationship between GATA1 and STAT1
at transcriptional levels. Furthermore, we found that EPO
stimulated expression levels of loop components in ery-
throblasts. STATI is a key effector of EPO-JAK?2 signal-
ing through phosphorylation of STAT1 (21,45) and en-
hancing STAT1 protein expression (46,47). Given that the
EPO/JAK2/STATI1 pathway activates genes fundamental
for erythroid progenitor development (48,49), we suggest

that STAT1 plays a key role in connecting EPO signaling
to the HES6-GATAI1 loop, contributing to normal erythro-
poiesis.

Dysregulated JAK2V®!7F_STAT1 signaling had been im-
plicated in the pathophysiology of PV. Gain-of-function
mutation of JAK2V®!7F contributes to HSC expansion, cell
cycling, hyperactivation of growth factors and amplifica-
tion of the erythroid compartment (24,50,51). To date, lit-
tle is known about the role of HES6 in PV. Rinaldi et al.
reported that GATAI transcription was up-regulated in
PV (52). Meyer et al. reported activated STAT1 proteins
in a JAK2V®'7F PV patient presenting with extramedullary
hematopoiesis in a parailiac mass (53). Shi et al. found that
JAK2VO!7F _mediated erythroid terminal hyperproliferation
depends on Statl overexpression and activation by the con-
stitutively active JAK2V®!7F kinase in Lin- fetal liver pro-
genitors from mice (47). Our results suggest up-regulation
of the loop components involved in erythroid commitment
of CD34" cells in PV patients. Importantly, in vitro, ei-
ther knockdown of HES6 or STATT1 inhibition or the en-
hanced effect by combination of the two in JAK2V®!7F mu-
tant HEL cells and primary erythroid cells from PV indi-
viduals exhibited obvious anti-growth and pro-apoptosis ef-
fects. In vivo, BM transplantation experiments showed that
knockdown of HES6 in BM c-kit+ cells of JAK2V6!"F mice
ameliorates JAK2V®!7F_induced myeloproliferative pheno-
types, as reflected by a decrease in RBC, HGB, HCT, RDW
and megakaryocyte hyperplasia in BM and spleen and de-
creased thrombus in the lungs. These results suggest that
restricting HES6-GATAI regulatory loop levels could be
beneficial to control activation of JAK2V0!F-STAT1 signal-
ing in JAK2V®!7F_positive PV.

Collectively, our findings highlight the requirement of the
HES6-GATA1 complex and their transcriptional regula-
tory loop that is regulated by EPO in human erythropoiesis,
which provides a novel insight into normal erythropoiesis
and a potential therapeutic target for the management of
PV.
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