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Abstract

Hematopoiesis is driven by molecular mechanisms that induce differentiation and proliferation of hematopoietic stem cells
and their progeny. This involves the activity of various transcription factors, such as members of the Hairy/Enhancer of Split
(HES) family, and important roles for both HES1 and HES4 have been shown in normal and malignant hematopoiesis. Here,
we investigated the role of HES6 in human hematopoiesis using in vitro and in vivo models. Using bulk and single-cell
RNA-sequencing data, we show that HES6 is expressed during erythroid/megakaryocyte and plasmacytoid dendritic cell
development, as well as in multipotent precursors and at specific stages of T- and B-cell development following pre-B-cell
receptor and pre-T-cell receptor signaling, respectively. Consistently, knockdown of HES6 in cord blood-derived hemato-
poietic precursors in well-defined in vitro differentiation assays resulted in reduced differentiation of human hematopoiet-
ic precursors towards megakaryocytes, erythrocytes, plasmacytoid dendritic cells, B cells and T cells. In addition, HES6
knockdown hematopoietic stem and progenitor cells displayed reduced colony-forming unit capacity in vitro and impaired
potential to reconstitute hematopoiesis in vivo in a competitive transplantation assay. We demonstrate that loss of HES6
expression has an impact on cell cycle progression during erythroid differentiation and provide evidence for potential down-
stream target genes that affect these perturbations. Thus, our study provides new insights into the role of HES6 in human
hematopoiesis.

Introduction

The vast majority of hematopoietic cells in the human
body arise from multipotent hematopoietic stem and pro-
genitor cells (HSPC) that reside in the bone marrow. The
differentiation of these HSPC into mature blood cells is
the result of successful integration of external stimuli and
cell-intrinsic mechanisms that lead to chromatin remod-
eling and changes in gene expression, thereby activating
and repressing specific molecular pathways.? Research on
normal hematopoiesis is important to increase knowledge
on stem cell function and differentiation. This will facilitate
blood cell regeneration and serve as a reference to uncover
mechanisms that induce hematologic malignancies. While

animal models are instrumental to advance this field, hu-
man studies provide a more direct translational perspective
and the opportunity to reveal human-specific mechanisms.
The Notch signaling pathway is an important regulator of
normal hematopoiesis and often involved in leukemia.?*®
Notch activation induces expression of downstream target
genes, including members of the Hairy/Enhancer of Split
(HES) family of transcription factors that contains seven
members in humans (HES7-7). While important roles for
HES1, HES4 and HES5 have been described in hematopoi-
esis,”® the potential involvement of HES6 in hematopoietic
stem cell differentiation has remained unclear. During
embryonic development, HESG6 is implicated in mesoderm
specification and neurogenesis in which it can inhibit the
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transcriptional repression activity of HES1.°? HES6 also
acts as an oncogene in different types of cancer including
colorectal, prostate and gastric cancer, as well as melano-
ma and gliomal®™ In these malignancies, it mainly drives
metastatic disease and proliferation**” In a hematologic
context, HES6 appears overexpressed in blastic plasmacy-
toid dendritic cell neoplasm.®?° And while HES6 had been
proposed to mediate erythropoiesis,??2 only recently it was
shown to be a cofactor for GATA1 during erythroid devel-
opment.?® In this study, we investigated the functional role
of HES6 in human hematopoiesis more broadly using both
in vitro and in vivo models and found that, in addition to a
role in erythropoiesis, HES6 is also important to support
the in vivo reconstitution potential of human HSPC, and
the capacity of HSPC to differentiate into erythrocytes, B
cells, T cells and plasmacytoid dendritic cells (pDC).

Methods

Isolation of CD34* hematopoietic precursor cells and
transduction

Human cord blood was obtained from the Hematopoietic
Cell Biobank UZ Ghent with informed consent and accord-
ing to the Medical Ethical Committee of Ghent University
Hospital (EC protocol: EC-Bio/1-2018/sds, EC/2021-010/
sds, EC/2021-020/sds, EC/2019/0826). CD34* HSPC were
processed as described elsewhere® and cultured (density
of 5x10° cells/mL) for 2 days in medium that depended on
the further experimental set-up (Online Supplementary
Table S7). Subsequently, cells were transduced for 2 days
with lentivirus using Retronectin (TAKARA; #T100B).
Other methods are available in the Online Supplementary
Material and Methods.

Results

HESG is required during early T-cell development

Notch signaling initiates T-cell development and induces
expression of downstream target genes, including members
of the HES family. Bulk RNA-sequencing data?* confirmed
that the Notch targets HEST and HES4 are expressed during
early T-cell development until the p-selection checkpoint.
In contrast, HES6 expression was only detected after p-se-
lection (Online Supplementary Figure S1A). Consistently,
HES6 did not show Notch-dependent transcriptional ac-
tivation in hematopoietic progenitors, in contrast to DTX7
and HEST (Online Supplementary Figure S1B, C).?>2¢ We
further explored HEST and HES6 expression in a published
single-cell RNA-sequencing dataset? (Online Supplementary
Figure S1D) and confirmed HEST expression in the imma-
ture stages of T-cell development (Online Supplementary
Figure S1E). Similar to the results of bulk RNA sequencing,
HESG6 expression peaked in the double-positive stages after
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B-selection, but we also observed expression in immature,
proliferating CD4-CD8- double-negative thymocytes (Figure
1A). Thus, single-cell RNA sequencing reveals that HES6
is mainly expressed in proliferating thymocytes (Online
Supplementary Figure S1F, G).

To study the function of HES6 in human T-cell development,
we used lentiviral-based short hairpin (sh)RNA-mediated
knockdown and cultured transduced HSPC in an in vitro
OP9-DLL4 T-cell differentiation assay?® (Online Supplemen-
tary Figure S2A). All three shRNA constructs significantly
decreased HES6 expression compared to that in control
shRNA-transduced HSPC, with the knockdown ranging
from 55% to 75% (Figure 1B). While the co-culture started
with a sorting purity of >95% transduced cells (BFP*), the
frequency of BFP* cells at day 21 was significantly lower
in HES6 knockdown cultures compared to the control
(Online Supplementary Figure S2B, C). HES6 knockdown
consistently reduced the absolute number of BFP* cells
compared to that in control transduced cultures (Online
Supplementary Figure S2D). After 14 days, the frequencies
of HSPC (CD34*CD7-) and T-cell precursors (CD34*CD7*)
were increased following HES6 knockdown but there was
an inconsistent impact on the cell numbers of those pop-
ulations (Figure 1C, Online Supplementary Figure S2E, F).
At this time point, the frequencies and total cell numbers
of more differentiated T-cell precursor cells (CD34-CD7*)
were significantly reduced (Figure 1C, Online Supplementary
Figure S2E, F). After 21 days of co-culture, HES6 knock-
down decreased differentiation from CD7'CD5- cells to
T-cell specified precursor cells (CD7*CD5*), resulting in
reduced total numbers of T-cell specified precursor cells
(Figure 1D, Online Supplementary Figure S2G, H). Further-
more, we observed reduced frequencies and absolute cell
numbers for CD4*CD8b- as well as CD4*CD8b* cells after
HES6 knockdown compared to control (Figure 1E, Online
Supplementary Figure S2/, J). In conclusion, HES6 knock-
down inhibits the development of T-cell specified precursor
cells as well as double-positive cells, in agreement with
its expression in proliferating double-negative cells and
B-selected developing thymocytes.

Stage-specific role for HES6 during human B-cell
development

To further explore the role of HES6 in hematopoiesis, we
analyzed published single-cell RNA-sequencing data of
human bone marrow?® and observed HES6 expression in
natural killer (NK) cells, pDC, immature B cells and, in par-
ticular, erythroid cells (Figure 2A). Using a bone marrow
dataset,*® with distinct stages of human B-cell development
annotated (Figure 2B), we discovered HES6 expression in
proliferating cells (Online Supplementary Figure S3A) and
particularly in large, cycling pre-B-cells as confirmed by
expression of the proliferation marker MKI67 (Figure 2C).
To study HESG6 in B-cell development, we cultured shR-
NA-transduced HSPC in an in vitro B-cell differentiation
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assay.?® The frequencies and absolute numbers of BFP* cells
were significantly reduced for HES6 knockdown compared
to the control, and the effect increased progressively from
day 7 to day 21 (Figure 2D, Online Supplementary Figure
S3B). We used intracellular (ic) staining of CD179b (A5
which is part of the pre-B-cell receptor) to investigate the
effect of HES6 knockdown on early B-cell development.
Because the fixation and permeabilization process de-
grades BFP, we were unable to select BFP* cells for flow
cytometric analysis, possibly diluting the effect of HES6E
knockdown because non-targeted BFP- cells were includ-

ed in the analysis. At day 7, we observed no difference in
the frequencies of pro-B-cells (CD34*icCD179b*) in HES6
knockdown samples compared to the control, although
the absolute cell numbers were slightly reduced for two
of the three knockdown constructs (Online Supplementary
Figure S3C, D). At day 21, no clear effect of HES6 knock-
down on the frequencies of pro-B-cells was observed
(icCD179b*CD19-), but there was a significant reduction in
the frequencies of pre-B-cells (icCD179b*CD19*) (Figure
2E, Online Supplementary Figure S3E). For both stages, the
absolute cell numbers were reduced after HES6 knockdown
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(Online Supplementary Figure S3F). Cell surface staining
at day 21 revealed that, within the BFP* compartment, the
frequencies and absolute numbers of B cells (CD19*) were
strongly reduced upon HES6 knockdown, while this was

Supplementary Figure S3G, H). Thus, HESE is specifically
expressed in proliferating large pre-B-cells that received
pre-B-cell receptor signaling following successful heavy
chain rearrangement, and knockdown of HES6 inhibits the

not the case in the BFP- compartment (Figure 2F, Online

in vitro development of B cells beyond this stage.
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Figure 2. HES6 is important for early in vitro B-cell development. (A, B) UMAP visualization of HES6 mRNA expression in human
bone marrow cells based on single-cell RNA-sequencing data?® (A) and annotation of stages of B-cell development within the
human bone marrow following label transfer (B).*° (C) Dot plots showing pseudo-bulk log-normalized expression level (color of
dots) and percentage of cells within a cluster expressing (size of dots) different genes in clusters of human bone marrow B-Llin-
eage cells, as annotated in (B). (D-F) Bar graphs and flow cytometric analysis of control short hairpin (sh)RNA and HES6 shR-
NA-transduced CD34*Lin"BFP* hematopoietic stem and progenitor cells cultured in vitro in B-lineage differentiation conditions
for a total of 3 weeks. (D) Bar graph showing frequencies of CD45*BFP* cells within the population of live cells at day 7 (N=11) and
day 21 (N=12; shRNA2: N=11). Data are presented as the average of all replicates + standard error of the mean (Wilcoxon matched-
pairs signed-rank test, *P<0.05, **P<0.01; ***P<0.001). (E) Flow cytometric analysis of CD19 and intracellular CD179b expression
with frequencies of populations of interest within live cells at day 21 (N=7; shRNA2: N=6) and (F) expression of CD19 and CD20
with frequencies of populations of interest within CD45*BFP* cells at day 21 (N=12; shRNA2: N=11). Contour plots with frequencies
shown are from a representative replicate. UMAP: uniform manifold approximation and projection; NK: natural killer; Ery: eryth-
rocytes; Mgk: megakaryocytes; HPC: hematopoietic precursor cells; pDC: plasmacytoid dendritic cells.
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Knockdown of HES6 impairs plasmacytoid dendritic cell
differentiation

We detected HES6 expression in pDC (Figure 2A) and high
expression of this gene is associated with a hematologic
malignancy from this lineage (blastic plasmacytoid den-
dritic cell neoplasm).®2° Using an in vitro differentiation
protocol,® we investigated whether HES6 is essential for
pDC development. After 14 days of culture, the frequency
of BFP* cells was significantly reduced in HES6 knockdown
cultures compared to the control (Online Supplementary
Figure S4A). Total cell numbers of BFP* cells were also
reduced for two of the three HES6 knockdown conditions
(Online Supplementary Figure S4A). HES6 knockdown re-
sulted in a significant reduction in the frequency of pDC
(CD45RA*CD123*) (Figure 3A, B). For two HESG6 targeting
shRNA, this was accompanied by a significant reduction in
the absolute number of pDC (Figure 3B). Within the BFP-
population, no differences in pDC development were ob-
served between the different conditions, indicating that the
observed effect of HES6 knockdown on pDC development
is specific (Online Supplementary Figure S4B). Conventional
dendritic cells (cDC: CD4*HLA-DR* non-pDC), which express
higher levels of HLA-DR compared to pDC, also developed
in these cultures (Figure 3C, Online Supplementary Figure
S4C). Within the BFP* compartment, HES6 knockdown
had no influence on the frequencies of cDC compared to
that of the control condition, but the absolute cell num-
bers were reduced for two HES6-targeting shRNA (Figure
3D). We also investigated the role of HES6 during NK cell,
monocyte and granulocyte development in specific in vitro
differentiation cultures? but knockdown of HES6 had no
consistent impact on the development of these lineages
(Online Supplementary Figure S5). Overall, these results
suggest a functional role for HES6 in pDC development,
consistent with its expression in bone marrow pDC.

HESG6 is essential for the colony-forming capacity of
early hematopoietic precursors

Since our differentiation cultures consistently revealed
reduced cellular output upon HES6 knockdown, we in-
vestigated whether this was correlated with a reduced
proliferative capacity of the HES6 knockdown precursors.
Gene expression datasets® revealed HES6 expression in
multipotent progenitors (MPP), common myeloid pro-
genitors (CMP) and megakaryocyte-erythroid progenitors
(MEP) (Figure 4A). To study whether HESG is important
for precursor expansion, we performed colony-forming
assays. After 10 days, there was a strong reduction in the
number of colonies in HES6 knockdown conditions com-
pared to the control (Figure 4B) for both myeloid and, in
particular, erythroid colonies (Figure 4C). Furthermore, the
average cell number per colony was reduced upon HES6
knockdown compared to the control (Figure 4B). Flow cy-
tometric analysis of these cultures showed large variation
in the frequencies of BFP* cells and, combined with the
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cellular output of these assays, the total numbers of BFP*
cells were reduced upon HES6 knockdown (Online Supple-
mentary Figure S6A). Within the BFP* compartment, HES6
knockdown did not consistently affect CD15" myeloid cell
development but, in contrast, a strong reduction in both
the frequencies and absolute numbers of CD235" erythro-
blasts was observed (Online Supplementary Figure S6B-D),
which was confirmed by microscopic analysis (Figure 4D).
While there were mainly cells with basophilic cytoplasm in
the control samples, which matches the different stages of
differentiation along the erythroid lineage that are observed
in the bone marrow of healthy individuals, the cytoplasm of
the HES6 knockdown cells was less basophilic, indicating
reduced development along the erythroid lineage. Fur-
thermore, we observed fewer mitoses in HES6 knockdown
conditions compared to the control. No differences were
observed in the BFP- cells (Online Supplementary Figure
S6E). These findings suggest that HES6 is important for
the proliferative potential of hematopoietic precursor cells,
as well as for their differentiation towards erythroid cells.

HESEG6 is required for erythroid and megakaryocyte
development

We further explored the role of HES6 during erythroid and
megakaryocyte development by culturing shRNA-trans-
duced HSPC in liquid culture conditions that induce dif-
ferentiation towards both lineages. After 5 days, both the
frequencies and absolute numbers of BFP* cells were re-
duced in the HES6 knockdown conditions compared to the
control (Online Supplementary Figure S7A, B). Within the
BFP* population, significant reductions in the frequencies
of megakaryocytes (CD41%) and differentiating erythroblasts
(characterized by upregulation of CD71 and CD235a) were
observed in all three HES6 knockdown conditions, result-
ing in significantly reduced cell numbers of these popu-
lations (Figure 4E, F, Online Supplementary Figure S7C, D).
Erythroblasts from HES6 shRNA-transduced precursors
also displayed reduced CD71 expression compared to the
control-transduced erythroid cells (Online Supplementa-
ry Figure S7E). After 10 and 14 days of culture, reductions
in the frequencies of BFP* cells occurred in the control
due to loss of BFP expression in differentiating CD235*
erythroblasts, presumably a result of enucleation (Online
Supplementary Figure S7F, G). Therefore, at days 10 and 14,
we used the total population of viable cells for compar-
ison. At day 10, frequencies and total numbers of CD235*
erythroblasts were reduced upon HES6 knockdown (Online
Supplementary Figure S7H-1). At day 14, however, no dif-
ference could be observed between HES6 knockdown and
control for the frequencies of CD235* erythroblasts, which
probably results from the inclusion of BFP- cells that mask
the effect of HES6 knockdown in the BFP* cells, but the
absolute cell numbers were still reduced for two of the
three HES6 knockdown constructs (Online Supplementa-
ry Figure S7H, I). Overall, these results show that HESG6 is
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Figure 3. HES6 knockdown impairs in vitro plasmacytoid dendritic cell development. (A, C) Flow cytometric analysis and (B, D)
bar graphs of control short hairpin (sh)RNA and HES6 shRNA-transduced CD34*Lin"BFP* hematopoietic stem and progenitor cells
cultured in dendritic cell (DC) lineage-supporting conditions for a total of 2 weeks (N=6). The contour plots shown are represen-
tative of six replicates. (A, C) Flow cytometric analysis showing the development of plasmacytoid DC (pDC: CD45RA*CD123"),
gated on BFP* cells (A), and conventional DC (cDC: CD4*HLA-DR*), gated on BFP*[CD45RA*CD123*]- cells (C) at day 14. (B, D) Bar
graphs showing frequencies and absolute cell numbers of pDC (B) and cDC (D) within the BFP* population at day 14. Data are
presented as the average of all replicates + standard error of the mean (Wilcoxon matched-pairs signed-rank test, *P<0.05; NS:

not significant).

essential for the in vitro development of erythrocytes and
megakaryocytes from human HSPC, in agreement with its
expression in erythrocytes and MEP.

HESG6 is needed for in vivo precursor engraftment and
differentiation towards plasmacytoid dendritic cells,
erythroblasts and B cells

To validate our in vitro experiments and to study the role of
HES6 on human precursor engraftment and differentiation
in vivo, we injected bulk control and HES6 shRNA-trans-
duced HSPC intrahepatically into non-obese diabetic-
severe combined immunodeficiency II12RG- (NSG) mice
(Online Supplementary Figure S8A), a well-established
mouse model that supports the development of various
human hematopoietic lineages.*® Injected cells comprised
non-transduced BFP- and transduced BFP* HSPC to create
a competitive setting. After 8-9 weeks, both bone marrow
and liver were engrafted with similar total human cell
numbers for all conditions (Figure 5A). Engraftment of the
thymus was too low and inconsistent to allow analysis
of in vivo T-cell development. The frequency of BFP* cells
before injection was similar and above 10% for both HES6
knockdown and control-transduced cells, and remained
stable in the CD45* control shRNA-transduced precursors
in the bone marrow and liver (Figure 5B). In contrast, there
was a clear reduction in BFP* cells at both anatomical
sites for both HES6 knockdown conditions at the end of

the experiment (Figure 5B), indicating that HSPC with re-
duced HES6 expression have lower repopulating potential
in this competitive setting. A BFP* population was detected
in only six out of 12 HES6 knockdown animals, thereby
limiting the number of datapoints for analysis (Figure 5B).
Within the bone marrow of the animals with detectable
reconstitution, HES6 knockdown increased the frequen-
cy of NK cells and had no consistent impact on myeloid
cells, but both NK and myeloid cell numbers were not
significantly altered compared to the control (Figure 5C, D).
Although this mouse model is not optimal for supporting
human erythroid and megakaryocytic development,** we
did observe, within the mice that showed reconstitution,
a reduction in both megakaryocytes and erythroblasts
upon HES6 knockdown (Figure 5C, D). In addition, the
frequency and total number of B cells were decreased in
case of HES6 knockdown (Figure 5C, D). Within the BFP*
population in the liver, both the frequencies and total
numbers of pDC were reduced for HES6 knockdown com-
pared to the control, while the effect on cDC was variable
(Figure 5E, F). Overall, and consistent with the in vitro
colony formation assay, loss of HES6 expression in human
HSPC restricts these cells’ in vivo repopulating potential.
Furthermore, in the mice that showed reconstitution, the
pDC, megakaryo-erythroid and B-cell development was
reduced upon HES6 knockdown, in agreement with the
findings of the in vitro experiments.
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Figure 4. HES6 knockdown impairs colony-forming capacity of hematopoietic stem and progenitor cells and in vitro erythroid
development. (A) Graph derived from published micro-array data® showing log, normalized probe intensities for HES6 in sorted
subsets of hematopoietic stem and progenitor cells (HSPC) from human bone marrow. The mean is shown with error bars repre-
senting standard error of the mean (hematopoietic stem cells: N=4; multipotent progenitors: N=2; common myeloid progenitors:
N=3; granulocyte-monocyte progenitors: N=5; megakaryocyte-erythroid progenitors: N=2). (B-D) Analysis of control short hairpin
(sh)RNA and HES6 shRNA-transduced CD34*Lin"BFP* HSPC cultured in a semi-solid colony-forming assay, Methocult, for a total
of 10 days. Bar graphs showing number of total colonies (B, left; N=8), absolute cell numbers per colony (B, right; N=6) and num-
ber of erythroid (BFU-E/CFU-E) or myeloid (CFU-GM) colonies (C) (N=8). (B, C) Data are presented as the average of all replicates
* standard error of the mean (Wilcoxon matched-pairs signed-rank test, *P<0.05, **P<0.01; NS: not significant). (D) Representative
microscopic images of cytospin slides using a Leica DM 3000 LED microscope (original magnification, 500x). (E, F) Flow cytomet-
ric analysis of control shRNA and HES6 shRNA-transduced CD34*Lin"BFP* HSPC cultured in megakaryocyte/erythroid-lineage
supporting conditions for a total of 2 weeks, showing gating and frequencies of megakaryocytes (CD41*) and erythroblasts (CD71*
erythroblasts and late-stage CD235* erythroblasts) in the CD45*BFP* population at day 5 (N=14, shRNA3: N=11). The contour plots
(E) and histograms (F) shown are representative of all replicates. HSC: hematopoietic stem cells; MPP: multipotent progenitors;
CMP: common myeloid progenitors; GMP: granulocyte-monocyte progenitors; MEP: megakaryocyte-erythroid progenitors; BFU-E:

burst-forming unit-erythroid; CFU-E: colony-forming unit-erythroid; CFU-GM: colony-forming unit - granulocyte-monocyte.

HES6 knockdown affects gene expression during
erythroid and megakaryocyte development

To study the downstream changes following HES6 knock-
down, we performed RNA sequencing on sorted subpop-
ulations from control and HES6 shRNA-transduced HSPC
after 4 days in liquid cultures that induce erythroid and
megakaryocyte differentiation (Figure 6A, Online Supple-
mentary Figure S9A). In control samples, megakaryocytic
genes (VWF, GP1BA, GP9, ITGA2B) were specifically expressed
in megakaryocytes (CD41*) while erythroid-specific genes
(EPOR, TFRC, E2F4, E2F8) were induced in CD71*CD235~
early and CD71*CD235* late erythroblasts, validating our
sorting strategy (Figure 6B). HES6 and TCF3 expression was
highest in erythroid cells, while HEST showed the opposite
pattern with highest expression in megakaryocytes. While
megakaryocytes express both GATAT and GATA2, late eryth-
roblasts only express GATAT. Consistent with the highest
expression of HES6, the impact of HES6 knockdown on
gene expression was most pronounced in erythroblasts,
but also notable in megakaryocytes in which we observed
biological variation for one donor (Online Supplementary
Figure S9B). In CD34- cells, the biological variation between
donors dominated over the effect of HES6 knockdown
(Online Supplementary Figure S9B). Differential gene ex-
pression analysis revealed more differentially expressed
genes following HES6 knockdown in erythroblasts than in
megakaryocytes or CD34- cells, with substantial overlap
in erythroblast stages (Online Supplementary Figure S9C).
Within these, we observed significantly reduced expression
of erythroid-associated genes (TFRC which encodes CD717,
HBB, EPCAM, E2F4) (Figure 6C, D) and, consistently, gene set
enrichment analysis revealed enriched erythroblast-related
gene sets in control-transduced samples (Online Supple-
mentary Figure S9D). Compared to the control, HES6 knock-
down erythroid cells failed to downregulate GATA2 and /D2
expression (Figure 6B-D). No impact on GATAT expression
was observed (data not shown). Differential gene expres-
sion analysis within megakaryocytes showed significantly
reduced expression of genes important for megakaryo-
cyte development (CD36, DLKT) and proliferation (MKI67,

HEMGN) (Figure 6E). Within the more heterogenous and
more immature CD34- population, pDC-associated genes
(IRF8, TCF4),*5%¢ B-lineage genes (BLNK, IGLL1, IGHM),"38
the E-protein encoding gene TCF3 and RUNX2, important
for hematopoietic precursor cells and pDC,*** were all
downregulated in HES6 knockdown cells compared to the
control (Figure 6F).

Given that the GATA2 to GATA1 switch is critical to permit
erythroid development,*? we investigated whether failure to
downregulate GATA2 mediated the block in erythroid de-
velopment upon HES6 knockdown. To do this, we cultured
HES6-GATA2 double-knockdown HSPC in erythroid culture
conditions (Online Supplementary Figure ST0A). Both GATA2
shRNA reduced GATA2 expression by 50% (Figure 7A) and
this did not significantly change megakaryocyte develop-
ment compared to HES6 knockdown alone (Figure 7B, Online
Supplementary Figure S10B), although a trend towards an
increased frequency of megakaryocytes was observed. Com-
pared to the effect of HES6 knockdown alone, knockdown
of both genes further decreased erythroid development, in
terms of both frequencies and total cell numbers (Figure
7B, Online Supplementary Figure S10B). Single GATA2 knock-
down had a similar effect on megakaryocyte and erythroid
development (Figure 7C, Online Supplementary Figure S10C).
Analysis of chromatin immunoprecipitation-sequencing
data?® revealed binding of HES6 at genes associated with
erythroid (HBB, TFRC) and megakaryocyte (HEMGN, CD36)
differentiation and proliferation (MKI67) (Figure 8A, Online
Supplementary Figure S11A), which were downregulated upon
HES6 knockdown (Figure 6C-E). Furthermore, we found HES6
binding peaks in genes important for T- and B-cell devel-
opment (BLNK, IGHM, TCF3, TCF12) and pDC development
(TCF4, RUNX2) (Online Supplementary Figure S11A). For all
these HES6-bound target genes, only HBB and IGHM showed
overlapping GATA1 binding® (data not shown). These data
indicate that HES6 has an essential role during erythroid
development which is independent of GATA2 expression and
suggest that HES6 may directly regulate the expression of
genes that are important for erythroid, megakaryocyte, pDC,
B- and T-cell development.
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Figure 6. RNA-sequencing analysis reveals molecular pathways downstream of HES6 knockdown during erythroid development.
(A) Overview of development of control short hairpin (sh)RNA and HES6 shRNA-transduced (shRNA1 and shRNA2 were used)
CD34*'Lin"BFP* hematopoietic stem and progenitor cells cultured for 4 days in megakaryocyte/erythroid-lineage-supporting
conditions. Bulk RNA sequencing was performed on the four indicated subpopulations. (B, C) Results from bulk RNA-sequenc-
ing data from three donors on the four subpopulations as shown in Figure 6A and Online Supplementary Figure S9A. (B) Heatmap
showing expression of genes in different cell populations in control samples. (C-F) Volcano plots showing differentially up- and
down-regulated genes (blue and red, respectively) in different cell populations. (E, F) In the volcano plots of megakaryocytes
and CD34- precursors, HES6 is indicated in gray because its expression was not significantly downregulated. (F) In the volcano
plot of CD34- precursors, TCF3 is indicated in gray considering downregulation was significant (P adjusted <0.05) but log, fold-

change values were just below the cut-off. Mgk: megakaryocytes; ery: erythroblasts; Padj: adjusted P value.

HESG6 facilitates proliferation by mediating the G1-to-S
phase transition

Since HES6 knockdown reduced cellular output and down-
regulated genes associated with proliferation, we investi-
gated the effect of HES6 knockdown on proliferation. Gene
set enrichment analysis of late erythroblast samples as
well as megakaryocytes showed enrichment of cell cycle
related gene sets in the control, including MYC targets,
genes related to G1-S specific transcription, G2M check-
point genes and E2F targets (Figure 8B, Online Supple-
mentary Figure S11B). Interestingly, TFRC, E2F4 and E2F8
were shown to be important for cell proliferation**-*5 and
expressed during erythroid development (Figure 6B) but
downregulated upon HES6 knockdown in late erythroblasts
(Figure 6D). This was confirmed for TFRC at the protein
level (Online Supplementary Figure S7E). Furthermore, in
late erythroblasts, genes with specific E2F4-binding motifs
were enriched in control samples (Online Supplementary
Figure S71C), although the difference was not statistically
significant. To investigate whether HES6 knockdown had
an effect on cell proliferation or survival during erythroid

development, we performed a 5-ethynyl-2’-deoxyuridine
(EdU) incorporation and apoptosis assay. A significant de-
crease in the frequency of cells in the proliferating S phase
(EdU") and a significant increase in cells in the resting G1
phase (EdU- and 2N DNA content) were observed upon
HES6 knockdown compared to in control-transduced cells
(Figure 8C, Online Supplementary Figure S71D). Given that
we did not detect any consistent differences in the relative
number of early or late apoptotic cells upon HES6 knock-
down compared to control (Online Supplementary Figure
S11E-F), these results indicate that HESG is required for the
proliferation of erythroid cells and that this might involve
the regulation of genes that mediate cell cycle progression.

Discussion

While important functions for several HES gene family
members had been revealed in both normal and malig-
nant hematopoiesis,>®° only very recently has a first role
for HES6 been demonstrated as a GATA1 cofactor during

A GATA2 B c
g 109" 860 . £ @ 50 & -
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2 I Eﬂ 40 = & 30— i <L
o 0.50 — o p .
© . 6 20 = % & % 20 ]: 5 ]:
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o GATA2 shRNA2 CD41 CD71 o GATA2 shRNA2

Figure 7. GATA2 knockdown fails to rescue impaired in vitro megakaryo-erythroid development upon HES6 knockdown. (A-C) Bar
graphs and line graphs showing results of in vitro experiments to study the impact of double GATA2-HES6 knockdown (GFP*BFP*)
(B) or single GATA2 knockdown (GFP*BFP-) (A, C) on human megakaryo-erythrocyte development (N=6) as described in Online Sup-
plementary Figure S10A. (A) Quantitative real-time polymerase chain reaction analysis showing GATA2 expression in cord blood
CD34*Lin"GFP*BFP- cells transduced with a control short hairpin (sh)RNA or two different GATA2 shRNA, normalized to expression
of the housekeeping gene SDHA and relative to the expression in the control shRNA condition. Data are presented as the average
of five replicates + standard error of the mean (SEM) (paired Student t test). (B, C) Line graphs and bar graphs showing megakaryo-
cyte (CD41%) and erythroblast (CD71%) percentages within double GATA2-HES6 knockdown (B) or single GATA2 knockdown (C) cultures
(N=6) with populations gated similarly as shown in Figure 4E, F. (B, C) Data are presented as the average of six replicates and error
bars indicate the SEM (Wilcoxon matched-pairs signed-rank test, *P<0.05, **P<0.01, NS: not significant).
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erythropoiesis.? In this study, we explored HES6 expres-
sion and function during human hematopoiesis in vivo and
in vitro and provide insights into potential lineage- and
stage-specific roles for this transcription factor in human
hematopoiesis.

Using well-described in vitro differentiation culturing sys-
tems?83" we showed a clear impact of HES6 knockdown on
the development of megakaryocytes, erythrocytes, pDC, B
cells and T cells, consistent with its expression in these
lineages. While this study confirms the recently reported
importance of HES6 in normal erythropoiesis,?® our work
reveals other mechanisms through which HES6 mediates
this developmental process. In contrast to Wang et al.,” we
did not observe GATA1 binding at most HES6 target genes
that we identified in our RNA-sequencing data, suggesting
GATAl-independent functions for HES6. Consistently, GATAT
expression was not reduced following HES6 knockdown
in erythroblasts. Our knockdown experiments resulted in
significantly fewer differentially expressed genes compared
to those found by Wang et al.,>® which presumably results
from different experimental approaches. Our differential

gene expression analysis is based on shared differences
induced by two different HES6 shRNA, compared to a
single shRNA in their study. Moreover, we sorted surface
marker-defined subpopulations prior to sequencing, al-
lowing a comparison of developmental stage-matched
cells and excluding an impact of different differentiation
stages on gene expression. We could not confirm a higher
degree of apoptosis upon HES6 knockdown,? but instead
show that HES6 regulates proliferation by mediating the
G- to S-cell cycle phase transition. RNA-sequencing and
chromatin immunoprecipitation-sequencing? data suggest
direct regulatory roles for HES6 in positively regulating
TFRC (encoding the transferrin receptor CD71) and MKI67
expression, two important mediators of proliferation that
do not display GATA1 binding. We confirmed reduced TFRC
expression following HES6 knockdown at the protein (CD71)
level. Interestingly, previous work in our laboratory showed
that TFRC is specifically upregulated following pre-T-cell
receptor signaling at the CD4*CD28*CD3- stage of human
T-cell development,*® the stage at which HES6 expression
and clonal expansion are induced. We suggest that the
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requirement for HES6 is based on its induction of TFRC
expression and thus the promotion of proliferation after
pre-B-cell receptor/T-cell receptor signaling, analogous
to the observations in erythropoiesis. Consistently, pro-
liferation and differentiation are tightly coupled during
erythropoiesis*” and T-cell development.*® Importantly, GA-
TA2 levels were higher in erythroblasts upon HES6 knock-
down and this perturbed GATA2 to GATA1 switch could
potentially have an impact on erythroid development.*?
However, Ahmed et al.*® showed that GATA2 downregu-
lation during erythroid development is a consequence of
shortened cell cycle length and not the result of reduced
expression. Therefore, we hypothesize that the increased
GATA2 expression in HES6 knockdown erythroblasts results
from their reduced proliferation, in agreement with all
our experimental data that support such a role for HES6
in mediating proliferation. Consistent with this, GATA2
knockdown did not rescue erythroid development follow-
ing HES6 knockdown. The proliferative capacity of HES6
in hematopoietic cells is consistent with its oncogenic
role in various types of cancer®" Although the precise
molecular mechanisms are still unclear, a link between
HES6 and MYC activity has been proposed,® and MYC tar-
get genes were also depleted in HES6 shRNA-transduced
erythroblasts. Therefore, our study may help to unravel
the oncogenic role of HES6, also in blastic plasmacytoid
dendritic cell neoplasm.

Our study also reveals an important functional role for
HES6 in HSPC function, consistent with its high expres-
sion in MPP, although the mechanism is presently unclear.
HES6 knockdown HSPC displayed a strongly reduced col-
ony-forming capacity in vitro and impaired engraftment
potential in an in vivo competitive transplantation model.
This decreased proliferative capacity of HES6 knockdown
HSPC may have also caused the observed reduction in the
absolute numbers of monocytes, granulocytes, cDC and
NK cells, despite the lack of impact on the frequencies of
these cells. We therefore did not connect these findings
with a direct role for HES®6 in the differentiation of these
lineages. In each case, given that the few mice that showed
reconstitution with HES6 shRNA also displayed reduced
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