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1 | INTRODUCTION

The transcriptional repressor Hairy Enhancer of Split 1 (HES1) is mem-
ber of hairy-related basic helix-loop-helix (bHLH) family,* and an evo-
lutionarily conserved target of Notch signaling, which regulates
several cellular processes, including cell fate decisions and prolifera-
tion in both invertebrates and mice.>® There are seven described
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The transcriptional repressor Hairy Enhancer of Split 1 (HES1) plays an essential role
in the development of many organs by promoting the maintenance of stem/progeni-
tor cells, controlling the reversibility of cellular quiescence, and regulating both cell
fate decisions. Deletion of Hes1 in mice results in severe defects in multiple organs
and is lethal in late embryogenesis. Here we have investigated the role of HES1 in
hematopoiesis using a hematopoietic lineage-specific Hes1 knockout mouse model.
We found that while Hes1 is dispensable for steady-state hematopoiesis, Hes1-
deficient hematopoietic stem cells (HSCs) undergo exhaustion under replicative
stress. Loss of Hes1 upregulates the expression of genes involved in PPARy signaling
and fatty acid metabolism pathways, and augments fatty acid oxidation (FAO) in
Hes1"fVaviCre HSCs and progenitors. Functionally, PPARy targeting or FAO inhibi-
tion ameliorates the repopulating defects of Hes1”fVav1Cre HSCs through improving
quiescence in HSCs. Lastly, transcriptome analysis reveals that disruption of Hes1 in
hematopoietic lineage alters expression of genes critical to HSC function, PPARYy sig-
naling, and fatty acid metabolism. Together, our findings identify a novel role of
HES1 in regulating stress hematopoiesis and provide mechanistic insight into the

function of HES1 in HSC maintenance.

fatty acid metabolism, hairy enhancer of Split 1, hematopoietic reconstitution capacity,

hematopoietic stem progenitor cells, PPARy signaling pathway, replicative stress

members in the mammalian HES family. Among them, HES1 and
HES5 are the only members known to be involved specifically in
Notch1 signaling in neural cells and in bone marrow.*> HES1 is a
repressor-type bHLH that represses expression of its own gene

)®7 and antagonizes bHLH activators.®

(autoregulatory mechanism
Deletion of Hes1 in mice results in severe neural tube defects in addi-

tion to defects in the thymus, pancreas, gut, bile duct, and neural tube
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that are lethal in late embryogenesis.l'("10 However, little is known
about the role of HES1 in hematopoiesis.

Hematopoietic stem cells (HSCs) harbor the capacities of both
self-renewal and differentiation to ensure a balanced production of all
blood cells throughout life. The fate decisions of HSCs (self-renewal
vs differentiation) are made through the process of cell division. In the
hematopoietic system, HES1 has a major function in normal T cell
development, but it is also directly involved in the maintenance of
Notch-induced T-cell leukemias.”***? Although Hesl is widely
expressed in the aortic endothelium and hematopoietic cluster, Hes1-
deficient mice show no overt hematopoietic abnormalities.” However,
no measurement of the activity or function of HSCs was performed in
these Hes1-deficient mice. Several studies have shown that over-
expression of HES1 inhibits differentiation of bone marrow HSCs
when cultured in vitro, increase HSC self-renewal, reduce HSC
cycling, and preserve the long-term reconstitution ability of primitive
hematopoietic cells.***® How HES1 regulates in vivo hematopoiesis,
especially under stress condition remains to be elucidated.

Recent studies using metabolomics technologies reveal that meta-
bolic regulation plays an essential role in HSC maintenance. Metabolic
pathways provide energy and building blocks for other factors function-
ing at steady state and in stress hematopoiesis.t” Altered metabolic
energetics in HSCs affects HSC function and underlies the onset of
most blood malignancies.ls'20 Nuclear receptor superfamily members,
peroxisome proliferator-activated receptors (PPARs), classified into
three isoforms, namely PPARa, /8, and y, are important in whole-body
energy metabolism and collectively involved in fatty acid oxidation
(FAO).2* We previously identified PPARYy as a putative negative regula-
tor of HSCs using an in vivo RNAi screen system.?? More recently, it
has been shown that inhibition of PPARy improves ex vivo expansion of
human HSCs and progenitors.2® Nevertheless, how HES1 regulates
PPARYy signaling and FAO pathways in HSCs is less understood.

Here we investigated the role of Hes1 in hematopoiesis under
stress condition using a hematopoietic lineage specific Hes1 knockout
mouse model (Hes1”VaviCre), and demonstrate that while Hes1 is
dispensable for steady-state hematopoiesis, Hes1-deficient HSCs
undergo exhaustion under replicative stress. Disruption of Hes1 skews
the expression of a set of genes involved in hematopoietic stem cell
function, PPARy signaling pathway and fatty acid metabolism path-
ways. Our data identify a novel role for HES1 in regulating hemato-
poiesis under stress condition and provide a mechanistic insight into
the function of HES1 in HSC maintenance.

2 | MATERIALS AND METHODS

2.1 | Mice and treatment

Heterozygous Hes1* mice?* in a C57BL/6 background were recov-
ered from the sperm purchased at Experimental Animal Division at
RIKEN BioResource Center (RBRC #: RBRC06047). The IVF proce-
dure was performed in Transgenic Animal Core Facility at West Vir-

1f/+

ginia University (WVU). Heterozygous Hes mice were interbred
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The authors show that while Hes1 is dispensable for steady-
state hematopoiesis, Hes1-deficient HSCs undergo exhaus-
tion under replicative stress. Deletion of Hes1 deregulates
genes in PPARy signaling and fatty acid oxidation (FAO), and
augments FAO in Hes1”fVaviCre hematopoietic stem cells
(HSCs) and progenitors. Functionally, PPARy targeting or
FAO inhibition ameliorates the repopulating defects of
Hes1"fvaviCre HSCs through improving quiescence. Trans-
criptome analysis reveals that disruption of Hes1 alters HSC
function, PPARy signaling, and fatty acid metabolism path-
ways. These results identify a novel role of HES1 in regulat-
ing stress hematopoiesis and provide mechanistic insight

into the function of HES1 in HSC maintenance.

with Vav1Cre mice (Jackson Laboratory; stock # 008610) to generate
Hes1”"VaviCre and Hes1"" littermates. This VaviCre strain allows reli-
able deletion of Hes1 throughout the entire hematopoietic compart-
ment. Pparg”f and Cptia”’ mice were purchased from Jackson
laboratory (Stock #: 004584 and 032778, respectively; Jackson
Laboratories, Bar Harbor, ME, https://www.jax.org/) to cross with
Hes1fvaviCre mice. Six to eight-week-old BoyJ mice were used as
bone marrow transplant (BMT) recipients. Animals including Boy)
recipient mice were maintained in the animal barrier facility at WVU.

For treatment with PPARy antagonist, the mice received intraperi-
toneal (i.p.) injections of 5 mg/kg of GW9662 (Sigma-Aldrich, St Louis,
MO, https://www.sigmaaldrich.com/united-states.html), or vehicle (5%
DMSO v/v) daily from day —1 to day 7 post BMT.2° For in vivo FAO
inhibition, etomoxir (50 mg/kg; Cayman Chemical, Ann Arbor, MI) was i.
p. injected into the subject mice daily day —1 to day 7 post BMT.2 Al
experimental procedures conducted in this study were approved by the
Institutional Animal Care and Use Committee of West Virginia Univer-
sity according to the approved guidelines.

2.2 | Bone marrow transplantation
For competitive transplantation, 10° BM cells from Hes1”fVaviCre
mice or their wild-type littermates (Hes17f;CD45.2%), along with an
equal number of BM cells from congenic BoyJ mice (CD45.1%), were
transplanted into lethally irradiated (11.75 Gy) BoyJ recipients
(CD45.1%). Donor-derived hematopoietic reconstitution in the recipi-
ent mice at 4 and 16 weeks post-transplantation was determined by
staining for CD45.1-PE and CD45.2-FITC markers followed by flow
cytometry analysis with a FACSCanto | (BD Biosciences, San Jose,
CA). For secondary BM transplantation, 3 x 10° BM cells from pri-
mary recipients were injected to lethally irradiated BoyJ recipients.
Donor-derived chimera were determined 16 weeks post BMT.

Serial BMT was performed to evaluate the engraftment of long-
term HSCs.?” Briefly, 10° CD45.2" BM cells from Hes1""Vav1Cre mice
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or their Hes1™f littermates were transplanted into lethally irradiated
BoyJ (CD45.1%, Jackson Laboratories) recipients. For secondary and
tertiary transplantation, recipient mice were sacrificed and 3 to 5 x 10°
BM cells were transplanted into recipient BoyJ mice. Donor reconstitu-
tion (CD45.2" cells) was assessed 16 weeks after each BMT.

2.3 | Competitive repopulating unit assays

Graded numbers of BM cells from Hes1”Vav1Cre mice or their Hes1™ lit-
termates (CD45.2"), along with 2 x 10° radio-protector BM cells, into
lethally irradiated congenic recipients (CD45.1%). The competitive
repopulating unit (CRU) frequencies were then calculated from the propor-
tions of negative mice (<1% donor engraft) with L-calc software (StemCell

Technologies, Vancouver, BC, Canada), which uses Poisson statistics.

24 | Flow cytometry

The lineage marker (Lin) mixture (BD Biosciences) for BM cells from
treated or untreated mice included the following biotinylated anti-
bodies: CD3e (145-2C11), CD11b (M1/70), CD45R/ B220 (RA3-6B2),
mouse erythroid cells Ly-76 (Ter119), LyéG, and Ly-6C (RB6-8C5).
Other conjugated Abs (BD BioSciences) used for surface staining
included: CD45.1 (A20), CD45.2 (A104), Scal (D7), c-kit (2B8), CD34
(RAM34), FIt3 (A2F10.1), CD48 (HM48-1), CD150 (9D1), IL-7Ra (hIL-
7R-M21). A two-step staining procedure was performed by using bio-
tinylated primary antibodies followed by the incubation of antibody
coated cells with streptavidin-PerCP Cy5.5 or FITC (BD Biosciences).

For apoptosis staining, surface marker stained cells were incu-
bated with Annexin V and 7AAD using the BD ApoAlert Annexin
V Kit (BD Pharmingen, San Jose, CA) in accordance with the manufac-
turer's instruction. Flow cytometry analysis was then performed to
determine the proportion of Annexin V-positive cells.

For cell cycle analysis, cells stained for surface markers were fixed
and permeabilized with Cytofix/Cytoperm buffer (BD Pharmingen)
followed by intensive wash using Perm/Wash Buffer (BD Pharmingen).
Anti-mouse Ki67 antibody (BD Pharmingen) and DAPI (Sigma-Aldrich)
were then used to incubate the cells followed by flow cytometry analysis.
For the BrdU incorporation assay, Bromodeoxyuridine (BrdU, 150 pL of
10 mg/mL) were i.p. injected to subjected mice followed by BM cells iso-
lation 14 hours later. BrdU incorporated cells (S phase) were analyzed
with the APC BrdU Flow Kit (BD Biosciences), following the manufac-
turer's instructions. Briefly, cells were surface stained then fixed and
permeabilized using BD Cytofix/Cytoperm Buffer. After 1 hour incuba-
tion with DNase at 37°C, cells were stained with APC-conjugated anti-
BrdU monoclonal antibody. 7-aminoactinomycin (7-AAD) was added to
each sample right before flow cytometry analysis (BD Biosciences).

To determine the quiescence of donor-derived cells in the
transplanted recipients, surface marker stained cells were fixed and
permeabilized using Cytofix/Cytoperm buffer (BD PharMingen) followed
by intensive wash using Perm/Wash Buffer (BD PharMingen). Cells were
then labeled with Pyronin Y staining buffer (150 ng/mL Pyronin Y in

Perm/Wash buffer; Sigma-Aldrich) at 37°C for 1 hour followed by flow
cytometry analysis on CD45.2" signaling lymphocyte activation molecule
(SLAM; Lin~Scal*c-kit"CD150"CD48") gated population.

2.5 | Measurement of fatty acid oxidation

FAO was determined by palmitate oxidation method.?® Briefly,
metabolism of 1—14C—palmitic acid (60 mCi/mmol; PerkinElmer, Wal-
tham, MA) was determined as the formation of 14C-acid-soluble
B-oxidation products in LSK cells isolated from indicated mice. Cells
were permeabilized (10 pg digitonin/million cells), incubations con-
tained 2 mM 1-14C-palmitate (10 nCi/assay) and the incubation

lasted 15 minutes.

2.6 | Quantitative PCR and RNA sequencing

Total RNA were extracted from BM LSK cells of each mouse genotype
and treated with RNase-free DNase to remove contaminating geno-
mic DNA. Reverse transcription was performed with random
hexamers and Superscript Il RT (Invitrogen, Grand Island, NY) and was
carried out at 42°C for 60 minutes and stopped at 95°C for 5 minutes.
First-strand cDNA was used for real-time PCR using primers listed in
Table S1. Samples were normalized to the level of GAPDH mRNA.

For RNA sequencing, total RNA was extracted from LSK cells iso-
lated from Hes1”fVaviCre mice or their Hes1™f littermates following
standard protocol with TRIZol reagent (Life Technologies, Carlsbad,
CA) followed by RNA library preparation with the llumina TreSeq
strand-specific mRNA sample preparation system. All RNA-seq librar-
ies were sequenced with a read length of single-end 75 bp using the
Illumina NextSeq 500 and final of over 45 million reads per sample.

Pair-end RNA-seq reads were aligned to the mouse genome
(mm10) with the subread aligner.?’ The number of reads for RefSeq
genes were summarized by using the FeatureCounts function within
the Rsubread R package.>° Gene expression level was quantified by
Reads Per Kilobase of transcript, per million mapped reads (RPKM) by
using Excel with the summarized read counts exported from
Rsubread. Differentially expressed genes were predicted by EdgeR
3 by controlling for batch effects and by considering the following
criteria: FC > 1.5, P < .01, and an average of RPKM across replicates
>2 in at lease on condition.®* Only protein-coding genes were
included for downstream functional inference. The online Panther
gene list analysis (http://www.pantherdb.org/)*? was used for gene-
ontology enrichment analysis on biological processes for genes
upregulated in Hes1”VaviCre LSK cells as compared to Hes1”* cells;
the analysis included all expressed genes as background. GSEA 4.0.2
was used for gene set enrichment analysis (GSEA) by including all
expressed genes, ranked by FC of expression (Hes1fvaviCre
vs. Hes1"f cells), against interested gene sets from C2.CPG (chemical
and genetic perturbations) and C2.CP.KEGG from MSigDB.2® RNA-
Seq read distribution across the mouse genome was visualized by the

WashU epigenome browser.>*
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TABLE 1 Hematopoietic parameters

Absolute and differential WBC counts Characterization or red blood cells

WBC count % % % RBC count

(cells/pl)  Lymphocytes Neutrophils Monocytes (x10%2/L) HCT, % MCV, fL Hb (g/dL) PIt (x10°/L)
Hes1"f 707 £0.72 8046394 1163119 237+0.69 11.08+129 531+231 5629+345 1594+149 728+84.54
Hes1f 7.14+0.93 83.06+447 1239247 3.09+0.78 1182+ 131 52.682+2.9622 50.38+2.4917 16.76 + 1.37 579.5+95.1

VaviCre

p 41 12 43 .08 39 22 17 15 037

Note: P values were determined using Student's t test. For all tests on wild-type mice, the sample size was 10. For all tests on Hes17fVav1Cre mice, the

sample size was 9.

Abbreviations: % lymphocytes, percentage of WBC count that are lymphocytes; % neutrophils, percentage of WBC count that are neutrophils; % of
monocytes, percentage of WBC count that are monocytes; Hb, hemoglobin concentration; HCT, hematocrit (percentage of whole blood volume); MCV,
mean cell volume; PIt, Platelet count.; RBC count, red blood cell count; WBC count, white blood cell count.

2.7 | Histopathology

Bone tissue was fixed in 4% paraformaldehyde in PBS (BioRad, Hercu-
les, CA), decalcified in 14% EDTA (Sigma-Aldrich) and embedded in par-
affin (Sigma-Aldrich). Sections were then stained with hematoxylin and

eosin (H&E; Sigma-Aldrich) and examined at x400 by microscope.

2.8 | Statistical analysis

Student's t test was performed using GraphPad Prism v8 (GraphPad
software). Comparison of more than two groups was analyzed by
one-way ANOVA test. Values of P < .05 were considered statistically
significant. Results are presented as mean + SD. * indicates P < .05;
**indicates P < .01.

3 | RESULTS
3.1 | Hes1”VaviCre mice exhibit normal
steady-state hematopoiesis

To elucidate the role of HES1 in hematopoiesis, we recently gener-
ated a constitutive and hematopoietic-specific Hes1 deleted mouse
strain Hes1”fVaviCre, by crossing a conditional Hes1 knockout
strain?* with the hematopoietic-specific VaviCre deleter. Expression
of Cre recombinase under the promoter of Vav1, a guanine nucleotide
exchange factor for Rho-GTPases, induces deletion of Hes1 alleles,
specifically in the fetal and adult hematopoietic system.>>” The

1”*VaviCre breeders followed

genotypes of offspring from Hes
predicted Mendelian frequencies, indicating that no embryonic lethal-
ity or perinatal lethality was associated with the hematopoietic Hes1
deletion (data not shown). Genotyping PCR (Figure S1A) and an
inspection of the distribution of RNA-seq read cross the Hes1 locus
(Figure S1B) indicate a successful deletion of Hes1 in mouse hemato-
poietic cells.

We first examined the effect of Hes1 deletion on steady state

hematopoiesis. By using HemaVet 950, we first analyzed peripheral

blood (PB) of 6 to 8-week-old mice and found a slight increase in
white blood cell (WBC) counts in Hes1”VaviCre mice than Hes1f
control animals. We observed no significant difference in the
hemoglobin and hematocrit values between Hes1”VaviCre and
the control Hes1”f mice, although the platelet count was somewhat
reduced in the Hes1”VaviCre group (Table 1). All other hematological
parameters, including total erythrocyte counts, appeared to be normal in
Hes1”fav1Cre mice, as compared to their Hes1”f littermates. Therefore,
there is no indication of anemia in these mutant animals under steady
state.

3.2 | Heslis dispensable for HSC maintenance
at steady state

We then analyzed different cell compartments in the BM of Hes1"”
fVav1Cre mice and found a comparable total BM cellularity of Hes1"
fVav1Cre mice and their Hes1"f littermates (Figure 1A). Further analy-
sis of the mice showed no effect of Hes1 deletion on the relative fre-
quencies of hematopoietic progenitor cells (LSK; Lin~Sca1*c-kit") and
the phenotypic HSCs (Lin~Scal*c-kit"*CD150*CD487; Signaling lym-

)®® compartment (Figure 1B),

phocyte activation molecules, SLAM
suggesting that Hes1l may be not mandatory for steady-state HSC
homeostasis.

Quiescence is known to be an important feature of HSC homeo-
stasis.>? We next analyzed the cell cycle profile of HSCs deficient for
Hes1. Ki67/DAPI staining revealed a slight decrease, albeit not statis-
tically significant, in the proportion of quiescent (GO) and an slight
increase in the proportion of cycling (S/G2/M) SLAM cells in Hes1"
fVaviCre mice compared to Hes1”f control animals (Figure 1C). In line
with the cell cycle data, the percentage of SLAM cells in S phase was
comparable in Hes1”\VaviCre mice compared to their Hes1™f litter-
mates by an in vivo BrdU incorporation assay (Figure 1D). Moreover,
Annexin V/7AAD staining revealed that loss of Hes1 did not affect the
viability of SLAM cells at the steady state (Figure 1E). These results sug-
gest that the Hesl protein is dispensable for steady-state

hematopoiesis.
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FIGURE 1

Hes1 is dispensable for steady-state hematopoiesis. A, Normal bone marrow cellularity in Hes1#fVav1Cre mice. Whole bone

marrow cells (WBMCs) from one femur of Hes1”"Vav1Cre mice or their Hes1”" littermates were enumerated (n = 8/group). B, Hes1 deficiency
does not affect the frequencies of HSCs and progenitors. WBMCs isolated from 8-week-old Hes17fVav1Cre mice and their Hes1"f littermates
were subjected to flow cytometry analysis for LSK (Lin~Scal*c-kit*) and SLAM (LSKCD150*CD48") cells. Representative flow lots (left),
quantification of frequencies (middle), and absolute cell numbers (right) are shown (n = 6-8/group). C, Loss of Hes1 does not affect HSC
quiescence. WBMCs described in B were subjected to Ki67/DAPI staining. SLAM cells were gated for analysis. Representative lots (left) and
quantification (right) are shown (n = 6-8/group). D, Hes1 deletion does not increase HSC cycling. Hes17Vav1Cre mice or their Hes1"f littermates
were i.p. injected with BrdU (150 pL of 10 mg/mL). Whole bone marrow cells (WBMCs) were subjected to BrdU incorporation assay 14 hours
later. SLAM cells were gated for analysis. Representative flow lots (left) and quantification (right) are shown (n = 6-8/group). E, Loss of Hes1 does
not increase HSC apoptosis. WBMCs described in B were subjected to apoptosis analysis by Annexin V and 7AAD staining. SLAM cells were
gated for analysis. Representative flow plots (left) and quantification (right) are shown. Results are mean + SD of three independent experiments

(n = 6-8/group). *P < .05; **P < .01

3.3 | Hesl-deficient HSCs undergo exhaustion
under transplant stress

HSCs possess multilineage differentiation and self-renewal activities
that maintain the entire hematopoietic system during an organism's
lifetime. We next conducted competitive BMT to determine the hema-
topoietic repopulating ability of HSCs deficient for Hes1 by trans-
planting equal numbers of BM cells from Hes1"fVav1Cre mice or their
Hes1™f littermates (CD45.2%), along with equal number of BM cells
from congenic BoyJ mice (CD45.1%) into lethally irradiated BoyJ recipi-
ents. While recipients transplanted with Hes1”VaviCre cells showed
comparable donor-derived chimera (CD45.2*) to those transplanted

/f

with the control Hes1"”" cells at 4 weeks post-transplant; Hes1 defi-

ciency led to significantly reduced donor chimera at 16 weeks post-

transplant (Figure 2A), indicating a progressive decline of

hematopoietic repopulating ability of the Hes1-deficient HSCs. Consis-
tent with previous report that HES1 has a major function in normal T-
cells development,”***2 Hes1 deficiency caused a significant reduction
of T cells and increase of B cells in the transplanted recipients
(Figure 2B). We also found a significantly decreased proportion of qui-
escent cells in donor-derived Hes1”Vav1Cre LSK cells as compared to
that of Hes1”f donor LSK cells (Figure 2C), suggesting that the Hes1"
fVaviCre hematopoietic stem and progenitor cells (HSPCs) were exten-
sively cycling in the transplanted recipients under replicative stress.
The observation that Hes1-deficiency induced hyper-proliferation
but progressively decreased repopulation of HSCs, a phenotype charac-

4041 nrompted us to perform serial BMT to

teristic of HSC exhaustion,
determine whether Hes1-deficient HSCs undergo exhaustion under repli-
cative stress. Indeed, we found a progressive decline of hematopoietic

repopulating ability of the Hes1-deficient HSCs during three rounds of
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FIGURE 2 Hes1-deficient HSCs undergo exhaustion under transplant stress. A, Hes1 deficiency impairs the repopulating ability of HSCs. One
million WBMCs isolated from Hes1”"Vav1Cre mice or their Hes1”" littermates (CD45.2"), along with equal numbers of congenic WBMCs from
BoyJ mice (CD45.1%), were transplanted into lethally irradiated BoyJ recipients (CD45.1*). Donor-derived chimera were assessed at 4 weeks and
16 weeks post BMT. Representative flow lots (left) and quantification (right) are shown (n = 8-10). B, Hes1 deficiency impairs T lineage
reconstitution in the recipients. Peripheral blood (PB) from recipients described in A was subjected to lineage differentiation analysis in the donor-
derived compartment (CD45.2*) 16 weeks post BMT. Quantification are shown (n = 8-10). C, Donor-derived Hes1”fVav1Cre HSCs loss quiescent
in the transplanted recipients. WBMCs from the recipients described in B were subjected to cell cycle staining using Pyronin Y (PY). Donor-
derived (CD45.2") SLAM cells were gated for analysis. Representative flow lots (left) and quantification (right) are shown (n = 8-10). D, Hes1-
deficient HSCs undergo exhaustion under serial transplant stress. One million WBMCs from Hes1fVav1Cre mice or their Hes1"f littermates were
transplanted into lethally irradiated BoyJ recipients. After 16 weeks, primary recipients were sacrificed and 102 WBMCs were used for secondary
transplantation into lethally irradiated BoyJ recipients. The same protocol was employed for the tertiary transplantation. Donor reconstitution
(CD45.2" cells) were monitored in PB was accessed at week 16 of each transplantation. Results are mean + SD of three independent experiments
(n = 6-9/group). E, Recipient mice of Hes1-deficient BM cells exhibit BM failure-like phenotype. Femurs from the secondary recipients described
in D were subjected to histologic examination. Representative H&E stained bone sections are shown. F, Analysis of replication-induced HSC
exhaustion by limiting dilution assay. Graded numbers of low density BM cells from Hes1”fVav1Cre mice or their Hes1”" littermates were
transplanted into lethally irradiated recipients. Plotted are the percentages of recipients containing less than 1% donor (CD45.2") blood nucleated
cells at 16 weeks post-transplantation. The frequency of functional HSCs was calculated according to Poisson statisticic stem cells (HSCs) harbor
the capacitis. *P < .05; **P < .01
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BMT (Figure 2D). Furthermore, histology of BM from the secondary
recipients transplanted with the Hes1”VaviCre donor cells showed sig-
nificantly decreased cellularity 10-week post-transplantation (Figure 2E).
These results suggest that Hes1-deficient HSCs may undergo replicative
exhaustion in the transplanted recipients.

To substantiate these findings, we performed a limiting dilution

assay, 4243

in which we transplanted graded numbers of low-density
BM cells (LDBMCs) from Hes1™f or Hes1”fvaviCre mice, along with
2 x 10° radio-protector BM cells, into lethally irradiated congenic
recipients, and analyzed the frequency of the functional HSCs in the
tested BM cells. Poisson statistical analysis at 16 weeks post-
transplantation showed a 2.5-fold reduction in the frequency of
competitive repopulating units (CRUs) (1/37 885 in LDBMCs of
Hes1”f donor and 1/89 647 in LDBMCs of Hes1”VaviCre donors;
P =.0016; Figure 2F and Table 2). Thus, these results further dem-
onstrate that replicative stress induces stem cell exhaustion in Hes1-
deficient HSCs.

3.4 | Hesl1 deficiency upregulates genes in PPARy
signaling and fatty acid metabolism

Since HES1 suppresses expression of PPARG, which encodes the perox-
isome proliferator-activated receptor PPARy and regulates fatty acid

44,45

storage and glucose metabolism, we then attempted to examine

whether Hes1 loss affects expression of PPARy target genes.

TABLE 2 Competitive repopulating units

Hes1"f

1/37 855

Hes1"fvavicCre
1/89 647

Genotype
CRU frequency

Note: Graded numbers of low density BM cells from Hes1”fVaviCre mice
or their Hes1f littermates were transplanted into lethally irradiated
recipients. Frequency of competitive repopulating units (CRUs) was
calculated according to Poisson statistics. P = .0016.

Quantitative RT-PCR analysis identified a set of upregulated PPARy tar-
get genes, including Fabp4,*® Ncoa4,*” Pparg, and Zfml*® in Hes1"”
fVaviCre LSK cells compared to those from Hes1”f mice (Figure 3A).

49,50 we

Since PPARY is the master regulator in FAO metabolic pathway,
also observed a panel of upregulated FAO related genes, such as
Slc25a20,°* Hadha,>? Cptla,>® Cpt2°* (Figure 3B). We next assessed
FAO rates and found that Hes1 deletion significantly increased FAO in
LSK cells isolated from Hes1”fVaviCre mice compared to those from
Hes1”f mice as determined by the palmitate oxidation method
(Figure 3C). Together, these data indicate that deletion of Hes1 der-
egulated the expression of genes involved in PPARy signaling and fatty
acid metabolism pathways, and consequently augmented FAO in Hes1”
"VaviCre HSCs.

3.5 | Genetic and pharmacological inhibition of
PPARy or FAO improves hematopoietic repopulation
of Hes1-deficient HSCs

We next asked whether inhibition of PPARy or FAO can improve
the function of Hes1-deficient HSCs in vivo. We employed both
genetic and pharmacological approaches to inhibit PPARy or FAO.
For genetic inhibition of PPARy, we crossed Hes1”fVaviCre mice
with a conditional Pparg”® strain and generated Pparg**Hes1"
"VaviCre and Pparg”Hes1fvaviCre isogenic lines. Equal numbers
of BM cells from Pparg*’*Hes1"fvav1Cre and Pparg”™Hes1"fvavicCre
mice (CD45.2") were transplanted into lethally irradiated recipient
mice (CD45.1%). The repopulating capacity of the donor HSCs were
determined by analyzing the percentage of CD45.2* cells in the
recipient mice 16 weeks post-transplantation. We observed a mark-
edly increased proportion of CD45.2" cells in the BM of the recipi-
ent mice transplanted with Pparg”Hes1"fvaviCre cells compared
with those transplanted with Pparg™*Hes1”fVaviCre cells
(Figure 4A). For pharmacological inhibition of PPARy, we treated the
recipients transplanted with cells from Hes1"fvaviCre or their
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o é B v 44 o E
Qo] § 5 S Q' s0- 5
w ® “] £©
£® 8 g 8 Zle & # @ Sz
m 0 T T T T m 0 T T T T m E 0 T T
Fabp4 Pparg Ncoa4 Zfml Slc25a20 Hadha Cptia  Cpt2 £

FIGURE 3 Deletion of Hes1 de-regulates PPARy and FAO. A, B, Upregulated PPARy target genes (A) and fatty acid metabolism-related genes
(B) in Hes1”fvavi1Cre LSK cells. RNA were extracted from LSK cells of Hes1”fVav1Cre mice or their Hes17 littermates followed by gPCR analysis
using primers listed in Table S1. Samples were normalized to the level of GAPDH mRNA (n = 6-9). C, Loss of Hes1 augments FAO. LSK cells from
Hes17fvav1Cre mice or their Hes1”f littermates were subjected to palmitate oxidation rates measurement as captured **CO, using the isolated
mitochondria and 1-**C-palmitate as substrate. Quantification are shown. Results are mean + SD of three independent experiments.

*P<.05;**P < .01
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Hes1™f littermates with the well-characterized PPARy antagonist
GW9662.2% Similar to genetic inhibition, in vivo administration of
GW9662, albeit to less extend compared to Pparg deletion, also
increased donor-derived chimera in the recipients transplanted with
Hes1"fvaviCre HSCs compared to vehicle controls (Figure 4B).
Thus, PPARy inhibition improves hematopoietic repopulation of
Hes1-deficient HSCs.

Next, we performed genetic and pharmacological inhibition of
FAO. We crossed Hes1”fVaviCre mice with mice carrying a condi-
tional Cptla allele, which encodes the mitochondrial carnitine
palmitoyltransferase-1 (CPT-1; a rate-limiting enzyme in mitochondrial
FAO),285% to generate Cptla**Hes1”VaviCre and Cptla ""Hes1”
fVaviCre mice. We found that deletion of Cptla significantly
increased donor-derived chimera in Hes1”fVaviCre cell transplanted
recipients (Figure 4C).
transplanted with BM cells from Hes1”fVaviCre or the Hes1”f control
mice with the FAO inhibitor Etomoxir>*
derived chimera in the recipients transplanted with Hes1”fVaviCre

Similarly, treatment of the recipients

significantly increased donor-

HSCs (Figure 4B). Therefore, genetic and pharmacological
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FIGURE 4

inhibition of FAO improves hematopoietic repopulation of Hes1-
deficient HSCs.

3.6 | |Inhibition of PPARy and FAO increases
quiescence of Hes1-deficient HSCs

To explore the underlying mechanism how Hes1 deficiency could
cause HSC exhaustion under transplant stress, we first examined
whether inhibition of PPARy and FAO affected apoptosis of
Hes1-deficient ~ HSCs. HSCs
(CD45.2"SLAM) cells in the transplanted recipient mice showed that
deletion of Hes1 marginally increased apoptosis of Hes1”fVaviCre

Analysis  of  donor-derived

HSCs, and that genetic or pharmacological inhibition of PPARy by
Pparg”’ deletion or antagonist (GW9662) treatment, respectively,
did not have significant effect on apoptosis of Hes1”fVav1Cre HSCs
(Figure 5A). Similarly, FAO targeting by either deleting Cptla or
in vivo administration of Etomoxir to the transplanted recipients did
not show much effect on apoptosis of CD45.2*SLAM cells in the

& 30~ O Vehicle
8 |0 Gwese62

T

o 60+ %
2 Q

™= *
[

S 40

5

c 204

o

(]

X

Hes1""

Hes1™" \'/av1 Cre

g0 1 Vehicle
[ Etomoxir

JEF
o

He§1”f

o

% Donor-derived cells

Hes1"Vav1Cre

Inhibition of PPARy or FAO improves repopulation of Hes1-deficient HSCs. A, Genetic inhibition of Pparg improves repopulation of

Hes1”fVav1Cre HSCs. One million whole bone marrow cells (WBMCs) from Pparg”'Hes17Vav1Cre mice or their Pparg*’*Hes1**Vav1Cre littermates,
along with equal numbers of congenic BM cells, were transplanted into lethally irradiated congenic mice. Donor-derived chimera were determined by
flow cytometry 16 weeks post BMT (n = 6-8). B, Pharmacological inhibition of PPARy improves repopulation of Hes1""Vav1Cre HSCs. One million
WBMCs from Hes1”VaviCre mice or their Hes1" littermates, along with equal numbers of congenic BM cells, were transplanted into lethally irradiated
congenic mice. Recipients were treated with PPARy antagonist GW9662 (5 mg/kg) daily for 8 days (day —1 to day 7). Donor-derived chimera were
determined by flow cytometry 16 weeks post BMT (n = 9). C, Cpt1a targeting improves repopulation of Hes1”Vav1Cre HSCs. One million WBMCs

from Cpt1a”"Hes1”VaviCre mice or their Cpt1a®™*Hes1**Vav1Cre littermates, along with equal numbers of congenic BM cells, were transplanted into
lethally irradiated congenic mice. Donor-derived chimera were determined by flow cytometry 16 weeks post BMT (n = 7-9). D, FAO inhibition improves
repopulation of Hes1”"Vav1Cre HSCs. One million WBMCs from Hes1”Vav1Cre mice or their Hes1"f littermates, along with equal numbers of congenic
BM cells, were transplanted into lethally irradiated congenic mice. Recipients were i.p. administrated with FAQO inhibitor Etomoxir (50 mg/kg) daily for

8 days (day —1 to day 7). Donor-derived chimera were determined by flow cytometry 16 weeks post BMT (n = 9). *P < .05; **P < .01
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FIGURE 5 Inhibition of PPARy or FAO improves quiescence of Hes1-deficient HSCs. A, Effect of genetic or pharmacological inhibition of PPARy

on apoptosis. One million whole bone marrow cells (WBMCs) from Pparg”"Hes17fVav1Cre mice or their Pparg"’*Hes1**Vav1Cre littermates (left), or
Hes17Vav1Cre mice or their Hes1”f littermates (right), along with an equal number of BM cells from congenic BoyJ mice (CD45.1%), were transplanted
into lethally irradiated congenic mice. Recipients transplanted with WBMCs from Hes1”"Vav1Cre mice or their Hes1”" littermates were then
administered with PPARy antagonist GW9662 daily for 8 days (day —1 to day 7). Apoptotic (Annexin V-positive) donor-derived HSCs (CD45.2*SLAM)
cells were determined by flow cytometry (n = 6-9). B, Effect of genetic or pharmacological inhibition of FAO on apoptosis. One million WBMCs from
Cpt1a”"Hes1"VaviCre mice or their Cpt1a*’*Hes1"*Vav1Cre littermates (left), or Hes17"Vav1Cre mice or their Hes1”f littermates (right), along with an
equal number of BM cells from congenic BoyJ mice (CD45.1%), were transplanted into lethally irradiated congenic mice. Recipients transplanted with
WBMCs from Hes1”"Vav1Cre mice or their Hes1™ littermates were then administered with Etomoxir daily for 8 days (day —1 to day 7). Apoptotic
(Annexin V-positive) donor-derived (CD45.2") cells were determined by flow cytometry (n = 7-9). C, Inhibition of PPARy or FAO improves quiescence

of Hes1-deficient HSCs. WBMCs from recipients described in A and B were subjected to Pyronin Y staining. CD45.2*SLAM cells were gated for
analysis. Representative lots (left) and quantification (right) are shown (n = 6-9). *P < .05; **P < .01

recipients of donor Hes1”"VaviCre cells (Figure 5B). Thus, apoptosis
does not appear to be a causal factor in transplant stress-induced
HSC exhaustion in Hes1-deficient HSCs.

Quiescence is an important feature of HSC homeostasis,*® and
increased HSC cycling may lead to HSPC exhaustion.®” We next
examined whether inhibition of PPARy or FAO affected quiescence
of Hes1-deficient HSCs. Flow cytometry-based cell cycle analysis
revealed that deletion of Hes1 significantly decreased quiescence of
Hes17fVav1Cre HSCs in the transplanted recipients, as marked signifi-
cantly reduced Pyronin Y"'CD45.2*SLAM cells (Figure 5C). Genetic and
pharmacological inhibition of PPARy by Pparg™’ deletion or antagonist
(GW9662) treatment, respectively, improved quiescence as evidenced
by significantly reduced Pyronin Y*CD45.2"SLAM cells in the recipients
transplanted with Hes1”VaviCre donor cells (Figure 5C, upper). Simi-
larly, FAO targeting by Cpt1a deletion or Etomoxir treatment also signif-
icantly reduced Pyronin Y*CD45.2"SLAM cells in the recipients

transplanted with Hes1”"Vav1Cre donor cells (Figure 5C, lower). These
data indicate that compromised stem cell quiescence plays a major role

in the observed exhaustion of Hes1-deficient HSCs.

3.7 | Hesl deficiency upregulates genes involved
in PPAR signaling and fatty acid metabolism pathways

To explore the molecular roles of HES1 in the homeostasis of HSCs
and progenitor cells, we performed RNA sequence (RNA-Seq) analysis
using LSK cells isolated from Hes1”fVaviCre mice and their Hes1™" lit-
termates. Inspection of the RNA-Seq read distribution across specific
genes confirmed the successful deletion of Hes1 in the Hes1”"VaviCre
LSK cells (Figure S1B). Differentially expressed gene analysis revealed
that Hes1 deletion upregulated 131 genes and repressed 22 genes in
the Hes1”VaviCre LSK cells (Figure 6A). Panther gene-ontology
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FIGURE 6 Hes1 deficiency alters the expression of genes involved in PPARy signaling and fatty acid metabolism pathways. A, Scatter plot for
average expression vs fold change of expression between Hes1”Vav1Cre and Hes17f LSK cells. Red: upregulated genes; black: downregulated
genes; blue background: all expressed genes. B, Panther gene-ontology enrichment analysis for biological processes related to fatty acid
metabolism and hemopoiesis for the 131 upregulated genes. C, Gene set enrichment analysis (GSEA) of expressed genes, ranked by the FC of
expression (Hes1”Vav1Cre vs Hes1"), against the MSigDB gene set “Jaatinen hematopoietic stem cell dn,” which includes genes downregulated
in hematopoietic stem cells (HSC; CD133*) compared to CD133~ cells. Right panel: fold changes of expression for the top 10 leading genes (out
of 51). D, GSEA analysis against the MSigDB gene set “Wang classic adipogenic targets of PPARy”, which includes classic adipogenic genes
induced by PPARy during adipogenesis in three T3-L1 predipocytes. Right panel: fold changes of expression for all leading genes. E, GSEA analysis
against the MSigDB gene set “KEGG PPAR signaling pathway.” Right panel: fold changes of expression for all leading genes. FDR, false discovery

rate; NES, normalized enrichment score

enrichment analysis revealed a positive association of expression
upregulation with biological processes such as fatty acid metabolism
and hemopoiesis (Figure 6B). GSEA demonstrated that the upregulated
genes were enriched for those related to negative regulators of HSC
(Figure 6C).>® Consistent with the gene-ontology enrichment analysis,
the GSEA analysis also revealed that classic adipogenetic targets of
Ppary (Figure 6D) and genes from the KEGG PPAR signaling pathway
(Figure 6E)*° were preferentially upregulated in the absence of Hes1,
confirming that HES1 regulates HSC homeostasis possibly through sup-
pression of PPARy-related metabolic pathways.

4 | DISCUSSION

The maintenance of HSCs depend on both intrinsic and extrinsic ele-
ments. Understanding the signaling pathways that govern the homeo-
stasis of HSCs is fundamental to both normal and malignant
hematopoiesis. Recent studies have identified the Notch pathway as a
principal player in stem cells regulation and differentiation.® As a Notch
target, overexpression of HES1 increases HSC self-renewal and reduces
HSC cycling, thereby preserving long-term reconstitution ability.**¢ In
this work, we have identified a novel role of HES1 in regulating stressed

hematopoiesis through suppressing PPARy and regulating fatty acid
metabolism pathway. There are several findings that highlight the sig-
nificance of our study: (a) Hes1 is dispensable for steady-state hemato-
poiesis; (b) Hes1-deficient HSCs undergo exhaustion under transplant
stress; (c) Deletion of Hes1 deregulates PPARy signaling and FAO;
(d) Genetic and pharmacological inhibition of PPARy or FAO improves
PPARy
targeting or FAO inhibition ameliorates the repopulating defects of

hematopoietic repopulation of Hes1-deficient HSCs; (e)
Hes1-deficient HSCs through improving quiescence in HSCs; (f) Loss of
Hes1 upregulates genes involved in PPARy signaling and fatty acid
metabolism pathways.

One interesting observation of our study is that Hes1 is dispens-
able for steady-state hematopoiesis. Hes1 is known to play an essential
role in the development of many organs by promoting the maintenance
of stem/progenitor cells, by controlling the reversibility of cellular qui-
escence, and by regulating cell fate decision. 4242 Deletion of Hes? in
mice results in severe defects in multiple organs and is lethal in late
embryogenesis.»”"1° However, our hematopoietic lineage-specific dele-
tion of Hes1 in mice exhibited normal steady-state hematopoiesis with
comparable BM cellularity and HSC/progenitor pool to WT control ani-
mals, suggesting that HES1 is not required for HSC maintenance at

steady state. These observations are consistent with previous report
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using an inducible Hes1 knockout strain (Hes1”"Mx1Cre),*? and lend
support to the notion that HES1 is dispensable for steady-state
hematopoiesis.

However, one important and novel finding of our study is that
Hes1-deficient HSCs undergo exhaustion under replicative stress
induced by transplantation. HSC exhaustion, defined as a progressive
decline in the number of functional HSCs caused by enhanced cell
cycling, is considered one cellular mechanism of bone marrow failure
(BMF). Transplantation-associated replicative stress can compromise
the hematopoietic potential of HSCs. As a consequence, HSCs may
undergo “exhaustion” in serial transplant recipients.®®> Here we show
that HSCs deficient for Hes1 exhibited a progressive decline in hema-
topoietic repopulating capacity in serial transplanted recipients
(Figure 3). Thus, we propose that HES1 is a critical regulator that pre-
vents HSCs from replicative stress-induced exhaustion. Our data are
somewhat in disagreement with a previous report using a different
conditional Hes1 knockout strain crossed with the interferon-
inducible Mx1Cre mice, in which deletion of Hes1 did not affect self-
renewal and survival of HSCs after 5-FU challenge.'? The discrepancy
between this report and our study could be due to the utility of differ-
ent Hes1 knockout models with distinct delete strains and stressors,
as well as the relatively large amount of donor cells (2.5-5 x 10 BM
cells) used for competitive transplantation in Reference 12.

Peroxisome proliferator-activated receptor (PPAR) isoforms, a, /8
and y constitute a family of transcription factors that are members of
the nuclear hormone receptor gene super family and play fundamental
roles in dietary fat storage and catabolism.2* We previously identified
PPARy as a putative negative regulator of HSCs using an in vivo RNAI
screen system.?? More recent studies show that inhibition of PPARy
improves ex vivo expansion of human HSCs and progenitors.?®
However, less is known about how PPARYy is regulated and the iden-
tity of its downstream targets in HSCs. Our gene profiling analysis
(Figures 3 and 6) indicate that Hes1 represses some of the important
genes involved in PPARy signaling and fatty acid metabolism. Fur-
thermore, our functional studies (Figures 4 and 5) demonstrate that
Hes1 plays a crucial role in regulation of FAO in HSCs. In this con-
text, our study identifies a novel role of HES1 in regulating cellular
metabolism and suggests that targeting the HES1-PPARy-FAO met-
abolic axis may have therapeutic potential for chronic stress-related
hematological diseases.

In summary, we have employed a hematopoietic specific Hes1
knockout mouse model to study the role of Hes1 in stress hematopoi-
esis. Our results identify a novel role of HES1 in HSC maintenance
through regulating the PPARy- FAO metabolic axis and provide a

mechanistic insight into the function of HES1 in HSC homeostasis.
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