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Summary

The Fanconi anaemia protein FANCD?2 suppresses PPAR, to maintain haematopoietic stem cell’s
(HSC) function; however, the underlying mechanism is not known. Here we show that FANCD2
acts in concert with the Notch target HES1 to suppress inflammation-induced PPAR,, in HSC
maintenance. Loss of HESI exacerbates FANCD2-KO HSC defects. However, deletion of HESZ
does not cause more severe inflammation-mediated HSC defects in FANCD2-KO mice, indicating
that both FANCD2 and HES1 are required for limiting detrimental effects of inflammation on
HSCs. Further analysis shows that both FANCD2 and HESL1 are required for transcriptional
repression of inflammation-activated PPARg promoter. Inflammation orchestrates an overlapping
transcriptional programme in HSPCs deficient for FANCDZ2 and HESI, featuring upregulation of
genes in fatty acid oxidation (FAO) and oxidative phosphorylation. Loss of FANCDZ2 or HES1
augments both basal and inflammation-primed FAO. Targeted inhibition of PPAR, or the
mitochondrial carnitine palmitoyltransferase-1 (CPT1) reduces FAO and ameliorates HSC defects
in inflammation-primed HSPCs deleted for FANCDZ2 or HES1 or both. Finally, depletion of
PPARg or CPT1 restores quiescence in these mutant HSCs under inflammatory stress. Our results
suggest that this novel FANCD2/HES1/PPAR, axis may constitute a key component of
immunometabolic regulation, connecting inflammation, cellular metabolism and HSC function.
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Introduction

Fanconi anaemia (FA) is a genetic disorder associated with bone marrow failure (BMF),
developmental defects, metabolic disorder and cancers, particularly leukaemia,! (Schneider
et al., 2015).2 It is genetically heterogeneous, with at least 22 complementation groups
(FANCA-FANCW) identified thus far. At the molecular level, a DNA damage repair-based
FA pathway has been established.34 Haematopoietic stem cell (HSC) failure is now
considered the root cause of FA BMF and leukaemia. ~A gene deficiency in patients as well
as knockout mice results in severe reduction of HSC both in quantity and quality.4>8 HSCs
from mice deficient for several FA genes exhibit profound haematopoietic repopulating
defects in irradiated transplanted recipients.8-11 Furthermore, ex vivo culture of BM cells
deficient for the Fancc gene leads to an increase in cytogenetic abnormalities and myeloid
malignancies, suggesting FA haematopoietic cells are prone to clonal haematopoiesis and
malignancy.>12.13 The haematological manifestations of FA include a high incidence of
myelodysplastic syndrome (MDS) and acute myeloid leukaemia (AML).14.15 At the centre
of the FA pathway is the FANCD2/FANCI complex, the recruitment of which to the DNA
damage site is a critical step of repair.34 Clinically, patients with FANCD2 mutations have
earlier onset and more rapid progression of haematological manifestations compared with
patients with mutations in other FA complementation groups.18 Fanca2-deficient mice
exhibit multiple haematopoietic defects, including HSC and progenitor loss in early
development, abnormal cell cycle status, loss of quiescence in haematopoietic stem and
progenitor cells (HSPCs), and compromised functional capacity of HSCs.1? Recent study
has shown that FANCD?2 is required for nuclear retention of stress transcriptional factor
FOXO3a in HSC maintenance.19 However, the mechanisms by which FANCD?2 functions in
haematopoiesis remains largely unknown.

The transcriptional repressor Hairy Enhancer Split 1 (HESL1) is one of hairy-related basic
helix—loop-helix (bHLH) family members known to be involved in regulating cell fate
decisions and proliferation specifically in neural cells and bone marrow.18:19 In the
haematopoietic system, HES1 plays major role in normal T cells development.20-22
However, studies in HESI-deficient mice show no overt haematopoietic abnormalities in the
steady state.20 Overexpression of H/ESZ inhibits differentiation of bone marrow HSCs when
cultured /n vitro, increase HSC self-renewal, reduce HSC cycling, and preserve the long-
term reconstitution ability of primitive haematopoietic cells.2324 We recently showed that
while HESL1 is dispensable for steady-state haematopoiesis, HESI-deficient HSCs undergo
exhaustion under replicative stress in a haematopoietic lineage-specific HESI knockout
mouse model.25 The mechanism by which HES1 regulates haematopoiesis remains largely
unknown.

Recent studies using metabolomics technologies have revealed that metabolic regulation
plays an essential role in HSC maintenance. Metabolism provides energy and building
blocks for other factors functioning at steady state and in stress haematopoiesis.?® Altered
metabolic energetics in HSCs affects their function and underlies the onset of many blood
malignancies.2’-2% Nuclear receptor superfamily members, peroxisome proliferator-activated
receptors (PPARS), classified into three isoforms (PPARa, /6, y), are important in whole-
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body energy metabolism and collectively involved in fatty acid oxidation (FAO).30 We
previously identified PPAR, as a negative regulator of HSC using an /7 vivo RNAi screen
system, and showed that FANCD?2 suppresses PPAR,, to maintain HSC function.31 Another
independent study also suggested that inhibition of PPAR, improves ex vivo expansion of
human HSCs and progenitors.32 Using a haematopoietic lineage-specific HESI knockout
mouse model (HES17"vaviCre), we recently identified a novel role for the Notch target
HESL1 in regulating haematopoiesis under stress by regulating PPAR,, and fatty acid
metabolism pathways.25 How this FANCD2/HES1/PPAR, signaling axis influences HSC
function is not known.

In this study, we found that both FANCD2 and HES1 are required for limiting detrimental

effects of inflammation on HSCs. Mechanistically, FANCD?2 is required for HES1-mediated
transcriptional repression of the inflammation-activated PPAR,, promoter. Further, we show
that loss of FANCDZ2 or HESI augments both basal and inflammation-primed FAO, and that
targeted inhibition of PPAR,, or FAO ameliorates HSC defects in FANCDZ-deficient HSCs.

Materials and methods

Mice

Results

FANCDZ*~ mice in a C57BL/6 background were provided by Dr. Markus Grompe (Oregon
Health & Sciences University).33 Heterozygous HESI mice in a C57BL/6 background34
were generated from the sperm purchased from Riken, Japan ({"type":"entrez-
protein”,"attrs":
{"text":"CSD23160","term_id":"903054544","term_text":"CSD23160"}}RBRC06047). The
in vitro fertilization (IVF) procedure was performed at the Transgenic Animal Core Facility
at West Virginia University (WVU). Heterozygotic HESZ mice (HES10X'WTy were
interbred to generate HESI null mice (HES170x/flox 25 or crossed with FANCDZ*~ mice to
generate FANCDZ2,HES1 double knockout (DKO) mice and littermate controls. The
FANCDZ2-K/mice in a 129/BL6 background expressing a dual tandem (3XFLAG and HA)
tag have been previously described elsewhere.3® All animals including the BoyJ recipient
mice were maintained in specific pathogen-free facilities at West Virginia University.
Animals were kept in accordance with the regulations prescribed by the Institutional Animal
Care and Use Committees (1701005049).

For detailed experimental procedures, see Supplemental Methods.

Loss of HES1 exacerbates FANCD2/~ HSC defects

Using a published HES1 knockout (KO) strain, 2534 we deleted the HESI gene in FANCD2-
KO mice and analyzed haematopoietic cell populations in the bone marrow (BM) of WT,
FANCDZ2-KO, HES1-KO and FANCDZ,HES1 DKO mice. We found that while BM
cellularity of single KO or DKO mice was comparable to that of WT littermates (Figure S1),
loss of both FANCDZ2and HESI caused a further reduction in the frequency of HSPCs (Lin
~Scal*c-kit*, LSK) and that of the phenotypic HSCs (Lin~Scal*c-kit"*CD48~CD150%)
signaling lymphocyte activation molecule (SLAM)36 compared to single KO and WT
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controls (Fig 1A). We also determined the haematopoietic parameters in the peripheral blood
(PB) of these mice and found that loss of HES1 led to more severe myeloid skew in
FANCDZ2-KO mice compared to the single KO mice (Fig 1B, Table I). Thus, deletion of
HES1 further reduces the HSPC pool and alters lineage differentiation in FANCD2-KO
mice.

We next examined the haematopoietic repopulating capacity of HSCs by transplanting one
million whole bone marrow cells (WBMCs) from WT, FANCD2-KO, HES1-KO and DKO
mice (CD45-2*), along with an equal number of WBMCs from congenic BoyJ mice
(CD45.1%) into each lethally irradiated BoyJ recipient.8 Flow cytometry analysis
demonstrated a further reduced donor-derived chimaera (CD45-2*,Fig 1C) and skewed
lineage differentiation (Figure S2) in the PB of the recipients transplanted with DKO cells
compared to those transplanted with FANCD2-KO or HESI-KO at four weeks and 16 weeks
post bone marrow transplantation (BMT). These results indicate that loss of HESZ further
reduces the repopulating ability of FANCD2-KO HSCs. These observations were further
verified by a limiting dilution assay.25:37 Poisson statistical analysis at 16 weeks post-
transplantation showed an approx. twofold reduction in the frequency of competitive
repopulating units (CRU) in single KO donor cells and approx. fourfold reduction in DKO
donor cells, compared to WT cells (Fig 1D and Table I1). Thus, loss of HESI leads to more
severe HSC exhaustion in FANCDZ2-KO mice.

Both FANCD2 and HESL1 are required for limiting detrimental effects of inflammation on

HSCs

We and others have demonstrated that inflammation in FA HSPCs plays a crucial role in FA
pathophysiology.38-40 Since several components of the FA pathway interacted with the
Notch target HES14142 and since inflammation-mediated deregulation of Notch signalling
skewed HSC differentiation in FA mice,” we asked whether FANCD2 functionally interacts
with HES1 in response inflammatory cues in HSC maintenance. We first treated BM SLAM
cells isolated from WT, FANCD2-KO, HES1-KO or DKO mice with increasing doses of
tumour necrosis factor-alpha (TNF-a.), a pro-inflammatory cytokine that can efficiently
induce robust inflammatory responses in HSPCs.4043 We found that TNF-a. treatment did
not further decrease ex vivo self-renewal of DKO HSCs compared to either single KO HSC
(Fig 2A). Interestingly, functional BMT assay revealed that TNF-a treatment increased
short-term repopulation of single KO and DKO HSCs at four weeks post-transplant (Fig
2B). However, TNF-a significantly reduced long-term repopulation of these KO HSCs at 16
weeks post primary BMT and in secondary recipient mice (Fig 2C, D). Intriguingly,
inflammation did not further compromise the long-term repopulating ability of the DKO
HSCs, compared to either single KO HSC, in both 16-week primary recipients and
secondary transplanted recipients (Fig 2C, D). This inflammatory effect on the KO HSCs
was confirmed by a limiting dilution assay, in which TNF-a treatment did not cause further
reduction in the frequency of CRU in DKO HSCs as compared to either FANCD2-KO or
HESI-KO HSCs (Fig 2E, Table I11). Taken together, these results suggest that both FANCD2
and HES1 are required for limiting detrimental effects of inflammation on HSCs.
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Repression of inflammation-responsive PPARy expression requires both FANCD2 and

HES1

Since HES1 suppresses inflammation-induced PPAR),, expression,2144-46 and since several
components of the FA pathway interact with HES1 and HESI deficiency causes a FA-like
phenotype, 142 we examined the effect of HESZ deficiency on PRAR,, expression in
inflammation-primed WT and FANCDZ2-KO HSCs. We found that TNF-a treatment induced
an elevation of PPAR, expression with similar magnitude and kinetics in FANCDZ2-KO and
HESI-KO SLAM cells compared to WT cells (Fig 3A). Significantly, deletion of HESI de-
repressed PPAR,, expression in WT but had no further effect on FANCD2-KO SLAM cells
(Fig 3B). These results suggest that FANCD2 might co-operate with HES1 in PPAR,,
repression in HSCs. To test this idea, we measured the activity of PPAR, promoter, using a
-1.5 kb PPAR,, promoter-luciferase reporter,** in response to ectopic expression of
FANCD2 and HES1. Primary mouse embryonic fibroblasts (MEFs) transfected with the
PPARY-luciferase reporter showed robust luciferase activity induced by TNF-a treatment
(Fig 3C). Ectopic expression of HES1 had marginal effect in the absence of FANCD2
expression vector or vice versa, however, the repression of the reporter activity was
enhanced synergistically when both FANCD2 and HES1 expression vectors were present
(Fig 3C). These results indicate that FANCD?2 is required for the repression of PPAR,,
promoter transcription by HES1.

To provide additional evidence for the ability of FANCD2 to enhance HES1 repressor
activity on the PPAR,, promoter, we performed a chromatin immunoprecipitation (ChiP)
assay in BM Lin~ cells from our recently generated FANCDZ2-KO mice, in which a dual
tandem (3XFLAG and HA) tag was inserted at the C-terminus of the endogenous FANCDZ2
locus.34 We analyzed FANCD2 and HES1 occupancy along the 5-flanking region of the
PPAR), gene extending from 1.5 kb to the transcriptional start site (Fig 3D). We detected
strong inflammation-responsive binding of HESL1 in the previously characterized B class E
box (CANGTG,-771) and weaker binding at the N class E box (CACNAG,-535) in the
PPAR, 1 promoter (Fig 3D), consensus HES1-binding sites; 4>47. Significantly, FANCD2
was also found to occupy these PPAR), B/N E box elements in an inflammation-responsive
manner (Fig 3E). These results provide biochemical evidence that FANCD2 is co-localized
with HES1 on the regulatory region of the PPAR,, gene.

Gene-expression profiling reveals an overlapping deregulated FAO/OXPHOS/cell-cycle
transcriptional programme in HSPCs deficient for FANCD2 and HES1

To address the downstream biology of the coordinate action by FANCD2 and HESL1 in
PPAR), repression, we performed gene-expression profiling by RNA-sequencing (RNA-seq)
analysis to compare the FANCD2 and HES1 transcriptomes in LSK cells. We found that the
inflammation-responsive transcriptional programmes engaged by FANCD2 and HES1
deficiencies were highly overlapping, with approximately 30% of deregulated genes induced
by FANCD?2 deletion overlapping with those induced by HES1 deletion (Fig 4A). We then
conducted pathway analysis to identify the deregulated pathways that are shared by
FANCDZ2 and HESI deficiency. We identified three overlapping pathways: fatty acid
oxidation (FAQ), oxidative phosphorylation (OXPHOS) and cell-cycle control (Fig 4A, B).
We validated the RNA-seq results for selected genes in these three pathways (Fig 4C). These
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data indicate that inflammation orchestrates an overlapping transcriptional programme in
HSPCs deficient for FANCD2and HES1.

Augmented FAO in HSPCs deficient for FANCD2 and HES1

The coordinative PPAR), repression by FANCDZ2 and HES1 and the overlapping
transcriptional regulation in the FAO pathway in FANCDZ2- and HESI-deficient HSPCs
suggest that FANCD2 and HES1 may regulate this metabolic pathway in HSPCs. To test his
notion, we first measured mitochondrial FAO in WT, FANCD2-KO, HES1-KO and DKO
LSK cells treated with or without TNF-a.. We found that loss of FANCDZ2 or HES1
augmented both basal and inflammation-primed FAQ, as determined by the palmitate
oxidation method (Fig 5A). However, concomitant loss of FANCDZ2and HES1 did not
further augment either basal or inflammation-primed FAO Fig 5A. To assess whether the
augmented FAO was the consequence of PPAR,, de-repression, we treated WT, FANCDZ-
KO, HESI-KO or DKO LSK cells with a PPAR,, antagonist (GW9662)32 and found that 5
UM of GW9662 effectively reduced the inflammation-primed FAO in FANCD2-KO, HESI-
KO and DKO LSK cells Fig 5B. To substantiate these findings, we performed shRNA
knockdown of CPT1, which encodes the mitochondrial carnitine palmitoyltransferase-1, a
rate-limiting enzyme in mitochondrial FAO.#® We obtained one CP7Z SFLV-eGFP-shCptl
(shRNA) (CPT1#1) that showed efficient knockdown Fig S3. Using this CP71shRNA, we
were able to show that knockdown of CP71 almost completely reduced the inflammation-
primed FAO in FANCDZ2-KO, HESI-KO and DKO LSK cells Fig 5C.

We then asked whether inhibition of the inflammation-primed FAO could improve function
of the KO HSCs. To this end, we isolated LSK cells from WT, FANCD2-KO, HESI-KO or
DKO mice, treated the inflammation-primed cells with the PPAR,, antagonist GW9662 or
the mitochondrial FAO inhibitor etomoxir,*® and transplanted the cells into lethally
irradiated BoyJ recipients. We found that inhibition of PPAR, by GW9662 partially rescued
the inflammation-induced long-term repopulation defects of FANCD2-KO, HES1-KO or
DKO HSCs in the transplanted recipients 16 weeks post BMT (Fig 5D). Similar
improvement was also observed with the effect of the mitochondrial FAO inhibitor Etomoxir
Fig 5D. Furthermore, inhibition of PPAR, by GW9662 or of FAO by etomoxir significantly
increased the frequency of CRUs in the limiting dilution assay (Fig 5E and Table 1V). These
results indicate that inhibition of inflammation-primed FAO improves the function of HSCs
deficient for FANCDZ2 and HESI.

Genetic inhibition of PPARy or CPT1 restores quiescence in HSCs deficient for FANCD2

and HES1

Since we observed an overlapping upregulation of genes involved in the cell-cycle pathway
in FANCDZ2-KO and HESI-KO HSPCs (Fig 4), we wondered whether the inflammation-
induced exhaustion of FANCD2-KO and HES1-KO HSCs was due to loss of stem cell
quiescence. We first determined the effect of PRPAR,, knockdown on quiescence of
FANCDZ2-KO and HESI-KO HSCs. We transduced WT, FANCD2-KO, HESI-KO or DKO
HSCs with lentiviral vector expressing scramble shRNA or shRNA targeting PPAR,, and
observed efficient knocking down of PPAR,, (Fig 6A, Figure S4). We found that depletion of
PPAR significantly reduced inflammation-primed FAO (Fig 6B) and restored quiescence of
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FANCDZ2-KO, HES1-KO and DKO HSCs (Fig 6C), as determined by palmitate oxidation
assay and Ki67/DAPI staining, respectively. Similar results were found in FANCD2-KO,
HESI-KO and DKO HSCs expressing shRNA targeting CP71 Fig 6D, in which CPT1
knockdown significantly reduced inflammation-primed FAO (Fig 6E) and improved
quiescence in FANCD2-KO, HESI-KO and DKO HSCs (Fig 6F). Taken together, these data
suggest that targeted inhibition of PPAR,, or CPT1 restores quiescence in FANCDZ-KO and
HESI-KO HSCs.

Discussion

Haematopoietic stem cell failure is now considered the root cause of FA BMF and
leukaemia. However, the mechanisms by which FA proteins function in HSC maintenance
remain largely unknown. In this work, we have identified a novel role of FANCD2, a key
factor of the FA pathway, in regulating HES1-mediated transcriptional repression of PPAR,
in HSC maintenance. We have provided several lines of evidence to support the notion: (i)
deletion of HES1 exacerbates FANCD2-KO HSC defects in steady state; (ii) both FANCD2
and HES1 are required for limiting the detrimental effects of inflammation on HSCs; (iii)
repression of inflammation-induced transcription of the PPAR,, gene requires both FANCD2
and HES1, (iv) inflammation orchestrates an overlapping transcriptional programme in
HSPCs deficient for FANCDZ2 and HESI; (v) loss of FANCDZ2 or HESI augments FAO in
HSPCs, but concomitant loss of FANCDZ2 and HESI did not further augment either basal or
inflammation-primed FAO; and (vi) targeted inhibition of PPAR,, or CPT1 reduces FAO and
restores quiescence in FANCD2-KO and HESI-KO HSCs.

The current study is the first demonstrating an /7 vivo functional interaction between the FA
and HES1/Notch pathways. HES1 is a member of the hairy-related basic helix—loop—helix
(bHLH) family,18 and an evolutionarily conserved target of Notch signaling, which regulates
several cellular processes, including cell fate decisions and proliferation in both invertebrates
and mice.5%:51 The crosstalk between the FA and the HES1/Notch pathways has been
highlighted in recent reports showing that HES1 interacts with several members of the FA
core complex, including FANCA, FANCF, FANCG and FANCL.#142 Cells depleted of
HES1 exhibit an FA-like phenotype that includes cellular hypersensitivity to interstrand
crosslinker mitomycin C (MMC), and lack of FANCD2 monoubiquitination and foci
formation.42 HES1 is also required for proper nuclear localization or stability of some
members of the FA core complex.#2 We recently showed that inflammation-mediated
deregulation of Notch signaling skewed HSC differentiation in FA mice. Specifically, we
found that inflammation-enhanced Notch signalling leads to increased production of
multipotential progenitors (MPPs) in FA mice.5 The current study employed the FANCD2-
KO and HESI-KO mouse models to show that both FANCD2 and HESL1 are required for
limiting the detrimental effects of inflammation on HSCs and that repression of
inflammation-induced PPAR),, expression requires both FANCD2 and HES1. Furthermore,
inflammation orchestrated an overlapping transcriptional programme in HSPCs deficient for
FANCDZ2 and HESI, featuring upregulated genes in the FAO metabolic pathway.
Consistently, we observed that deletion of FANCDZ2 or HESI in mouse HSCs resulted in a
marked increase in FAO and that targeted inhibition of FAO improved the /in vivo function of
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these mutant HSCs. These findings add another layer to the current understanding of the role
of FA proteins in HSC maintenance.

It is intriguing that while concomitant deletion of HESI exacerbates FANCD2-KO HSC
defects in the steady state, inflammation does not further decrease self-renewal of DKO
HSCs. In addition, inflammation does not further compromise long-term repopulating ability
of the DKO HSCs. The observation that DKO mice exhibit more severe HSC defects than
either HESZ-KO or FANCD2-KO cells suggests that multiple (Notch and FA) pathway
deficiencies additively affect the function of DKO HSCs. In response to inflammatory cues,
however, both FANCD2 and HES1 are required for limiting detrimental effects of
inflammation on HSCs. This is accomplished by a co-ordinative action of FANCD2 and
HESL to negatively regulate PPAR,, expression and consequently mitochondrial FAO, as
loss of either FANCD2 or HES1 leads to the same magnitude of increase in PPAR,,
expression and FAO in HSCs. This functional outcome would indicate the interaction
between FANCD?2 and HES1/PPAR,/FAO pathways plays a major role in HSC function
under inflammatory stress.

It has been shown that several components of the FA core complex interact with HES1 and
HES]1 deficiency causes a FA-like phenotype.4142 Our current study suggests that repression
of inflammation-activated PPAR), transcription by HES1 may require not only FANCD2 but
also the upstream FA core complex. Specifically, we propose that the formation of the
FANCD2-HESL1 co-repressor complex may require the FA core complex or FANCD2 mono-
ubiquitination. Previous studies have shown that mice deficient for several components of
the FA core complex (e.g. FANCA, FANCB, FANCC, FANCG) exhibit extremely similar
HSC defect phenotypes as those deleted for FANCDZ2.13:40 We therefore further propose that
HSCs deficient for the FA core or defective in FANCD2 mono-ubiquitinationl” would fail to
form a functional FANCD2-HES1 co-repressor complex, and consequently lead to de-
repressed PPAR,, transcription and FAO induced by inflammation. Thus, further
investigation on this novel FANCD2/HES1/PPAR, signalling axis will provide critical
insights into the regulatory role of the FA pathway in inflammation-responsive PPAR,,
expression and FAO during HSC maintenance.

Mechanistically, our results show that FANCD2 and HES1 acted in concert to repress the
PPAR,, promoter in an inflammation-responsive manner and that loss of FANCD2 or HES1
led to de-repression of inflammation-induced PPAR,, expression and augmented FAO.
Although attempts to identify a biochemical FANCD2-HES1 complex were unsuccessful
(data not shown), we envision that FANCD2 and HES1 form a functional co-repressor
complex in the context of inflammation-responsive PPAR, expression, and the relevance of
this transcriptional complex to the deregulated mitochondrial FAO is critical for
understanding the novel role of the FANCD2/FA pathway in immunometabolic regulation.
In addition, FANCD2 and HES1 co-occupied the B/N E box elements (consensus HES1-
binding sites) of the PPAR|, promoter in an inflammation-responsive manner. Functionally,
we show that the increased mitochondrial FAO, induced by inflammation-responsive PPAR,
expression, promotes HSC cycling and consequently HSC exhaustion. These findings argue
that dysregulated PPAR,/FAO also compromises the regenerative capacity of HSCs and
constitutes a contributing factor for HSC defect. We recently found that FA HSCs are more
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dependent on mitochondrial respiration relative to glycolysis in their resting state for energy
metabolism.37:52 More recently, by employing an /7 vivo RNAi screen (The shRNA library
pool was provided by Dr. Lenhard Rudolph (Max-Planck-Research Institute) using
SFFVAEcoR1-Egfp-shRNA vector), we identified PPAR,, a central transcription factor
regulating adipocyte differentiation and energy metabolism, as a regulator of HSC
homeostasis.3! It has also been shown that inhibition of PPAR, improves ex vivo expansion
of human HSCs and progenitors by enhancing glycolysis.32 Nevertheless, how HES1
regulates PPAR, signaling and the FAO metabolic pathway in HSCs is less understood. We
recently identified a novel role for HES1 in regulating haematopoiesis under stress condition
through regulating PPAR,, signalling pathway and fatty acid metabolism pathways using a
haematopoietic lineage-specific HESI knockout mouse model (HESI7 \vaviCre.?
Combined with our current study showing that FANCD2 and HES1 are required to repress
PPAR,, expression and mitochondrial FAO in response to inflammatory stress, we propose
that the novel FANCD2/HES1/PPAR, may constitute a key component of immunometabolic
regulation, connecting inflammation, cellular metabolism and HSC function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Lc?ss of HESI exacerbates FANCD2-KO HSC defects. (A) Loss of HESI further decreases
the haematopoietic stem and progenitor cell (HSPC) pool in FANCD2-KO mice. Whole
bone marrow cells (WBMCs) isolated from 8-10-weeks-old WT, FANCD2-KO, HESI-KO
or FANCDZ,HES1 double knockout (DKO) mice were subjected to flow cytometry analysis
for LSK (Lin~Scal*c-kit™) and signaling lymphocyte activation molecule (SLAM;
LSKCD150*CD48") populations. Representative flow plots (left) and quantification (right)
are shown. Results are means + standard deviation (SD) of three independent experiments (7
=9 per group). (B) HESI deficiency leads to more severe myeloid skew in FANCD2-KO
mice. Cells described in (A) were subjected to flow cytometry analysis for myeloid lineages
(Grl and Mac1l). Representative flow plots (left) and quantification (right) are shown.
Results are means + SD of three independent experiments (77=9 per group). (C) Loss of
HESI further compromises repopulating defects of FANCD2-KO cells. One million
WBMCs isolated from WT, FANCD2-KO, HES1-KO or DKO mice (CD45-2%), along with
equal numbers of congenic WBMCs from BoyJ mice (CD45-1%), were transplanted into
lethally irradiated BoyJ recipients. Donor-derived chimaera was detected by flow cytometry
at four weeks and 16 weeks post bone marrow transplantation (BMT). Representative flow
plots (upper) and quantification (lower) are shown. Results are means + SD of three
independent experiments (/7= 10-12 per group). (D) HESI deficiency leads to more severe
HSC exhaustion in FANCDZ2-KO HSCs. Graded numbers of low-density bone marrow (BM)
cells (LDBMCs) from WT, FANCD2-KO, HESI-KO or DKO mice, along with 2 x 10°
radio-protector BM cells from BoyJ mice (CD45-1%), 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 statistic stem cells harbouring the
capacities. Comparisons are WT versus single KO, and single KO vs DKO. *P< 0.05; **P<
0-01; ***p< 0-001.
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Fig 2.

Bc?th FANCD2 and HESL are required for limiting detrimental effects of inflammation on
haematopoietic stem cells (HSCs). (A) Inflammation does not further decrease self-renewal
capacity of double knockout (DKO) HSCs. One hundred signaling lymphocyte activation
molecule (SLAM) cells isolated from WT, FANCD2-KO, HESI-KO or double knockout
(DKO) mice were cultured in HSC medium in the presence or absence of indicated doses of
TNF-a.. The numbers of SLAM cells were determined by flow cytometry 10 days after
culture. Results are means + standard deviation (SD) of three independent experiments.
Comparisons are WT vs single KO or DKO for each indicated dosage. (B) Inflammation
increases short-term repopulation. Five hundred SLAM cells (CD45-2%) pretreated with
TNF-a (10 ng/ml) for 16 h, along with 2 x 10° radio-protector BM cells from BoyJ mice
(CD45-1%), were transplanted into lethally irradiated BoyJ recipients. Donor-derived
chimaeras were detected at four weeks post bone marrow transplantation (BMT; 7= 8-10
per group). Comparisons are vehicle versus TNF-a. (C) Inflammation reduces long-term
repopulation. Donor-derived chimaeras were detected at 16 week post BMT in the recipients
described in (B) by flow cytometry (7= 8-10 per group). Comparisons are vehicle versus
TNF-a. (D) Inflammation does not further compromise long-term repopulating ability of
DKO HSCs in secondary transplanted recipients. Three million whole bone marrow cells
(WBMCs) from the primary recipients described in (B) were transplanted into sublethally
irradiated BoyJ recipients. Donor-derived chimaeras were detected at 16 week post BMT (7
= 10-12 per group). Comparisons are vehicle versus TNF-a. (E) Inflammation does not
cause more severe HSC exhaustion in DKO HSCs. Graded numbers of WBMCs isolated
from WT, FANCD2-KO, HESI-KO or DKO mice (CD45-2%) were treated with TNF-a. (10
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ng/ml) for 16 h, were transplanted along with 2 x 10° radio-protector BM cells from BoyJ
mice (CD45:1%), 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
statistic stem cells harbouring the capacities. *, P< 0:05; **, < 0-01.
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Fig 3.

Repression of inflammation-induced PPAR,, expression requires both FANCD2 and HES1.
(A) Loss of FANCDZ or HESI fails to repress inflammation-induced PPAR),, expression.
Bone marrow (BM) signaling lymphocyte activation molecule (SLAM) cells isolated from
WT, FANCDZ2-KO, HES1-KO or double knockout (DKO) mice were treated with TNF-a
(10 ng/ml) for the indicated time points. Expression of PPAR,, was determined by real-time
polymerase chain reaction (PCR). Results are means + standard deviation (SD) of three
independent experiments. Comparisons are WT versus single KO or DKO for each indicated
dosage. (B) Deletion of HESI in FANCDZ2-KO haematopoietic stem cells (HSCs) does not
further increase PPAR), expression. BM SLAM cells isolated from WT, FANCDZ-KO,
HESI-KO or DKO mice were treated with TNF-a (10 ng/ml) for 16 h, and the expression
levels of PPAR, mMRNA were determined by real-time PCR. Results are means + SD of three
independent experiments. Comparisons are vehicle vs TNF-a.. (C) FANCD?2 co-represses
PPAR,, expression. Mouse embryonic fibroblast (MEF) cells expressing a PPAR,, reporter
construct containing 1-5 kB of the proximal PPAR,, promoter were co-transfected with
HES1 and FANCD2 expression vectors. Subsequently, 24 h after transfection, cells were
treated with TNF-a (10 ng/ml) for 16 h and analyzed for luciferase activity. Results are
means + SD of three independent experiments. Comparisons are vehicle versus TNF-a. (D)
Sequences of the consensus HES1-binding sites in the PPAR,, promoter. +1 indicates
transcription start site. (E) Inflammation-responsive recruitment of FANCD2 and HESL1 to
the endogenous PPAR,, promoter. BM Lin™ cells isolated from Fancd2-KO mice were
treated with TNF-a (10 ng/ml) for 16 h, and ChIP assays were carried out using anti-FLAG,
HESL1 and control 1gG. The regions encompassing the HES1-binding sites in the previously
characterized B class E box (CANGTG; =771) in the PPAR,, promoter were amplified by
real-time PCR. Results are means £ SD of three independent experiments. Comparisons are
vehicle versus TNF-a.. *, P< 0-05; **, P<0.01; ***, P<0.001.
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Fig 4.

Ogerlapping deregulated fatty acid oxidation (FAO)/oxidative phosphorylation (OXPHOS)/
cell-cycle transcriptional programme in FANCD2-KO and HESI-KO haematopoietic stem
and progenitor cells (HSPCs). (A) Analysis of differential gene expression in WT, FANCDZ2-
KO, HESI-KO Lin~Scal*c-kit™ (LSK) cells treated with TNF-a (10 ng/ml) for 16 h.
Differentially expressed genes (0-05 Pvalue cut-off, 2-0 fold change cut-off) in each group
were used for pairwise comparison to identify unique and shared genes. Numbers depicted
in the Venn diagram represent the up- and down-regulated genes in unique sections or shared
genes in each intersection. Shared genes in FANCD2-KO and HESI-KO groups were further
selected to run the pathway analysis module of GeneSpring GX v12 (Agilent, Santa Clara,
CA, WikiPathway database (https://www.wikipathways.org/index.php/WikiPathways)) using
the curated WikiPathway database. (B) Heatmap presentation of the genes in the three
shared pathways. (C) Validation of gene expression changes from RNA-seq analysis by real-
time polymerase chain reaction (PCR) Table S1. LSK cells from WT, FANCDZ2-KO, or
HESI-KO mice were treated with TNF-a (10 ng/ml) for 16 h. Error bars represent mean +
standard deviation (SD) of three independent experiments.
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Fig 5.

Aggmented fatty-acid oxidation (FAQ) in haematopoietic stem and progenitor cells (HSPCs)
deficient for FANCDZ2 and HES1 exhibit augmented FAO. (A) Loss of FANCDZ2 or HES1
augments both basal and inflammation-primed FAO. WT, FANCD2-KO, HES1-KO or
double knockout (DKO) Lin~Scal*c-kit* (LSK) cells were treated with TNF-a (10 ng/ml)
for 16 h, and palmitate oxidation rates were assessed as captured 14CO using the isolated
mitochondria and 1-14C-palmitate as substrate. Results are means + standard deviation (SD)
of three independent experiments. Comparisons are WT versus single or DKO; or vehicle
versus TNF-a.. (B) Pharmacological inhibition of PPAR, reduces FAO in FANCD2-KO,
HESI-KO or DKO LSK haematopoietic stem and progenitor cells (HSPCs). Levels of
inflammation-primed palmitate oxidation rates were measured in FAO in WT, FANCDZ2-KO,
HESI-KO or DKO LSK cells treated with increasing concentrations of GW9662. Results are
means + SD of three independent experiments. Comparisons are untreated versus treated
groups. (C) Knockdown of CPT71 reduces mitochondrial respiration. Levels of
inflammation-primed palmitate oxidation rates were measured in WT, FANCD2-KO, HESI-
KO or DKO LSK cells transduced with lentiviral vector expressing scramble shRNA or
shRNA targeting CPT1. Results are means + SD of three independent experiments.
Comparisons are WT versussingle or DKO. (D) Pharmacological inhibition of PPAR,,
rescues long-term repopulation of DKO HSCs. LSK cells from WT, FANCD2-KO, HESI-
KO or DKO mice were pretreated with TNF-a (10 ng/ml) for 2 h followed by treatment with
GW09662 (5 uM) or etomoxir (40 uM) for an additional 14 h. Five thousand treated LSK
cells (CD45-2*) along with 2 x 10° radio-protector cells from congenic mice (CD45-1%)
were transplanted into lethally irradiated BoyJ recipients. Donor-derived chimaeras were
determined by flow cytometry 16 weeks post bone marrow transplantation (BMT; n= 10-12
per group). Comparisons are untreated versus treated groups. (E) Inhibition of mitochondrial
respiration or suppression of PPAR,, prevents HSC exhaustion in FANCDZ2-KO HSCs. Low-
density bone marrow cells (LDBMCs) from WT, FANCDZ2-KO, HES1-KO or DKO mice
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were pretreated with TNF-a followed by the treatment with vehicle, GW9662 or etomoxir
as described in (D). Graded numbers of the treated cells (CD45-2%), along with 2 x 10°
radio-protector cells from congenic mice (CD45-1%), were then 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 statistic stem cells harbour the
capacities. *, P< 0:05; **, P<0-01; ***, P<0.01.
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Fig 6.

Kr?ockdown of PPAR, or CPT1 reduces fatty-acid oxidation (FAO) and restores quiescence
in HSCs deficient for FANCDZ2and HESI. (A) Quantitative polymerase chain reaction
(9QPCR) analysis of PPAR,, mRNA in shRNA-transduced signaling lymphocyte activation
molecule (SLAM) cells Table S1. Bone marrow (BM) Lin~ cells from WT, FANCDZ-KO,
HESI-KO or DKO mice were transduced with an eGFP-lentivirus expressing scramble
shRNA or shRNAs targeting PPAR,,. GFP* SLAM cells were treated with TNF-a (10
ng/ml) for 16 h and subjected to gPCR analysis for PPAR,, expression. Results are means +
standard deviation (SD) of three independent experiments. Comparisons are scramble
versusshPPAR,,. (B) PPAR,, knockdown reduces inflammation-primed FAO in FANCDZ-
KO haematopoietic stem and progenitor cells (HSPCs). GFP* Lin~Scal*c-kit* (LSK) cells
were treated with TNF-a (10 ng/ml) for 16 h, and palmitate oxidation rates were assessed as
captured 14CO, using the isolated mitochondria and 1-14C-palmitate as substrate. Results
are means + SD of three independent experiments. Comparisons are scramble
versusshPPAR,,. (C) PPAR,, knockdown restores quiescence in FANCD2-KO HSCs. GFP*
LSK cells in (B) were gated for SLAM population and analyzed for cell-cycle phases by
Ki67/Hochest staining and flow cytometry. Results are means + SD of three independent
experiments. Comparisons are scramble versusshPPAR,,. (D) qPCR analysis of CPT1
mMRNA in shRNA-transduced SLAM cells. BM Lin~ cells from WT, FANCD2-KO, HES1-
KO or DKO mice were transduced with an eGFP-lentivirus expressing scramble shRNA or
shRNAs targeting CP71. GFP* SLAM cells were treated with TNF-a (10 ng/ml) for 16 h
and subjected to gPCR analysis for CP71. Results are means + SD of three independent
experiments. Comparisons are scramble versusshCPT1. (E) CPT1 knockdown reduces
inflammation-primed FAO in FANCD2-KO HSPCs. GFP* LSK cells described in (D) were
treated with TNF-a (10 ng/ml) for 16 h, and palmitate oxidation rates were assessed as
captured 1#CO, using the isolated mitochondria and 1-14C-palmitate as substrate. Results
are means + SD of three independent experiments. Comparisons are scramble
versusshCPT1. (F) CPT1 knockdown restores quiescence in FANCD2-KO HSCs. GFP*
LSK cells in (D) were gated for SLAM population and analyzed for cell-cycle phases by
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Ki67/Hochest staining and flow cytometry. Results are means = SD of three independent
experiments. Comparisons are scramble versusshCPT1. *, P< 0-05; ***, < 0-001.
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Table I1.
Competitive repopulating units.
Genotype wT FANCD2-KO HESL-KO DKO
CRU frequency ~ 1/37903  1/67156 154274 1/143694

Graded numbers of low-density BM cells from WT, FANCD2-KO, HESI-KO or double knockout (DKO) mice were transplanted into lethally
irradiated recipients. Frequency of competitive repopulating units (CRU) was calculated according to Poisson statistics. 2= 0.0017 (WT versus
FANCD2-KO); P=0.0073 (WT versus HESI-KO); P< 0.00010 (WT versus DKO).
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