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Hypercholesterolemia, the driving force of atherosclerosis, accelerates the expansion
and mobilization of hematopoietic stem and progenitor cells (HSPCs). The molecular
determinants connecting hypercholesterolemia with hematopoiesis are unclear. Here, we
report that a somite-derived prohematopoietic cue, AIBP, orchestrates HSPC emergence
from the hemogenic endothelium, a type of specialized endothelium manifesting
hematopoietic potential. Mechanistically, AIBP-mediated cholesterol efflux activates
endothelial Srebp2, the master transcription factor for cholesterol biosynthesis, which
in turn transactivates Notch and promotes HSPC emergence. Srebp2 inhibition impairs
hypercholesterolemia-induced HSPC expansion. Srebp2 activation and Notch up-
regulation are associated with HSPC expansion in hypercholesterolemic human subjects.
Genome-wide chromatin immunoprecipitation followed by sequencing (ChIP-seq), RNA
sequencing (RNA-seq), and assay for transposase-accessible chromatin using
sequencing (ATAC-seq) indicate that Srebp2 transregulates Notch pathway genes
required for hematopoiesis. Our studies outline an AIBP-regulated Srebp2-dependent
paradigm for HSPC emergence in development and HPSC expansion in atherosclerotic

cardiovascular disease.

ematopoietic stem and progenitor cells

(HSPCs) maintain hematopoietic output

by generating the whole spectrum of

blood cell lineages in vertebrate animals.

Previous studies demonstrate that blood
vessels play an essential role in HSPC specifi-
cation in development (I-4). During embryo-
genesis, HSPCs emerge from a rare population
of endothelial cells (ECs) residing on the floor
of the dorsal aorta (DA) (I-4). Our earlier studies
show that apoA-I binding protein 2 (Aibp2,
also known as Yjefn3) regulates angiogenesis
from the DA (5). Because hematopoietic stem
cells (HSCs) arise from the ventral DA (1-3),
we investigated the role of Aibp2 in hemato-
poiesis. We generated apoalbp2™~ gebrafish
(fig. S1, A to E), which appeared morpholog-
ically normal (fig. S2). The expression of HSC
marker genes runxl and cmyb in the ventral
DA and the expression of ragl, which marks
HSC-derived T lymphocytes in the thymus, were
substantially reduced in apoalbp2™~ animals

(Fig. 1A and fig. S3A). Aibp2 depletion had no
observable effect on DA specification, as revealed
by unaffected arterial efnb2a expression (6)
(Fig. 1A). Morpholino antisense oligonucleotide-
mediated Aibp2 knockdown (fig. S4, A and
B) or antibody-mediated extracellular Aibp2
neutralization (fig. S4, C and D) reproduced
the Aibp2 knockout effect on hematopoiesis.
Consistently, Aibp2 deficiency reduced the
number of cmyb*kdrl" cells, which mark nas-
cent HSCs in the ventral DA between 28 and
60 hours postfertilization (hpf) (Fig. 1B and
fig. S3B). The results were validated by using
fluorescence-activated cell sorting (FACS) anal-
ysis of emyb kdrl" cells (fig. S3, C and D). Al-
though blood flow regulates hematopoiesis (7),
blood flow appeared normal in Aibp2-deficient
gatal:DsRed zebrafish (movies S1 and 2). These
data suggest that Aibp2 governs HSC ontogeny
in a direct and non-cell autonomous fashion.
The expression of primitive hematopoiesis
genes gata-1 and [-plastin at 24 hpf was normal

in apoalbp2 morphants, whereas the marker
of HSC-derived leukocytes (I-plastin®) was re-
duced at 4 days postfertilization (fig. S5). We
also examined the integrity of nonhematopoietic
tissues by surveying the expression of asso-
ciated marker genes. Development of the pro-
nephros (cdhl7), somite (desma), and sclerotome
(nkx3.1) in the trunk (fig. S6A); sonic hedgehog
(shh) signaling (shha and wvegfa); and arterial
(dll4) and venous (ephb4) vasculature develop-
ment showed no apparent changes in the ab-
sence of Aibp2 (fig. S6B). Pan-endothelial markers
Sl and kdrl were increased in Aibp2-deficient
animals (5). These results suggest that Aibp2
plays a direct role in HSC specification.

Our previous study showed increased cho-
lesterol contents in Aibp2-deficient embryos
(5). To determine the effect of cholesterol on
HSC emergence, apoalbp2 knockouts or mor-
phants were treated with a cholesterol-lowering
drug, atorvastatin. Atorvastatin treatment large-
ly restored runxl expression (Fig. 1C and fig.
S7, A to E) and reduced free cholesterol lev-
els in Aibp2-deficient animals (fig. S7, B and
E). Furthermore, atorvastatin expanded the
cmyb*kdrl* cells in the DA floor (fig. S7, F and
@G). These results indicate that an effective cho-
lesterol metabolism program orchestrates HSC
emergence.

Cholesterol synthesis requires the master tran-
scription factor Srebp2 (8), which is produced
as an endoplasmic reticulum (ER)-bound pre-
cursor. Cholesterol depletion activates Srebp2
via two-step proteolytic cleavages, and Srebp2
then releases its N-terminal transcriptional ac-
tivation domain into the nucleus, dictating the
expression of genes for cholesterol biosynthe-
sis, such as HMGCR and SREBF2, and the cho-
lesterol uptake gene LDLR (8). Zebrafish genes
srebfl and srebf2 encode Srebpl and Srebp2,
respectively. Srebpl is primarily responsible
for fatty acid synthesis (8). We generated an
hsp70:Gal4ER™>; UAS:apoalbp2- 24-mCerulean3
double transgenic animal, which expressed un-
tagged Aibp2 upon heat shock with the addi-
tion of 4-hydroxy-tamoxifen (4OHT) (Fig. 2A
and fig. S8, A and B). Srebp2 binds its own
promoter and up-regulates its mRNA expression
(8), which mirrors its transcriptional activity.
Aibp2 deficiency reduced, and 4OHT-induced
Aibp2 overexpression increased, srebf2 expres-
sion, whereas srebfl expression was unchanged
(Fig. 2, B and C, and fig. S8C). These results
suggest that Aibp2 regulates Srebp2 activity.

We also explored the hypercholesterolemia ef-
fect on embryonic hematopoiesis. Adult female
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cmyb:GFP zebrafish fed a high-cholesterol diet
(HCD) produced embryos with significantly high-
er cholesterol contents (fig. S9, A and B) and
greater srebf2 expression (fig. SOC). The embryos
produced by the HCD-fed females showed more
cmyb*kdrl” HSCs than the embryos produced by
females fed a control diet (fig. S9, D and E). Sim-
ilarly, hypercholesterolemic female mice produce
embryonic day 11.5 embryos with increased
frequency of ¢-Kit*"CD144CD45.2"- and RUNXI-
enriched hemogenic ECs (HECs) and hemato-
poietic precursors (fig. S9, F to K). The data
suggest that plasma cholesterol content regu-
lates the developmental HSC program.
Cellular cholesterol homeostasis is sustained
by low-density lipoprotein (LDL) cholesterol
uptake, Srebp2-mediated cholesterol synthesis,
and high-density lipoprotein (HDL)-mediated
cholesterol efflux. Because cholesterol pools
in the plasma membrane and ER are inter-
connected (9), we next probed the effect of
cholesterol efflux on Srebp2 activation. Choles-
terol sequestrant methyl-p-cyclodextrin robust-
ly activated SREBP2 in human umbilical vein
ECs (HUVECs) (fig. S8, D and E). AIBP aug-
ments the capacity of HDL to accept choles-
terol (5), and AIBP and HDL combinatorial
treatment dose-dependently activated SREBP2
(Fig. 2D and fig. S8F). These results suggest
that Aibp2-mediated cholesterol efflux acti-
vates SREBP2. We hypothesized that Srebp2
mediates the Aibp2 effect on hematopoiesis.
We thus generated srebf2 " zebrafish (fig. S10,
A to D). Srebp2 disruption markedly decreased
runxl, cmyb, and ragl expression (Fig. 3A and
fig. S11A) but did not influence efnb2a expres-
sion (Fig. 3A). Similarly, Srebp2 knockdown
disrupted HSC emergence but showed no
effect on DA specification, and the hematopoi-
esis defect was rescued by srebf2 overexpres-
sion (fig. S12, A and B). Srebp2 knockdown
markedly reduced the cmyb*kdrl™ HSCs (fig.
S12, C and D) but had no effect on the forma-
tion of adjacent supporting tissues, shh signal-
ing, and arterial and venous vessel specification
(fig. S6, A and B), whereas it mildly increased
the expression of pan-endothelial markers (fig.
S6C). Srebp2 depletion specifically reduced the
expression of Srebp2 but not Srebpl down-
stream target genes (fig. S12E). These pheno-
types support our hypothesis that Aibp2, through
Srebp2 activation, controls HSC emergence.
To test this, we created a kdrl:Gal4ER™; UAS:Flag-
nSrebp2-24-mCerulean3 transgenic animal, in
which the addition of 4OHT induced EC-
specific transcriptionally active nuclear Srebp2
(nSrebp2) expression (10) (fig. S11, B and C). Nu-
clear srebf2 mRNA injection into Aibp2 knock-
outs (Fig. 3B and fig. S13A) or 40OHT treatment
of Aibp2-deficient kdrl:Gal4ER™; UAS:Flag-
nSrebp2-24A-mCerulean3 animals rescued im-
paired HSC emergence (fig. S11, D and E).
Atorvastatin, which activates Srebp2 (77), marked-
ly augmented srebf2 but not srebfI expression
(fig. SI1F). Atorvastatin treatment augmented HSC
emergence (fig. S13, C and D), which was abol-
ished by Srebp2 disruption (Fig. 3C and fig. S13,
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Fig. 1. Effect of Aibp2 and cholesterol on HSC emergence. (A) Whole-mount in situ hybridization
(WISH) analysis of runxl, cmyb, ragl, and efnb2a expression. The numerator indicates the number of
zebrafish with the representative phenotype, and the denominator indicates the total number of
animals assessed. WT, wild type; dpf, days postfertilization. (B) HSC emergence in control or Aibp2-
deficient cmyb:GFP; kdrl:mCherry zebrafish. (C) WISH analysis of runxI in animals with the indicated
treatments. EtOH, ethanol. Arrowheads in (A) indicate the DA or thymus, and those in (B) show

cmyb*kdrl* HSCs. Scale bar, 100 um.
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Aibp2 on Srebp2
activity in ECs.
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Srebp2 in HUVECs incubated with or without AIBP and HDL3 (in micrograms per milliliter) for
4 hours. **P < 0.01. MBCD, methyl-B-cyclodextrin; P, Srebp2 precursor; N, nSrebp?2.

B to D). Atorvastatin-enhanced HSC emergence is
not due to HSC hyperproliferation, because sim-
ilar numbers of bromodeoxyuridine-positive
cmyb* cells in the DA were found in control
and atorvastatin-treated animals at 30 and 36
hpf (fig. S14, A and B). Collectively, these find-
ings suggest that Srebp2 acts downstream of
Aibp2 to orchestrate HSC specification.

The key role of Notch in HSC specification
prompted us to explore the role of Srebp2 in
Notch signaling (12). We used a tpI:d2GFP Notch
reporter zebrafish, which expresses a green flu-
orescent protein variant with a shortened half-
life under the control of tandem Notch-responsive

elements (13). The ablation of Aibp2 substan-
tially reduced ¢pI*kdrl" HSPCs, an effect that
could be reversed by Aibp2 overexpression (fig.
S15, A and B). Similarly, Srebp2 depletion de-
creased, whereas enforced nSrebp2 expression
restored, #pI*kdrl® HSPCs in the ventral DA
(fig. S15, A and B). Furthermore, nSrebp2 over-
expression rescued HSPC emergence in apoalbp2
morphants (fig. S15, A and B), indicating that
Srebp2 mediates the Aibp2 effect on Notch
signaling.

Aibp2 or Srebp2 deficiency markedly re-
duced the expression of notchlb but not that
of notchla, notch2, or notch3 in the DA (Fig. 4A
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Fig. 3. Effect of Srebp2 on HSC emergence. (A) WISH analysis of the indicated genes in wild-type
(WT) or srebf2™~ zebrafish. The numerator indicates the number of zebrafish with the representative
phenotype, and the denominator indicates the total number of animals assessed. (B and C) WISH
analysis of runxI expression in the DA. OE, overexpression.
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Fig. 4. Effect of AIBP-regulated Srebp2 activity on Notch signaling. (A and B) WISH analysis of
notchlb and runxl. The numerator indicates the number of zebrafish with the representative
phenotype, and the denominator indicates the total number of animals assessed. (C) Srebp2
binding motif enrichment in differentially expressed gene groups. TSS, translation start site.
(D) Immunoblotting of SREBP2 and NOTCH1 in HSPCs isolated from subjects with low LDL
cholesterol (LDL-C) (1.826 = 0.089 mM; n = 5 subjects) and high LDL-C (4.796 £ 0.454 mM;

n =5 subjects). LAMIN A/C serves as the loading control. P, Srebp2 precursor; N, nSrebp2.

(E) Working model. Bilateral cholesterol transport occurs between the ER and plasma membrane.
AlIBP-accelerated cholesterol efflux to HDL or hypercholesterolemia activates Srebp2, which
transactivates Notch for hematopoiesis. SRE, sterol response elements.

and fig. S15C), suggesting that attenuated Notch
signaling caused impaired HSC emergence in
apoalbp2 or srebf2 morphants. To investigate
this possibility, kdri:Gal4ER™; UAS:NICD-2A4-
mRFP transgenic animals that selectively ex-
press the 40HT-inducible endothelial Notch
intracellular domain (NICD) were created (fig.
S15D). NICD expression restored runxzl mRNA
expression in apoalbp2- or srebf2-deficient
animals (Fig. 4B and fig. S15, E and F). Our
findings agree with other findings that notchl
is intrinsically required for HSC fate (14-16).
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The notchib promoter contains putative Srebp2
binding motifs, which was validated by chro-
matin immunoprecipitation (ChIP) coupled
with quantitative polymerase chain reaction
(ChIP-qPCR) analyses of the targeted region
(fig. S16, A and B). By analyzing data from ChIP
with sequencing (ChIP-seq) for mouse Srebp2
(17), we found a prominent Srebp2 binding peak
in the promoters of Notchl (fig. S16C) and val-
idated the Srebp2 binding (fig. S17B).
Furthermore, we performed a bioinformat-
ics scan of the whole mouse genome by using
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the putative Srebp2 binding motif, which is
enriched at the center of Srebp2 ChIP-seq
peaks (fig. S16D). Our results indicate that
the Srebp2 binding motif is highly enriched
in the promoters of genes for cholesterol me-
tabolism and Notch signaling (fig. SI6E and
tables S1 and S2), suggesting that this motif
is highly conserved. For example, the Srebp2
binding motif and ChIP-seq peak are present
in the promoters of Srebp2-regulated cho-
lesterol biosynthesis genes Srebf2, Hmgcr,
and Ldlir (fig. S17A), all of which were exper-
imentally verified in murine ECs with Srebp2
overexpression (fig. S17, B and C). Further-
more, Srebp2 ChIP-seq results (I7) also vali-
dated Srebp2-mediated regulation of Notch
signaling and cholesterol metabolism (fig. S18,
A and B).

To further investigate the role of Srebp2 in
hematopoiesis, we compared gene expression
profiles in paired murine ECs, a Ly6a-green
fluorescent protein-positive population that
contains HECs, and pre-HSCs and progeni-
tors with lymphoid potential (pHPLPs) (I8).
Compared with ECs, HECs had 752 genes up-
regulated and 569 genes down-regulated,
whereas compared with HECs, pHPLPs had
752 genes increased and 977 genes decreased
(fig. S19A). Notch pathway genes are substan-
tially enriched among the genes up-regulated
in HECs compared with ECs or pHPLPs (table
S3 and fig. S19B). Except for Scap, most Srebp2-
regulated cholesterol metabolism genes were
repressed in HECs (table S3). SCAP is a pro-
tein chaperone of Srebp2 and is retained in
the ER membrane by sterol-induced interac-
tion with ER-resident protein INSIG1/2 (8).
Scap expression increased by up to fourfold
in HECs compared with ECs (table S3). The
Srebp2 binding motif or ChIP peak is marked-
ly enriched in the promoters of up-regulated
genes, but to a lesser extent in the promot-
ers of down-regulated genes (Fig. 4C and fig.
S18C). Consistent with this, our results from
an assay for transposase-accessible chroma-
tin using sequencing (ATAC-seq) unveiled that
the Srebp2 binding motif and ChIP-seq peak are
located within active transcription-associated
open chromatin regions of HECs, with 42% of
binding motifs (fig. S16, F and G) and 79% of
ChIP-seq peaks (fig. S18, D and E) overlapping
the ATAC-seq peaks in HECs. Thus, our sys-
temic bioinformatics analyses independently
validate our findings that Srebp2 is a critical
regulator of the Notch pathway.

We further explored the effect of hypercho-
lesterolemia on adult hematopoiesis. As reported
previously (19, 20), Western diet (WD) feeding
augmented HSPC frequency in Ldlr™~ mice,
and Srebp2 suppression by betulin abolished
the WD-induced augmentation of HSPC fre-
quency (fig. S20, A to C). To relate our findings
to human disease, we assessed the circulating
CD34"CD45* HSPCs in healthy volunteers.
We found that LDL cholesterol levels are cor-
related with HSPC frequency (fig. S20D) and that
Srebp?2 is activated and Notch is up-regulated
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in HSPCs isolated from hypercholesterolemic
subjects (Fig. 4D and table S4). Collectively, our
data document a conserved Srebp2-dependent
mechanism that regulates HSPC maintenance
in hypercholesterolemia.

Accumulating studies indicate that Srebp2
has moonlighting activities (17, 21). We showed
that the somite-derived prohematopoietic Aibp2
controls hematopoiesis by targeting Srebp2-
regulated cholesterol metabolism and Notch
signaling (Fig. 4E). In murine HECs, only the
cholesterogenic gene Scap is significantly up-
regulated. Given that SCAP gain of function
increases sterol-independent Srebp2 bioavail-
ability (22), SCAP up-regulation may contrib-
ute to increased Srebp2 activation in HECs.
The Srebp2 function in HECs may be shifted
more toward Notch activation than cholesterol
regulation. Our findings also corroborate the
essential role of the somite in providing proper
Notch signaling for HSC specification; for ex-
ample, Wntl6-induced Dlc/Dld presented by the
sclerotome regulates Notchlb activity in the
migrating HSC precursors (23, 24).

Hypercholesterolemia is the driving force
for atherosclerosis that underlies heart attacks
and strokes. Hypercholesterolemia activates
endothelial Srebp2 (8, 2I). Srebp2 activation
and Notchl up-regulation are detected in circu-
lating HSPCs of hypercholesterolemic human
subjects. Srebp2-regulated Notchl signaling may
also orchestrate HSPC homeostasis in hypercho-
lesterolemia. It appears that both AIBP-mediated
cholesterol efflux and hypercholesterolemia con-
verge on endothelial Srebp2 activation. Taking
these findings together, we have uncovered a
cholesterol metabolism pathway governing HSPC
emergence in development as well as HSPC ex-
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pansion in hypercholesterolemia. These insights
may have relevance for hematological and car-
diovascular disorders.
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Regulating HSC progenitors via cholesterol

Atherosclerosis is characterized by the buildup of cholesterol-containing lipoproteins in the vascular wall. This
increased cholesterol augments hematopoietic stem and progenitor cell (HSPC) counts, and the resultant increase in
leukocytes is associated with increased cardiovascular disease. Gu et al. describe a mechanism orchestrating HSPC
specification from the hemogenic endothelium (HE) during embryogenesis (see the Perspective by Rajan and Berman).
ApoA-I binding protein accelerated cholesterol efflux from the HE, activating the transcription factor Srebp2, which in turn
transactivated Notch signaling. This mechanism also appears to be important for adult HSPC expansion in
hypercholesterolemia.
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