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HEMATOPOIESIS AND STEM CELLS

Hif-1a and Hif-2a regulate hemogenic endothelium and
hematopoietic stem cell formation in zebrafish

Claudia Gerri,* Michele Marass,* Andrea Rossi, and Didier Y. R. Stainier

Department of Developmental Genetics, Max Planck Institute for Heart and Lung Research, Bad Nauheim, Germany

During development, hematopoietic stem cells (HSCs) derive from specialized endothelial

® Hypoxia regulates
EHT through Hif-1a
and Hif-2a.

® The Hif pathway
functions upstream of
Notch signaling in HSC
formation.
J

cells (ECs) called hemogenic endothelium (HE) via a process called endothelial-to-
hematopoietic transition (EHT). Hypoxia-inducible factor-1a (HIF-1a) has been reported
to positively modulate EHT in vivo, but current data indicate the existence of other
regulators of this process. Here we show that in zebrafish, Hif-2« also positively modulates
HSC formation. Specifically, HSC marker gene expression is strongly decreased in hif-1aa;
hif-1ab (hif-1a) and in hif-2aa;hif-2ab (hif-2a) zebrafish mutants and morphants. Moreover,
live imaging studies reveal a positive role for hif-1a and hif-2« in regulating HE specifi-
cation. Knockdown of hif-2« in hif-1a mutants leads to a greater decrease in HSC formation,

indicating that hif-1a and hif-2a have partially overlapping roles in EHT. Furthermore, hypoxic conditions, which
strongly stimulate HSC formation in wild-type animals, have little effect in the combined absence of Hif-1« and Hif-2a
function. In addition, we present evidence for Hif and Notch working in the same pathway upstream of EHT. Both
notch1a and notch1b mutants display impaired EHT, which cannot be rescued by hypoxia. However, overexpression of
the Notch intracellular domain in ECs is sufficient to rescue the hif-1a and hif-2a morphant EHT phenotype, suggesting
that Notch signaling functions downstream of the Hif pathway during HSC formation. Altogether, our data provide
genetic evidence that both Hif-1a and Hif-2a regulate EHT upstream of Notch signaling. (Blood. 2018;131(9):963-973)

Introduction

Hematopoiesis is the process of blood cell production, and it
occurs in 2 waves known as primitive and definitive.” In vertebrate
embryos, the definitive wave occurs in several locations, including
the ventral wall of the dorsal aorta (VDA),?* where a specific subset
of endothelial cells (ECs), referred to as hemogenic endothelium
(HE), resides. The HE undergoes a process called endothelial-to-
hematopoietic transition (EHT) to give rise to hematopoietic stem
cells (HSCs). In this process, some ECs acquire hematopoietic
potential and subsequently extrude from the VDA to form HSCs.4#

The transcription factor RUNX1 is one of the main players that
positively regulates EHT.®” In mice, Runx1 is required for the for-
mation of intra-arterial clusters and consequently of HSCs.2 Accord-
ingly, in zebrafish, both knockdown?'® and knockout' of runx1
abrogate definitive hematopoiesis from the VDA. A well-known
regulator of RunxT expression is the Notch signaling pathway. In
both mice'? and zebrafish,™ loss-of-function models for Notch1 ex-
hibit a pronounced reduction in Runx1 expression and consequently
impaired definitive hematopoiesis. Mice that lack Gata2, a zinc-finger
transcription factor gene directly regulated by NOTCH1,"* show
dramatic defects in EHT."® The Notch1-Gata2-Runx1 axis is conserved
in zebrafish, because Notch1a and Notch1b have been shown to
regulate gataZb expression, which in tum positively modulates
runx1 transcription in a cell-autonomous manner.'é'” Downstream
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of RUNX1 in the EHT molecular cascade lies cMyb."® Loss-of-function
murine'?2" and fish?2 models for cMyb exhibit defects in several steps
of hematopoiesis, including HSC differentiation and maintenance.

In recent years, the hypoxia-inducible factor (Hif) pathway has
been suggested to be involved in EHT. In zebrafish, experiments
that use morpholinos (MOs) against hif-1ab and treat the em-
bryos with chemicals such as dimethyloxalylglycine (DMOG) to
stabilize Hif-a proteins have led to the suggestion that the Hif
pathway is a positive regulator of runx1 and cmyb expression.?
These data were later supported by studies in mice in which a
conditional knockout of Hif-1a in vascular endothelial cadherin-
expressing cells caused a significant but not complete reduction
in HSC numbers, suggesting that other players are involved.?*

In this study, we generated zebrafish mutants for hif-2a (hif-2aa;hif-
2ab), which exhibit a reduction in ECs undergoing EHT, and show

that hif-1a and hif-2a both play a role in this process. Exposure to
hypoxia strongly induces EHT in wild-type (WT) embryos and
partially rescues the phenotype in hif-1a: and hif-2a single mutants.
In addition, we provide evidence for the hypoxia-Hif pathway acting
upstream of Notch signaling in EHT. Altogether, our data provide
new insights into the role of the Hif pathway in HSC formation and
refine the hierarchy of the EHT transcription cascade.
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Methods
Zebrafish handling

Zebrafish were maintained and embryos were obtained and
raised under standard conditions?® in accordance with in-
stitutional (Max-Planck-Gesellschaft) and national ethical and
animal welfare guidelines.

Tg(kdrl:Hsa.HRAS-mCherry)s8%6,2¢ Tg(kdrl:EGFP)®43,2” Tg(cmyb:
EGFPF162,28  Tg(-1.5hsp70l:GAL4)<<=427  (5xUAS-E1b:6xMYC-
notch1a)k<a3 30 and Tg(fli1a:GAL4FF)*4 3 fish were used in this
studly.

Generation of hif-2aa*"<23" and hif-2ab®"-?*2 mutants
pT7-gRNA and pT3TS-nlsCas?nls vectors were purchased from
Addgene.?? A guide RNA (gRNA) was designed to target exon 8
of hif-2aa using the CRISPR design tool (http://crispr.mit.edu/).
Generation of gRNA and Cas9 messenger RNA (mRNA) was
performed as described previously.3® A transcription activator-
like effector nuclease (TALEN) targeting exon 3 of hif-2ab was
designed and cloned using Golden Gate assembly into the
PCS2TAL3RR or pCS2TAL3DD expression vectors.** Generation
of TALEN arm mRNAs was performed as described previously.?
Mutant alleles were identified by sequencing polymerase chain
reaction (PCR) products; bands of 281 and 256 bp for hif2-aa
and hif2-ab, respectively, were purified from a 1% agarose gel and
sequenced. gRNA sequences, TALEN repeat of variable diresidues,
and primers used for genotyping are listed in supplemental Tables
1, 2, and 3, respectively (available on the Blood Web site).

Generation of notch1a®"*'3* mutant and genotyping
of notch1b=2"723¢ mutant

ATALEN targeting exon 11 of notchTa was designed and cloned
by using Golden Gate assembly into the pCS2TAL3RRR or
pCS2TAL3DDD expression vectors.?* Mutant alleles were
identified by high resolution melt analysis®* of PCR products.
notch1b mutants were ordered from the European Zebrafish Re-
source Center. Heterozygous fish were distinguished from WT and
homozygous mutant fish by high resolution melt analysis®> of PCR
products. Homozygous mutant and WT fish display a similar
melting profile, so to distinguish them, a PCR product of 518 bp
was purified from 1% agarose gel and was sent for sequencing.
TALEN repeat of variable diresidues and primers for genotyping
are listed in supplemental Tables 2 and 3, respectively.

Hypoxia chamber treatment

The hypoxia chamber was flushed with nitrogen gas to reach
3% O, concentration (C-Chamber, ProOX 110, ProCO2 from
Biospherix) at 28°C. 50-mm Petri dishes containing 4 mL of
embryo water were pre-equilibrated in the chamber overnight.
Treatments started at 28 hours post fertilization (hpf) for 8 hours.

Imaging

Images and videos were acquired by using an LSM800 confocal laser
scanning microscope (Zeiss) or high-end stereoscopic microscopes
(Nikon SMZ25) after embryos were anesthetized with a low dose of
tricaine and immobilized in 1% low-melting agarose in glass-bottom
Petri dishes (MatTek Corporation, Ashland, MA). Time-lapse im-
ages were recorded every 15 minutes for a maximum period of
~14 hours. The microscope stage was enclosed in a temperature-
controlled chamber at 28°C.
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Quantitative PCR

Quantitative PCR (qPCR) was performed on complementary DNA
obtained from whole embryo or isolated trunk RNA extracted by
using TRIZOL (Life Technologies).2¢ Forisolation of embryo trunks,
a pool of 36 hpf embryos (~100 per tube) was subjected to
pipetting through a 200-pL pipette for 90 seconds. After cen-
trifugation at 100g for 3 minutes, the solution was transferred into
a dish containing cold Hank’s salt solution to select and collect
only the trunks under a dissecting microscope. Complementary
DNA was synthesized by using SuperScript IIl RT (Invitrogen) with
300 pg of RNA. A Bio-Rad Real-Time PCR System was used for
gPCR experiments. All reactions were performed in 3 technical
replicates, and the results represent 3 independent biological
samples. gPCR primers are listed in supplemental Table 4.

Whole-mount in situ hybridization

Whole-mount in situ hybridization (WISH) was performed as
described previously.3” Primers used to make WISH probes are
listed in supplemental Table 5. If genotyping was necessary after
imaging, the embryos were placed individually into PCR tubes
with 10 pL of 50 mM NaOH. The samples were incubated at
95°C for 20 to 30 minutes (vortexing), and then 1 pL of 1 M tris
(hydroxymethyl)aminomethane [pH 8.0] was added to the so-
lution. The extracted DNA was used for genotyping.

MO injections

MOs targeting hif-1aa,®® hif-1ab,*® hif-2aa,*® hif-2ab,*® and the
control standard MO were purchased from Gene Tools (Eugene,
OR). After optimal titration (no overt toxic effects were observed),
hif-1aa and hif-1ab MOs were injected at the 1-cell stage at 0.5 ng
per embryo, and hif-2aa and hif-2ab MOs were injected at 1 ng
per embryo. MO sequences are listed in supplemental Table 6.

Overexpression of Notch intracellular domain

Progeny from Tg(-1.5hsp70l:GAL4)<24,(5xUAS-E1b:6xMYC-
notch1a)ke3 fish as well as WT embryos were subjected to 37°C
heat shock at 14 or 20 hpf for 50 minutes. The embryos were then
kept at 28°C until 36 hpf, when they were fixed and processed for
WISH. Tg(flila:GAL4FF)*>* were mated to (5xUAS-E1b:6xMYC-
notch1a)<#3, and the resulting embryos were processed for WISH
at 36 hpf. The embryos were selected according to their phe-
notype and were photographed and subsequently genotyped for
Tg(flila:GAL4FF)®s* and Tg(5xUAS-E1b:6xMYC-notch1a)kea3,
Primers used for genotyping are listed in supplemental Table 3.

Overexpression of vegfaa and evi1

Full-length vegfaa;; and eviT coding sequences were cloned into
pCS2*. mRNAs were synthesized by using an mMESSAGE
mMMACHINE SPé in vitro transcription kit. Zebrafish embryos were
injected at the 1-cell stage with 50 pg of vegfaa mRNA or 250 pg
of evil mRNA.

Quantification and statistical analysis

For the quantification shown in Figure 2D, we counted the number
of cells co-expressing Tg(cmyb:EGFP) and Tg(kdrl:mCherry) within
as well as emerging from the VDA at 36 hpf in a 10-somite-long
trunk area above the yolk extension. hif-1aa*/~;hif-Tab*/~ fish were
identified by genotyping and incrossed, and the resulting embryos
were processed for the WISH experiments shown in Figures 1 and
4. The same procedure was followed for hif-2aa™;hif-2ab*",
and results are shown in Figures 1 and 4. For the experiments
shown in Figure 5 and supplemental Figure 14, notchla*/~ fish
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Figure 1. hif-1a~/~ and hif-2a~/~ exhibit decreased runx1 and cmyb expression. (A-L) Brightfield images of WISH for runx1, cmyb, and runx1/cmyb expression in (A-C and G-) WT
sibling, (D-F) hif-Ta~~, and (J-L) hif-2a =/~ embryos (stages shown in the figure). The VDA region is outlined and shown at higher magnification in C, F, I, and L (lateral views). Scale bar, 100 um.
(M-O) Quantification of runx1 (A, D, G, and J), cmyb (B, E, H, and K), and runx1/cmyb (C, F, |, and L) WISH results, showing the percentages of embryos with WT and decreased expression in
the genotypes listed. n/n, number of embryos showing representative phenotype/total number of embryos examined.

were incrossed, and the resulting progeny were processed for
WISH. Next, the embryos were selected on the basis of their
phenotype, photographed, and processed for genotyping as de-
scribed above. The same procedure was followed for notch1b*/~
fish; results are shown in Figure 5 and supplemental Figure 14.
The quantification of phenotypes observed by WISH is repre-
sented in the figures as n/n (number of embryos showing rep-
resentative phenotype/total number of embryos examined).
Statistical analysis was performed by using GraphPad software.
Data in bar graphs represent mean with standard error of the
mean or standard deviation. P values were calculated by Student
t test for single comparisons of normally distributed data.

Results

hif-1a and hif-2a mutations lead to a reduced
number of HE cells undergoing EHT

To investigate the role of the Hif pathway in EHT, we analyzed
hif-1aab"s8?;hif-1abb™?%0 and hif-2aab"s23';hif-2abb"s232  double

Hif PATHWAY REGULATES HSC FORMATION

mutants,3 hereafter abbreviated as hif-1a mutants (hif-1a=""),
and hif-2a mutants (hif-2a~"), respectively. hif-2aa mutants were
generated by using the CRISPR/Cas? technology® to target a re-
gion in exon 8 that encodes the second PAS domain (supplemental
Figure 1A). hif-2ab mutants were generated by using TALEN
technology®* to target a region in exon 3 that encodes the first PAS
domain (supplemental Figure 2A). We recovered 2 alleles, hif-
2aab"?! and hif-2abP"?%?, carrying out-of-frame mutations that led
to a premature stop codon after 26 missense amino acids or
1 missense amino acid, respectively (supplemental Figures 1B-C
and 2B-C). To investigate the severity of the mutant alleles, we
analyzed hif-2aa and hif-2ab mRNA levels by gqPCR. When
compared with WT siblings, hif-2aa®™#" and hif-2ab""?%2 mu-
tants display a reduction in the mRNA levels of ~30% in the
mutated gene (supplemental Figures 1D and 2D). To determine
whether these mutants exhibit defects in HSC formation, we
performed WISH for runx1, one of the earliest known markers of
HSC fate. Compared with their WT siblings (Figure 1A,G,M), both
hif-1a="~ and hif-2a~/~ display a reduction in runx1 expression in
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Figure 2. hif-1a and hif-2a morphants show reduced numbers of cmyb:EGFP* ;kdrl:mCherry* cells in the VDA. (A-C) Maximal intensity projections of time-lapse confocal
images of 36 hpf Tg(cmyb:EGFP); Tg(kdrl:mCherry) control and hif-1a and hif-2a morphants. Arrows point to cmyb:EGFP*;kdrl:mCherry* cells in the VDA, and arrowheads point
to cmyb:EGFP*;kdrl:mCherry* emerging HSCs. Scale bar, 50 wm. (D) Quantification of cmyb:EGFP*;kdrl:mCherry* cells in the VDA and emerging HSCs in a 10-somite-long
trunk area in control and hif-Ta and hif-2a morphants (lateral views) (n = 10 embryos from 3 different clutches). ***P < .001; ****P < .0001. ns, not significant (Student t test).

the VDA at 30 hpf (Figure 1D,J,M). In addition, we analyzed at 36
hpf the expression levels of cmyb, an important transcription
factor gene downstream of Runx1 in the EHT cascade.*' In WT
siblings, cmyb was expressed in cells located in both the VDA
and caudal hematopoietic tissue (Figure 1B,H,N; supplemental
Figure 3A,C,E), and cmyb™ cell numbers were strongly reduced
in both hif-1a=/~ and hif-2a=/~ (Figure 1E,K,N; supplemental
Figure 3B,D,E). Consistent with these results, hif-1a=/~ and
hif-2a~"~ embryos (Figure 1F,L,O) exhibited a striking decrease in
runx1/cmyb expression levels at 36 hpf compared with WT siblings
(Figure 1C,1,0). Similarly, embryos co-injected with hif-1aa and hif-
1ab or hif-2aa and hif-2ab MOs (hereafter referred to as hif-1a
morphants and hif-2a morphants, respectively) exhibited a de-
crease in runx1 and cmyb expression levels compared with control
MO-injected embryos (supplemental Figure 4). In addition, to
test whether the development of the dorsal aorta (DA) was
affected in the mutants, we performed WISH for efnb2a (an
arterial marker) at 36 hpf. hif-1a~/~ and hif-2a~/~ exhibited an
efnb2a expression level similar to that of their WT siblings
(supplemental Figure 5). To further investigate the develop-
ment of the DA, we analyzed axial vessel formation by confocal
imaging using the Tg(kdrl:EGFP)#%3 reporter line. We did not
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observe vascular anomalies in mutant compared with WT
embryos (supplemental Figure 6A-C), suggesting that the EHT
phenotype observed in hif-1a~/~ and hif-2a~/~ is not a result of
defects in vascular development.

runx1 is also expressed in blood precursors during primitive
hematopoiesis.” To test whether primitive hematopoiesis was
affected in hif-Ta™"~ and hif-2a~/~, we analyzed the expression
levels of the lateral plate mesoderm markers runx1 and gatala
several hours before the heart starts beating. We detected WT
expression levels of these markers in the lateral plate meso-
derm of hif-1a™/~ and hif-2a~/~ (supplemental Figure 7), in-
dicating that the Hif pathway regulates runx1 expression only
during definitive hematopoiesis. To assess whether erythrocyte
number or blood flow was affected, we performed WISH for
gatala at 36 hpf as well as brightfield microscopy on live
embryos, and we observed WT-like blood development and
flow in hif-1a=/~ and hif-2a~/~ (supplemental Figure 8 and
supplemental Videos 1-3).

HSC formation requires 2 sequential steps: HE specification and
the emergence of HSCs from this specialized endothelium via
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Figure 3. Hypoxia is a potent inducer of HSC formation.
(A) Schematic representation of the experiment shown in A
B-H. (B-G) Brightfield images of WISH for (B-C) runx1, (D-E) 28 hof:
cmyb, and (F-G) runx1/cmyb expression in 36 hpf WT hypoxia chpar.nber R 36 hpf:
embryos in normoxia and after hypoxia exposure for 8 hours P 3% 0O fixation
starting at 28 hpf (lateral views). Scale bar, 100 pm. (H) 2
Quantification of runx1 (B-C), cmyb (D-E), and runx1/cmyb + +
(F-G) WISH results, showing the percentages of embryos > (hours)
with WT and increased expression in each condition. (I)
gPCR analysis of runx1 and cmyb mRNA levels in 36 hpf WT
embryos in normoxia and after hypoxia exposure for 8 hours normoxia - 36 hpf hypoxia chamber - 36 hpf
starting at 28 hpf (data for whole embryos is shown; data
for dissected trunk is provided in supplemental Figure 11).
Values represent mean plus SD (n = 3 biological replicates).
Ctvalues for each gene in WT samples in normoxia: rpl13 = =
17.25; runxT = 28.23; cmyb = 24.48.*P < .05 (Student t test). §
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EHT.> To gain further insights into the precise role of hif-Ta: and
hif-2a in this process, we performed time-lapse live imaging on
Tg(cmyb:EGFPF¢%; Tg(kdrl:Hsa.HRAS-mCherry}%%¢ embryos, here-
after Tg(cmyb:EGFP);(kdrl:mCherry), injected with control or hif-1a
or hif-2a: MOs. By using this transgenic background, it is possible to
visualize the HE as cells co-expressing cmyb:EGFP;kdr:mCherry in
the VDA.® Notably, we observed that hif-1a and hif-2a morphants
exhibit a reduced number of cmyb:EGFP;kdr:mCherry double-
positive cells in the VDA compared with control MO-injected
embryos (Figure 2A-C; supplemental Videos 4-6), as confirmed
by quantification (Figure 2D). Altogether, these observations sug-
gest that Hif-1a and Hif-2a positively regulate runx? and cmyb
expression, thus modulating HE specification, and consequently
resulting in a decreased number of emerging HSCs.

Hif PATHWAY REGULATES HSC FORMATION

Hypoxia strongly induces HSC formation

Mimicking hypoxia with chemicals like DMOG (a pan-hydroxylase
inhibitor) reportedly promotes HSC formation in zebrafish.?® To
better investigate the impact of hypoxia on EHT, WT embryos
were exposed to hypoxia for 8 hours using a hypoxia chamber
set at 3% O, and runxT and cmyb expression levels were sub-
sequently analyzed by WISH (Figure 3A). WT embryos exposed to
hypoxia displayed a strong increase in runx1 and cmyb expression
in the VDA at 36 hpf compared with siblings kept in normoxia
(Figure 3B-H). To test whether hypoxia exposure affects DA de-
velopment, we analyzed efnb2a expression by WISH and ob-
served similar expression levels between animals kept in normoxia
and those exposed to hypoxia (supplemental Figure 9A-B,E).
These data were further confirmed by confocal imaging of
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Figure 4. Both hif-1a and hif-2a function in EHT. (A)
gPCR analysis of runx! and cmyb mRNA levels in 36 hpf
controls, hif-Ta~~, hif-2a=/~, and hif-2a MO-injected hif-
la~/~. Values represent mean plus standard deviation (SD)
(n = 3 biological replicates). Ct values for each gene in WT
samples: rpl13 = 18.11; runx1 = 27.87; cmyb = 25.81. (B-E)
Brightfield images of WISH for runx1/cmyb expression in
36 hpf (B-C) control MO-injected hif-1Ta~/~ and (D-E) hif-2a
MO-injected hif-1Ta=/~ in normoxia and after hypoxia ex-
posure for 8 hours starting at 28 hpf (lateral views). Scale
bar, 100 pm. *P < .05; **P < .01 (Student t test).
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vascular development using the Tg(kdrl:EGFP) line (supplemental
Figure 6C-D). Moreover, after performing WISH for gatala at
36 hpf, we did not detect obvious variations in erythrocyte for-
mation after hypoxia exposure (supplemental Figure 10A-B,E),
which suggests that the increase in runx1/cmyb expression ob-
served is not a result of an increased number of erythrocytes. To
further investigate this phenotype, we performed transcriptional
analysis on both whole embryos and isolated trunks at 36 hpf in
normoxia and after hypoxia. Our gPCR data show that runx1 and
cmyb mRNA levels were significantly upregulated in WT animals
after hypoxia compared with siblings in normoxia (Figure 3l;
supplemental Figure 11A). Taken together, these data suggest
that hypoxia is a potent inducer of EHT through strong induction
of runx1 and cmyb expression.

Both hif-1a and hif-2a function in EHT

HIF-2a has been described to have both distinct and over-
lapping roles with HIF-1a, depending on the biological
context.*? hif-1Ta™/~ and hif-2a~/~ exhibit similar EHT pheno-
types (Figure 1), suggesting a shared function for hif-1a and
hif-2a in HE specification in zebrafish. To test this hypothesis, we
analyzed runx1 and cmyb mRNA levels in hif-1Ta =~ and hif-2a~/~
by gPCR on 36 hpf whole embryos and isolated trunks and
found that they were reduced by ~30% in both hif-1a=/~ and
hif-2a.~/~ compared with WT sibling embryos (Figure 4A; sup-
plemental Figure 11B). Next, we performed hif-2a MO knockdown
in hif-1a ™"~ and assessed runx1 and cmyb mRNA levels at 36 hpf.
hif-2a MO-injected hif-Ta™"~ exhibited a decrease in runx1 and
cmyb expression of ~60% compared with control MO-injected
embryos and of ~50% compared with hif-Ta ™~ (Figure 4A). These
results suggest that hif-Ta and hif-2a have similar roles in EHT.
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To further investigate this hypothesis, we exposed control
MO-injected hif-1a~/~ embryos to hypoxic conditions and
examined runx1/cmyb expression by WISH. Interestingly, after
hypoxia exposure, runx1/cmyb expression levels were in-
creased compared with normoxia (Figure 4B-C), but this ex-
pression was not comparable to the strong runx1/cmyb
induction observed in WT animals after hypoxia (Figure 3G).
This result suggests that hypoxia can rescue, at least in part, the
EHT phenotype observed in hif-1Ta™/~, possibly through hif-2a.
To test this hypothesis, we analyzed runx1/cmyb expression
levels in hif-2a MO-injected hif-1a™~ in both normoxic and
hypoxic conditions. In normoxia, these embryos showed a
further decrease in runx1/cmyb expression (Figure 4D) com-
pared with control MO-injected hif-Ta~/~ (Figure 4B). Impor-
tantly, when hif-2a MO-injected hif-Ta™’~ embryos were
exposed to hypoxia, the rescue in runx1/cmyb expression was
completely abrogated (Figure 4C,E). These observations show
that hypoxia, signaling through Hif-2a, can partially rescue the
EHT phenotype observed in hif-Ta~"".

Hypoxia does not rescue the EHT defects in
notch1a or notch1b mutants

It has been shown that Notch signaling is a key regulator of
EHT. Notch1a and Notch1b modulate gataZb expression, and
Gata2b in turn directly regulates runx1 transcription.'2"%43 First,
we analyzed whether notch1a, notch1b, and gata2b mRNA levels
were influenced by changes in O, concentration and found that
they were strongly induced after hypoxic conditions compared
with sibling embryos in normoxic conditions (Figure 5A; sup-
plemental Figure 12). We also tested whether notch1a, notch1b,
and gataZb mRNA levels were altered in the absence of hif-Ta
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and hif-2a function. In both hif-1a=/~ and hif-2a=/~, we observed
a significant reduction in mRNA levels for all 3 genes compared
with WT siblings (Figure 5B). These results suggest that Notch
acts downstream of the Hif pathway during EHT in zebrafish. To
test this hypothesis, we took advantage of notch1a and notch1b
mutant alleles available in our laboratory. notchla™/~ was
generated by TALEN technology targeting a region in exon 11
that encodes an EGF-like repeat in the extracellular portion
of the receptor (supplemental Figure 13A). We recovered an
allele, notch1ab"'3, carrying an out-of-frame mutation that led
to a premature stop codon after 19 missense amino acids

Hif PATHWAY REGULATES HSC FORMATION

(supplemental Figure 13B-C). notch1bsa""2% mutants** contain a
T—A transversion in exon 21 (supplemental Figure 13D), which
led to a premature stop codon in the extracellular part of the
protein (supplemental Figure 13E). First, we tested whether
notchla™~ and notch1b™~ recapitulate the previously published
EHT phenotypes using notch1a and notch1b MOs.”* When we
incrossed notchla™~ or notch1b*/~, we observed a reduction
in runx1/cmyb and gataZb expression by WISH in both notcha™~
and notch1b™/~ compared with WT siblings (supplemental
Figure 14), as reported in notcha and notch1b morphants.’* We
then used these mutants to investigate the molecular hierarchy
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between Hif and Notch signaling during EHT. We exposed embryos
from notch1a*~ or notch1b*~ incrosses to normoxia or hypoxia
and analyzed runx1/cmyb expression levels by WISH. WT sibling
embryos exposed to hypoxia exhibited an increase in runx1/cmyb
expression (Figure 5C-D,G-H,K-L) but notchla™~ or notchlb™~
embryos did not (Figure 5E-F,I-L). These data show that hypoxia does
not induce runx1 or cmyb expression in notch1a™" or notch1b™",
unlike what is observed in WT embryos, and thus does not rescue
their EHT phenotype. Altogether, our results suggest that Hif and
Notch function in the same pathway during EHT.

Activation of Notch signaling in ECs can rescue
hif-1a and hif-2a EHT defects

To further investigate the hierarchy between Hif and Notch
signaling, we overexpressed the notchla intracellular domain
(NICD) to promote Notch signaling activation in a temporally

970 & blood® 1 MARCH 2018 | VOLUME 131, NUMBER 9

controlled manner. We used the Tg(-1.5hsp70l:GAL4)<e=4;
(5xUAS-E1b:6xMYC-notch1a)<® line, hereafter, Tg(hsp70:
GAL4;UAS:NICD), to drive NICD overexpression upon heat
shock treatment. Specifically, we analyzed control MO-injected
WT and Tg(hsp70:GAL4;UAS:NICD) animals kept at 28°C and
observed that runx1/cmyb expression was indistinguishable
between these two populations (Figure 6A-Bl). In parallel,
control MO-injected WT and Tg(hsp70:GAL4;UAS:NICD) em-
bryos were subjected to heat shock at 37°C for 50 minutes at
both 144 and 20 hpf* and were analyzed by WISH for runx1/
cmyb at 36 hpf. After heat shock, we did not observe changes in
runx1/cmyb expression in control WT embryos (Figure 6C), but
Tg(hsp70:GAL4;UAS:NICD) embryos exhibited enhanced ex-
pression of HSC markers in the VDA (Figure 6D,l; supplemental
Figure 15A-B,G). To assess DA formation, we first examined
efnb2a expression by WISH and found that it was slightly

GERRI et al

20z aunr g0 uo jsenb Aq Jpd'G6..6.P00Iq/0L890Y L/E96/6/ | € | /spd-BloIE/POO|qABU SUOREDIgNdyse//:dlY WOy papeojumog



increased upon heat shock; however, it was not expressed ec-
topically compared with Tg(hsp70:GAL4;UAS:NICD) embryos
left at 28°C (supplemental Figure 9C-E). To investigate the
vascular pattern, we analyzed Tg(kdrl:EGFP) expression in Tg
(hsp70:GAL4;UAS:NICD) embryos and did not detect vascular
abnormalities after heat shock (supplemental Figure 6E-F).
Furthermore, to analyze whether erythrocyte formation was af-
fected, we performed WISH for gatata at 36 hpf and observed
no significant changes in Tg(hsp70:GAL4;UAS:NICD) embryos
after heat shock (supplemental Figure 10C-E). Next, we analyzed
runx1/cmyb levels in hif-1a or hif-2a MO-injected WT and
Tg(hsp70:GAL4;UAS:NICD) embryos. In nontransgenic hif-Ta
and hif-2a morphants, we observed a decrease in runx1/cmyb
expression (supplemental Figure 4), which was not influenced by
heat shock treatment (Figure 6E,G,l). Conversely, in Tg(hsp70:
GAL4;UAS:NICD) embryos injected with hif-Ta or hif-2a MOs,
we could detect a strong induction of runx1/cmyb expression
after heat shock (Figure 6F,H,I; supplemental Figure 15C-G),
thereby rescuing the defects observed in hif-1a and hif-2a
morphants. To further investigate this ability of Notch signal-
ing to rescue, we took advantage of the double transgenic line
Tg(flila:GAL4AFF)s*,(5xUAS-E1b:6xMYC-notch1a)k®3,  hereaf-
ter, Tg(flila:GAL4;UAS:NICD), to overexpress NICD specifically
in ECs. We observed high expression levels of runx1/cmyb in
control MO-injected Tg(flila:GAL4;UAS:NICD) embryos com-
pared with control MO-injected WT siblings (Figure 6J-K,P). Next,
we injected hif-Ta or hif-2a MOs into WT and Tg(fli1a:GAL4;UAS:
NICD) embryos. In nontransgenic hif-1e: and hif-2a morphants, we
observed a reduction in runx1/cmyb expression (Figure 6L,N,P).
Conversely, in Tg(flila:GAL4;UAS:NICD) embryos injected with
hif-1a or hif-2a. MOs, the expression of runx1/cmyb was strongly
induced, rescuing the hif-1a and hif-2a morphant phenotypes
(Figure 6M,0-P). These data indicate that global as well as
endothelial-specific NICD overexpression can rescue the EHT
defects observed in Hif-1a and Hif-2a loss-of-function models.

To further characterize the link between Hif and Notch signaling,
we tested whether the overexpression of evil or vegfaa was able
to rescue the EHT phenotype observed in hif-Ta and hif-2a
mutants. As previously described,* the overexpression of these
2 genes leads to an increase in notch1b expression levels in
HE during EHT. Interestingly, the injection of evil or vegfaa
mRNA in hif-Ta™"~ and hif-2a~"~ rescued runx1/cmyb expression
(supplemental Figure 16), which suggests that evil and vegfaa
function downstream or in parallel to the Hif pathway during EHT.
Altogether, our observations suggest that Notch signaling functions
downstream of hypoxia and the Hif pathway during EHT.

Discussion

The differentiation of cell lineages from pluripotent stem cells has
been achieved in vitro by inducing the expression of transcription
factors or exposing pluripotent cells to morphogens. Notably,
most of the molecules identified to promote cell specification in
vitro were reported to play a role during embryonic develop-
ment. Many groups have been trying to develop HSC-like cellsin
vitro but have not yet obtained successful long-term engraftments
in mouse recipients.#’-*2 One recent publication showed advances
in the robustness of HSC engraftment into mouse hosts, leaving
room for improvement.>®* Another recent article described
a method to reprogram adult ECs to HSCs through transient
expression of transcription factors and vascular niche-derived

Hif PATHWAY REGULATES HSC FORMATION
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Hif-1a if-

notch1a

notch1b
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gatazb

runx1
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Figure 7. Proposed model. Schematic illustration of the role of the Hif pathway
during EHT. We propose that Hif functions upstream of Notch1 signaling in EHT.

angiocrine signals.>* A better understanding of all the players
involved in hematopoiesis and how intrinsic and extrinsic factors
are coordinated in the vascular niche could have a significant
impact on the generation of therapy-grade HSCs. Here, by using a
genetic approach in zebrafish, we describe a novel role for hif-2a
in HSC formation and confirm previous reports on hif-Ta in this
process. Moreover, we provide evidence for the Hif pathway
functioning upstream of Notch signaling during EHT (Figure 7).

In a previous article, Harris et al®® showed that the stabilization
of Hif-a subunits with chemicals such as DMOG can strongly
induce runx1 and cmyb expression during EHT. These experi-
ments suggested a role for the Hif pathway in this process but did
not explore the role of O, concentration and could not exclude
possible adverse effects of DMOG.*® In our study, we exposed
zebrafish embryos to hypoxic conditions using a hypoxia chamber
at 3% O, concentration. Embryos exposed to hypoxia exhibited
increased expression of HSC markers in the VDA, suggesting that
hypoxia is a potent inducer of EHT in zebrafish. These data are
consistent with a recent report showing that aortic ECs emerging
from the DA in mice are hypoxic.?*

The Hif-1a pathway has been suggested to regulate EHT on the
basis of MO studies.?>?* Recently, several publications have
highlighted the phenotypic differences between morphants and
mutants®>% and the importance of validating the morphant
phenotypes described in the past.> Here, using hif-1Ta and
hif-2a mutants, we confirm the previous MO studies on the role
of hif-1a during EHT and describe a novel role for hif-2a in this
process. Importantly, by using time-lapse imaging, we found
that the reduction in HE cell number in the VDA is the likely
cause of the HSC defects in hif-1a=/~ and hif-2a=/~, a novel
observation. HIF-1a and HIF-2a have been described to have
both distinct and overlapping roles, depending on the biological
context.*? A previous article has reported a partial loss of HSC
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number in Hif-Ta-mutant mice.?* Here, we suggest that this
observation may be due, at least in part, to HIF-2«, which may be
able to compensate partially for the loss of HIF-1a.

HIF is mainly involved in the transcriptional activation of hypoxia-
responsive genes, and recent studies have suggested that the
HIF transcriptional complex may interact with certain signaling
pathways, including Notch. Here, our data suggest that Hif and
Notch function in the same pathway during EHT. Specifically,
NICD overexpression in ECs could rescue the HSC defects
observed in hif-Ta and hif-2a mutants, suggesting that Notch
functions downstream of Hif. Given the multiple roles of Notch
signaling in developmental processes, it is possible that
Notch could also be acting upstream or in parallel to Hif. The
relationship between the Notch and Hif pathways is also context
specific and has been explored in different settings; a recent
article showed that in crystal cells (a blood cell type in Dro-
sophila), sima, the ortholog of Hif-1a, activates Notch receptorin
both normoxic and hypoxic cells in a cell-autonomous manner.®°

Our study provides new insights into the role of hypoxia and
the Hif pathway in definitive hematopoiesis, and our genetic
analyses provide a link between the Hif pathway and Notch
signaling. These data help further understand the players and
microenvironment that modulate HSC formation, which will
have an impact on the ways HE-derived HSCs are generated for
therapeutic purposes.
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