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ABSTRACT

Background

The Meisl protein represents an important cofactor for Hox and Pbx1 and is implicated in
human and murine leukemias. Though much is known about the role of meis/ in leukemoge-
nesis, its function in normal hematopoiesis remains largely unclear. Here we characterized the
role of the proto-oncogene, meis, during zebrafish primitive and definitive hematopoiesis.

Design and Methods

Zebrafish embryos were stained with o-dianisidine to detect hemoglobin-containing cells and
Sudan black to quantify neutrophils. The numbers of other cells (sc/-, gata1- and alas2-positive
cells) were also quantified by measuring the corresponding stained areas of the embryos. We
used anti-Meis1 antibody and whole mount immunohistochemistry to determine the pattern
of expression of Meis1 during zebrafish development and then analyzed the functional role of
Meis1 by knocking-down the meis1 gene.

Results

Using antisense morpholino oligomers to interrupt meis1 expression we found that, although
primitive macrophage development could occur unhampered, posterior erythroid differentia-
tion required meis1, and its absence resulted in a severe decrease in the number of mature ery-
throcytes. Furthermore a picture emerged that meis/ exerts important effects on later stages of
erythrocyte maturation and that these effects are independent of gatat, but under the control
of scl. In addition, meis1 morpholino knock-down led to dramatic single arteriovenous tube for-
mation. We also found that knock-down of pbx1 resulted in a phenotype that was strikingly
similar to that of meis1 knock-down zebrafish.

Conclusions
These results imply that meis1, jointly with pbx1, regulates primitive hematopoiesis as well as
vascular development.
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Introduction

Meis homeobox 1 (Meisl) is a three-amino-acid loop
extension (TALE) homeodomain protein that was first
identified as a common viral integration site in myeloid
leukemic cells of BXH-2 mice." It is a critical effector, possi-
bly downstream of Sc/, that has a rate-limiting regulatory
role in mixed lineage leukemia® and limb development.® In
addition to its role in leukemogenesis, several lines of evi-
dence indicate that meis1 plays a key role in normal
hematopoiesis.! Along with HOXA-9 and PBX1 genes,
MEIS1 is transcribed in human CD34* hematopoietic stem
cells and is down-regulated following differentiation™
except in the megakaryocytic lineage in which transcripts
are abundant.” Mice lacking meis1 are not viable and die at
E11.5-14.5 during development due to a lack of megakary-
ocytes and extensive hemorrhaging.®” Mutant fetal liver
cells also fail to protect lethally irradiated animals from the
radiation and compete poorly in repopulation assays. In
addition, meis1 mutant mice display localized defects in
vascular patterning.®’

The mechanisms by which meis? exerts its effect on
hematopoiesis are, however, relatively poorly understood.
Over the years the zebrafish has proven its suitability as a
model system for furthering our understanding of the
genetic regulation of hematopoiesis in both normal and
pathological states."” As in mammals," primitive and defin-
itive hematopoiesis take place in zebrafish in anatomically
different locations and can be further distinguished on the
basis of cell types produced. Primitive hematopoiesis pro-
duces primitive macrophages, which derive from cephalic
mesoderm, and primitive erythrocytes from the intermedi-
ate cell mass (ICM),” whereas definitive hematopoiesis
gives rise first to erythromyeloid progenitors" in the poste-
rior blood island and later to hematopoietic stem cells in the
aorta-gonad-mesonephros (AGM) region."*" From the pro-
duction site in the AGM, hematopoietic stem cells travel to
the caudal hematopoietic tissue, where they expand and
finally reach the pronephros and thymus, thereby settling
in their final destination, the stem cell niches.'*”

Meisl is one of the most highly conserved transcription
factors in hematopoiesis with over 90% amino acid
sequence homology between zebrafish and other verte-
brates. We exploited this high level of conservation and that
of other key regulators of hematopoiesis, e.g. scl, gatat and
fli1, and determined the effect of morpholino (MO) knock-
down of zebrafish meis1 on progenitor and hematopoietic
stem cell development. In addition we studied the develop-
ment of the vascular system where angiogenesis and
remodeling processes are responsible for the formation of a
functional circulatory system and stem cell niches.

Design and Methods

Quantitative analysis of number of hematopoietic cells

The numbers of cells (erythrocytes, scl-, gatai- and alas2-posi-
tive cells) were quantified by measuring the corresponding stained
areas of the embryos (e.g. red colored areas for erythrocytes in o-
dianisidine-stained embryos).

Results are expressed as means + standard error of mean (SEM)
with the number of experiments. Statistical comparisons of
groups were performed by the two-tailed t-test, using Excel.
Differences were considered significant when P values were less
than 0.05.

O-dianisidine staining
Staining of hemoglobin by o-dianisidine was performed as pre-
viously described.”

Fluorescence in situ hybridization

Larvae were processed for fluorescence in situ hybridization
with antisense riboprobes for scl, gatat, alas2, c-myb, ragi, flt4 and
I-plastin as previously described.”

Sudan black staining of neutrophils

To identify neutrophils Sudan black staining was performed as
described previously””' and photomicrographs were taken as
described above.

Whole-mount immunohistochemistry

Embryos at 3 days post-fertilization (dpf) were fixed in 4%
methanol-free formaldehyde, 0.4% Triton X-100 for 2 h at room
temperature, then washed four times for 20 min in 1 x phosphate-
buffered saline (PBS), 0.4% Triton X-100, and 1% dimethy! sulfox-
ide (DMSO) at room temperature. Embryos were then incubated
in blocking solution (10% goat serum; 0.4% Triton X-100; 1%
DMSO; 1 x PBS) for 1 h at room temperautre. Primary antibody
(anti-L-plastin; anti-H3E, Upstate Biotechnology Inc., NY, USA;
anti-Meis1, Abcam; anti-zebrafish Ephrin B2, R&D systems) was
diluted 1:500, 1:500, 1:100, or 1:25, respectively, in blocking solu-
tion and incubated with embryos overnight at 4° C. Embryos
were then washed four times for 20 min with blocking solution
and incubated overnight at 4° C in fresh blocking solution contain-
ing goat anti-rabbit IgG secondary antibody coupled to Alexa
Fluor 488, at a dilution of 1:250. Finally, embryos were washed
four times for 20 min in 1 x PBS, 0.4% Triton X-100 and photomi-
crographs were taken as described above.

The TdT-mediated dUTP nick end labeling assay

Cell death was detected using the TdT-mediated dUTP nick end
labeling (TUNEL) assay (In Situ Cell Death Detection Kit, alkaline
phosphatase detection, Roche, Burgess Hill, UK). Embryos were
fixed in 4% methanol-free formaldehyde overnight at +4°C, fol-
lowed by a 20 min wash in PBST (0.1% Tween 20 in 1 x PBS). After
proteinase K digestion (5 min at room temperature) embryos were
post-fixed in 4% methanol-free formaldehyde and stained in accor-
dance with the manufacturer's protocol. Stained embryos were
transferred to 100% glycerol for documentation. Photomicrographs
were taken as described above.

Results

Meis1 is expressed at sites of hematopoiesis in
zebrafish

Zebrafish Meisl protein shows 94% identity at the
amino acid level with its human counterpart. In addition,
the primary structure of Meis1 in zebrafish has over 90%
sequence homology to that of mouse, rat, Xenopus tropi-
calis, and fugu (Online Supplementary Table S1, Online
Supplementary Figure S1). In addition to the reported
expression of meis1 in brain, eyes and neural tube of devel-
oping embryos,”* our whole-mount immunohistochem-
istry with anti-Meis] antibody revealed the dynamic
expression pattern of this protein throughout develop-
ment and delineated its presence in hematopoietic progen-
itor cells (Figure 1A-H). At the 17-somite stage Meis1 was
expressed in the ICM, the region overlying the yolk tube
and extending caudally (Figure 1B). From 24 hours post-
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fertilization (hpf) onwards, Meisl expression in the ICM
decreased progressively, until there were only a few cells
in the AGM at 2 dpf (Figure 1G-H) and no cells at 3 dpf
(data not shown). Moreover, our dual immunohistological
detection of Meisl and in situ hybridization detection of
gata2, gatad and alas2 in wild-type embryos 24 hpf (Figure
11-Q) showed that gata2- and gatai-positive cells also
expressed Meisl (Figure 1I-N). In contrast Meisl was
absent from more committed progenitors, such as alas2-
expressing cells (Figure 10-Q). The pattern of intracellular
immunostaining is compatible with both nuclear and
cytoplasmic presence of Meis1 (Figure 1F).

Meis1-depleted embryos show reduced numbers
of circulating blood cells

To analyze the functional role of Meis1 in zebrafish, we
performed knock-down analysis of the meis? gene. We
designed a MO complementary to the translation initia-
tion site of the meis1 gene to block its translation (meis1 atg
MO), and injected this into zebrafish embryos at the one-
to two-cell stage. To test functionality, we co-injected a
meis1-EGFP reporter construct, which is robustly
expressed in embryos injected with control MO, but not
in those injected with meis1 atg MO (Online Supplementary
Figure S2Ai-iii). The effectiveness of the Meisl knock-
down was further verified in atg MO-injected and control
embryos by immunostaining which showed that Meis1-
positive cells were reduced by 55% (46.7+6.1, ncomo=40
versus 20.8+4.1, nwo=40; P=1.9x10") in ICM at 24 hptf
(Online Supplementary Figure S2B-C). An additional meis1
MO (meis1 splice MO) was designed which creates aber-
rant splicing between exons 1 and 2. Reverse transcriptase
polymerase chain reaction and cDNA sequencing results
showed that exons 2 to 7 were removed in splice MO-
injected embryos (Online Supplementary Figure S2D-F).
Loss of the six exons is predicted to create a truncated
Meis1 protein lacking most of the amino terminal domain
while its carboxy terminal domain, including the homeo-
domain, remains intact. This modified Meisl loses the
Pbx1 interaction motif and, therefore, lacks the capacity to
interact with its direct interaction partner, Pbx1 (Online
Supplementary Figure S2F).

The optimal dose for microinjection of translation and
splice blocking MO was determined so that specific
defects were achieved in the absence of gross lethality and
possible off target defects (Online Supplementary Figure
S2Ga-f). From 24 hpf onwards, compared to control
embryos, meis1 atg MO-injected embryos showed
reduced numbers of the blood cells in circulation in the
presence of a beating heart, although with a lower beat
rate (control=90 beats/min versus meislmo=42 beats/min;
Ounline Supplementary Movies 3 and 4). Interestingly, at 30
hpf there were no blood cells present in the circulation and
negligible or fewer blood cells were seen inside the heart
and blood vessels at 48 hpf (Online Supplementary Movies 1
and 2). This phenotype was observed in 92% (n=126) of
translation and splice blocking MO-injected embryos and,
in addition, mild pericardial edema developed over time
(Online Supplementary Figure S2Gd,f).

Erythrocyte differentiation is perturbed in meis1
morpholino-injected embryos

The reduced number of circulating blood cells of meis1
MO-injected embryos prompted us to test whether meis?
plays an important role in hematopoiesis during early

zebrafish development. To examine the requirement of
the meis1 transcript during hematopoiesis, the expression
of multiple marker genes for both primitive and definitive
hematopoiesis were analyzed using i situ hybridization
and immunohistochemistry. We first tested whether
depletion of Meis1 affects the number of erythroid cells
using o-dianisidine staining. In control embryos, hemoglo-
bin-positive cells were found soon after circulation started
at 30 hpf, whereas meis1 MO-injected embryos lacked
staining completely (nenw=35 versus nwo=35) (Figure 2A B).
Furthermore, in control embryos at 48 hpf erythrocytes
were robustly stained with o-dianisidine and were found
to be prominent in the ducts of Cuvier, over the yolk sac

A
13 somite
D

21 somite

anti-Meis1 antibody staining

Wild type 24 hpf

Figure 1. Meis1 is expressed at sites of hematopoiesis in zebrafish.
(A-H) Lateral view from anterior to the left. Whole mount immuno-
histochemistry showing Meis1 expression pattern at the 13 (A), 17
(B) and 21 somite stage (C) at 24 (D-F) and 48 hpf (G-H). (B-F)
Staining with anti-Meis1 indicates expression in the ICM (white
arrow) and (G-H) AGM (pink arrowheads) of the embryos at different
stages of development. (E) Higher magnification view of the boxed
area in (D) with DAPI staining (blue) to demonstrate the location of
nuclei. (F) High magnification view of the boxed area in (E) shows
intracellular expression of Meis1 as revealed by a specific antibody
(green) and denotes its localization primarily in the cell nucleus
(blue) with the white color indicating areas of co-localization, but
also in the cytoplasm (white arrowhead). From 24 hpf onwards,
Meis1 expression in the ICM decreased progressively, until only a
few cells were detectable in the AGM (pink arrowheads) at 2 dpf (G).
(H) Higher-maghnification view of Meis1-positive cells (green) in the
AGM of 2 dpf embryos; DAPI staining (blue) shows the location of
nuclei. (I-Q) Dual immunohistological detection of Meis1 and in situ
hybridization detection of gata2 (A), gatal (B) and alas2 (C) in 24
hpf wild-type embryos. The white arrows in (K) and (N) denote a
Meis1-positive cell expressing gata2 and gatal, respectively. The yel-
low arrow in (Q) denotes an alas2-expressing cell that does not co-
express Meis1. Anterior to the right in all images.
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(Figure 2C,F). Conversely, meis1 atg MO-injected embryos
exhibited a 70% decrease in the number of erythroid cells
(6413+694pixeis, neonwoti=41 versus 2096+49 1pieis, nmo=28;
P=7x10") (Figure 2D,F). Consistently, meis1 splice MO-
injected embryos had the same lack of red blood cells
(6413+694pixels, Neonwa=41 versus 2785+439pixes, nmo=51;
P=9x10°) (Figure 2E F). A possible defect in primitive ery-
thropoiesis attributable to the slower circulation in meis?
MO-treated embryos was excluded by analyzing embryos
that completely lacked circulation. We found that silent
heart (sih), that is, troponin T2 (tnnt2) MO-injected
embryos, showed no alteration in o-dianisidine staining at
either 30 hpf or 48 hpf (Online Supplementary Figure S3A-
E).? Although lack of blood circulation in mnt2 MO-inject-
ed embryos led to accumulation of erythrocytes in the
trunk there were no changes in their number and time of
maturation in comparison to the control embryos. This
demonstrates that meis1 is an essential regulator of primi-
tive erythropoiesis in zebrafish.

The balance between progenitor and differentiated
blood cell populations is crucial for the long-term mainte-
nance of functional blood cell lineages. Progenitor cells
maintain this balance by choosing one of several alternate
paths: self-renewal through proliferation, commitment to
differentiation, and senescence or cell death. Thus, we
tested whether depletion of Meis1 could have a regulatory
effect on proliferation of progenitor blood cells.
Proliferating cells were examined in the ICM of zebrafish
embryos by immunohistochemistry using the H3P anti-
body. H3P-positive cells were detectable in the ICM of
wild-type embryos at 24 hpf (n=25). The rate of H3P-pos-
itive cells was not affected by injection of either the meis?
atg MO (n=20) or the meis1 splice MO (n=24) (Online
Supplementary Figure S4A-C). Apoptosis in the ICM was
quantified by the TUNEL assay. Background numbers of
apoptotic cells were detected in the ICM of both 24 hpf
wild-type embryos and 24 hpf meis1 MO-injected
embryos (n=30, Omnline Supplementary Figure S4D-F).
Altogether, these findings indicate that Meis1 is not essen-
tial for cell proliferation or apoptosis of progenitor blood

O-dianisidine staining

= 6000

N. of erythron (pixe!

cells in the ICM.

To further explore the hematopoietic defect in meis1
MO-injected embryos, we examined the expression of sev-
eral hematopoietic markers, namely: sc/, gata2, gatat, alas2
and hbbe3 (n=30). Levels of all five markers appeared indis-
tinguishable from those in control embryos at the 10-
somite stage (Online Supplementary Figure S5A-D, A’-D’).
However, at 24 hpf, in situ hybridization of gata1 revealed
a 1.5-fold increase (2891+£356picls, neomra=33 versus
43724582, no=36; P=3.8x"") in the number of gata1-
positive cells in meis1 atg MO-injected embryos in compar-
ison with control ones (Figure 3E-F Online Supplementary
Figure S6C). Whereas in control embryos gatai expression
slowly decreased and localized mostly to the posterior
blood island at 30 hpf (26/27 embryos), in meis1 atg MO-
injected ones it persisted at high levels and in 74% of these
it was distributed throughout the whole length of the ICM
(nmo=38) (Figure 3G-H). Furthermore, at 48 hpf 70% of
meis1 MO-injected embryos cells were still expressing high
levels of gatat in the ICM (nmo=30) (Figure 31-J). In addition,
at 24 hpf we observed a 1.5-fold increase in the expression
of scl in meis1 MO-injected embryos (46227525, Neon
«i=26 versus 6815648, nvo=23; P=1.1x107), (Figure 3A-
B, Online Supplementary Figure S6A) and a 77.5% increase at
30 hpf in comparison with expression in the control
(2381£301pixels, neonroi=20  versus 4229457 4pixes, nmo=24,
P=4.8x107) (Figure 3C-D, Online Supplementary Figure S6B).
As primitive erythroblasts mature, they start to express
erythroid-specific genes necessary for hemoglobin synthe-
sis, including alas2. Alas2 expression in meis1 MO-injected
embryos increased 3-fold (3034+766pus, Nena=36 versus
101724234, nmo=40; P=1.7x10°) in comparison to the
expression in control embryos at 30 hpf (Figure 3K-L,
Online Supplementary Figure S6D).

The observed absence of mature erythrocytes in meis1
MO-injected embryos at 30 hpf, as shown by the lack of
o-dianisidine staining, and a concomitant presence of
gatat and alas2 staining suggest that meis1 exerts its effect
independently of gatat and alas2. These results are com-
patible with the notion that, in zebrafish, meis1 is required

Figure 2. Number of mature erythrocytes
is affected in meisl1 MO injected
embryos. (A-F) O-dianisidine staining was
used to detect the distribution and num-
ber of hemoglobin-positive cells in control
and meisl MO-injected embryos at 30
and 48 hpf. (A-B) In control embryos (A)
hemoglobin-positive cells (black arrows)
were found on the yolk sac soon after cir-
culation started at 30 hpf; however
meis1l MO-injected embryos (B) lacked
48 hpf staining completely. (C-F) At 48 hpf the
number of o-dianisidine-positive cells was

m Control
= Meis1 atg MO
'Meis1 splice MO

48 hpf 48 hpf E

48 hpf severely reduced in meisl atg (D) and
splice (E) MO embryos in comparison
with the control (C). The number of ery-
throcytes was quantitatively examined by
measuring the o-dianisidine stained
areas (red colored areas) on the yolk of
the embryos (shown on the left side of C,
D, E), using the equivalent binary pat-
terns, obtained by image analysis and

Control meis1atg MO

meis1 splice MO

thresholding (shown on the right side of
C, D, E).

(F) Graph to illustrate the observed difference in number of erythrocytes (i.e. the size of o-dianisidine stained areas) in control and meis1
MO-injected embryos. Error bars are the standard error of the mean (SEM).
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for terminal erythroid differentiation during primitive
hematopoiesis.

Meis1 morpholino-injected embryos exhibit reduced
numbers of neutrophils and macrophages

The first leukocytes to appear in developing embryos
are primitive macrophages.”® These macrophages can be
visualized in Tg(fli1:EGFP)-expressing embryos.” Embryos
in which meis1 was knocked-down appear to have a nor-
mal number and distribution of primitive macrophages at
24 hpt (Online Supplementary Figure S7A’-B’). However, by
28 hpf in meis1 atg MO-injected embryos (Ounline
Supplementary Figure S7B,D) a mean value of only 7.1+1.5
(nmo=24, P=3.6x10") l-plastin-positive cells was observed
in the posterior blood island in comparison to 23.6+1.6
(neno=24) cells in control MO-injected embryos (Online
Supplementary Figure S7A,D). A similar phenotype was
observed in meis1 splice MO-injected embryos (n=8.5+1.3,
nvo=21; P=1.1x10") (Online Supplementary Figure S7C-D).

We next tested whether depletion of meis1 affects the
number of neutrophils. At 48 hpf we observed 67%
(P=1.4x10") and 81% (P=2x10") reductions in the total
number of Sudan black-positive cells in meis1 MO-injected
embryos, for atg MO (n=15.3+2.5, nw=26) and splice
(n=8.9+1.7, nmo=26) MO, respectively (Online
Supplementary Figure S7F-H) in comparison with control
numbers (n=46.8+4.7, nwma=30), (Online Supplementary
Figure S7E,H). Furthermore, very few of these neutrophils
were seen in the caudal hematopoietic tissue at 2 dpf,
with a total ablation at 3.5 dpf (nene =30 versus nmo=35),
(Online Supplementary Figure S7C’-D").

Meis1 knock-down leads to severe disruption of vessel
lumen formation

Vasculature provides not only a conduit for mature
hematopoietic cells to the peripheral circulation but also a
site where hematopoietic progenitors differentiate and set
the stage for the full reconstitution of hematopoiesis. Our
studies have shown that endothelial cells were specified in
meis1 MO-injected embryos as demonstrated by fli
expression in Tg(fli1:EGFP) embryos, but we confirmed
poor segregation of artery and vein, evident in the trunk
(Online Supplementary Figure SSA-F). Unlike the situation in
both control embryos (Online Supplementary Figure S8A,D)
and silent heart embryos (Online Supplementary Figure
S8B,E), in which dorsal aorta and posterior caudal vein
form two distinct tubes by 30 hpf, in meis1 MO-injected
embryos a single tube with intersegmental vessels was
formed (Online Supplementary Figure SSC,F). This was
accompanied by a dramatic reduction in the expression of
the arterial marker Ephrinb2a (Ephb2) (Online
Supplementary Figure S9A,B) and a concurrent ectopic
expression of the venous marker flt4 at 30 hpf (Online
Supplementary Figure S10A,B). Our observations are compa-
rable to those made by Minehata et al. and confirm that the
loss of meis1 leads to a major disruption of the segregation
of angioblasts and the associated vessel lumen formation.”

Definitive hematopoiesis is severely impaired in meis1
morpholino-injected embryos

We next investigated whether definitive hematopoiesis
is affected by meis1 knock-down. Definitive
hematopoiesis is thought to begin at 26 hpf in cells in the
subaortic mesenchyme (the zebrafish AGM)."* Current
data suggest that arterial specification is required for prop-

er hematopoietic stem cell emergence from the ventral
arterial endothelium of the dorsal aorta.®” To determine
whether hematopoietic stem cells could emerge from the
trunk endothelium of meis7 MO-injected embryos, we
investigated cd41"" expression, using the Tg(cd41:EGFP)
transgenic line, since its expression appears to be one of
the first markers of definitive hematopoiesis. As expected
there were no GFP*" cells present in the caudal

| Control | | meis1 atg MO

scl 24 hpf

scl 30 hpf

.-
1%
<
<+
&
-~
By
]
=]

gata1 30 hpf

gata1:EGFP 48 hpf

alas2 30 hof

Figure 3. Meis1 is required for normal differentiation of primitive
erythrocytes. (A-B) scl in situ hybridization delineates hematopoietic
and endothelial progenitors and the number of scl-positive cells was
increased in morphant embryos (B) in comparison with the control
(A) at 24 hpf. (C-D) By 30 hpf scl expression in the ICM was 77.5 %
increased in MO-injected embryos (D) in contrast to the expression
of scl in control siblings (C). To further validate the hematopoietic
defect in meis1 MO-injected embryos, expression of erythroid-specif-
ic genes was examined. (E-F) In situ hybridization of gatal at 24 hpf,
revealed the 1.5-fold increase of the expression of gatal in MO-
injected embryos (E) in comparison with the control (F). (G-H)
However, whereas in control embryos (G) gatal expression slowly
decreased, as gatal-positive cells entered the circulation, in meis1
atg MO-injected embryos (H) it persisted at high levels and was dis-
tributed throughout the whole length of the ICM. (I-J) At 48 hpf
strong gatal expression persisted in meis1 MO-injected embryos (J)
whereas it was down-regulated in control embryos (l). (K-L) In situ
hybridization of the differentiation marker alas2 showed a 3-fold
increase in number of alas2-positive cells (L, white arrows point to
the ICM, highlighting the accumulation of extra cells in MO-injected
embryos) when compared with the controls (K).
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hematopoietic tissue of meis1-depleted embryos at 72 hpf
(Figure 4A-B). Consistent with these data we could not
detect any thrombocytes in 3.5 dpf old embryos, (=20
versus nmo=20) as confirmed by the absence of cd41"*"-pos-
itive cells in a Tg(cd41:EGFP) transgenic line (Figure 4A-B);
likewise no rag! expression (neomw=24 versus nmo=22) was
detectable in the thymus of meis1 MO-injected embryos at
4 dpt (Online Supplementary Figure S7E’-F’).

In addition to cd41", we examined the expression of ¢-
myb, a marker of definitive hematopoiesis,” and ablation
of which results in a complete absence of definitive
hematopoiesis.” C-myb expression is high in primitive
erythroid cells of the ICM at 18 hpf and effectively down-
regulated at the time when cells start to differentiate into
erythrocytes.” Thus, by 30 hpf c-myb is expressed only in
hematopoietic stem cells of the AGM.*® At 24 hpf (ne
wi=13) c-myb expression was observed in the ICM of con-
trol MO-injected embryos and was not altered in meis?
MO-injected ones (nwo=10), (Figure 4C-D). Interestingly at
30 hpf we observed ectopic c-myb expression in meis1 MO-
injected embryos. The c-myb in situ staining was mostly
confined to the aortic roof and vein (30/32) rather than
AGM (80/30) as observed in control embryos (Figure 4E-
F). From these data we concluded that ectopic c-myb
expression in meis1 MO-injected embryos is most likely
due to the accumulation of immature erythroid cells that
failed to suppress transcription of c-myb by 30 hpf. Thus,
our findings strongly suggest that meis/ directly or indi-
rectly regulates levels of c-myb in erythroid progenitors
and affects their terminal differentiation. An increase in c-
myb expression attributable to slower circulation was
excluded because the analysis of silent heart embryos
showed no alteration in ¢-myb expression at 30 hpf.**

Meis1 acts in association with PBX and downstream
of scl to regulate hematopoiesis and vascular
development

To further assess the stage at which meis1 is required
and to determine its hierarchical position in the network

anti-Meis1 antibody staining O-dianisidine 48 hpf

A A

~ control

Sudan Black staining 48 hpf

gata1l MO

fli1:EGFP 48 hpf

control

control

Downregulation of meis1 in zebrafish embryos

of transcription regulation we examined the expression of
meis1 in scl and gata1 MO-injected embryos (Figure 5A-C).
MO knock-down of sc/ abolished meis1 expression (n=28)
(Figure 5A-B) but gatat depletion (n=30) had no significant
effect (Figure 5A,C). From these data we infer that meis?
acts downstream of sc/ and independently of gatat.
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Figure 4. Definitive hematopoiesis is severely impaired in meis1
MO-injected embryos. (A-B) At 72 hpf no cd41-positive cells were
detectable in meis1 MO-injected Tg(cd41:EGFP) transgenic embryos
in comparison with the control. (C-D) C-myb is normally expressed in
the ICM of control MO-injected embryos (C) at 24 hpf and its expres-
sion was not affected by the loss of meis1 (D). (E-F) At 30 hpf in con-
trol embryos (E) c-myb expression was mostly confined to the AGM
(arrow in white dotted inset) in contrast to meisl MO-injected
embryos (F) where c-myb was expressed throughout the aortic roof
and vein (right square bracket in white dotted inset).

I-plastin 22 hpf Figure 5. Meis1 acts downstream of scl
and in association with Pbx1. To further
examine the position of meis1 in the reg-
ulatory gene cascade we inspected the
expression of meis1 in scl and gatal MO-
injected embryos (A-C). Whereas MO
knock-down of scl abolished Meis1
expression (B), gatal depletion (C) had
no significant effect on Meis1 expression
when compared to control (A). The num-
bers of mature erythrocytes, neutrophils
and vascular patterning are affected in
pbx1 MO-injected embryos, but the num-
ber of primitive macrophages appears to
be normal (A’-J’). At 48 hpf the number
of o-dianisidine-positive cells was severe-
ly reduced in pbx1 MO-injected embryos
(B’) in comparison with the control (A’).
Lateral view of the head and yolk sac in
control (C') and pbxl MO-injected
embryos (D’) stained with I-plastin probe
shows no alteration in the number and
distribution of primitive macrophages at
22 hpf.
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However the number of neutrophils, as shown by Sudan black staining, was severely reduced in pbx1 MO injected embryos (F’) in comparison
with the control embryos (E’). Furthermore, pbx1 MO-injected embryos had impaired vascular development with an under-developed caudal

vascular plexus in comparison with control embryos (G’-J').
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The meis1 splice MO leads to a transcript that encodes a
Meis1 protein that lacks the Pbx1 interaction motif but has
retained its DNA binding domain. Injection of this MO
induced an identical phenotype to the one observed upon
injection of the meis1 atg MO. This prompted us to further
examine the importance of Pbx1, one of the preferred bind-
ing partners of Meis1. We postulated that if Pbx1 is the pre-
requisite partner to support the function of Meisl in
hematopoiesis and arterial-venous specification then the
knock-down of pbx1 by a MO would be expected to mimic
the functional loss of meis1. To test this hypothesis we
injected embryos at the one-cell stage with the pbx1 MO.
Injected embryos were grown until 22 or 48 hpf and exam-
ined for the number and distribution of primitive
macrophages or erythrocytes and neutrophils, respectively.
Although the number of primitive macrophages was unal-
tered (Figure 5C’-D’), pbx1 MO-injected embryos showed
a profound reduction in the number of erythrocytes and
neutrophils (Figure 5A’,B"E’ F’). To determine whether the
loss of Pbx1 could also interrupt normal vascular pattern-
ing, we examined the vasculature in Tg(fli1:EGFP) embryos
injected with pbx1 MO. As was the case for meis1 MO-
treated embryos, we again observed severe disruption of
vascular development (Figure 5G’-J). In conclusion, the
observed phenotypes of pbx1 MO-injected embryos were
strikingly similar to those of meis1 MO-injected ones.

Discussion

In this study we demonstrate that zebrafish meis1 is nec-
essary for both primitive and definitive hematopoiesis as
well as for proper arterial-venous specification. Primitive
hematopoiesis consists of anterior myelopoiesis and pos-
terior ICM erythropoiesis, two events that occur inde-
pendently.” Our loss-of-function analysis indicates that,
although anterior myeloid development can occur unham-
pered, posterior erythroid differentiation requires meis?
and its absence results in a severe reduction of the number
of mature erythrocytes. To understand the mechanisms
underlying the observed defects in erythropoiesis we ana-
lyzed the expression of several early and late lineage-spe-
cific hematopoietic markers. Gatal promotes erythroid
cell fate in zebrafish and is required for their specification
and differentiation.** Whereas in control embryos gatat
expression in the ICM slowly decreased after 30 hpf, as
blood cells matured and entered the circulation, it persist-
ed at high levels in meis1 MO-injected embryos.
Furthermore, by 30 hpf a large fraction of meis1 MO-
injected embryos had about a 70% increase in the number
of alas2-positive cells in the ICM and a complete lack of
mature o-dianisidine-positive erythrocytes, when com-
pared with control and silent heart embryos, respectively.
The increase in number of gatai- and alas2-positive cells
was not generated by either excessive cell proliferation or
decreased apoptosis of progenitor blood cells, suggesting
an alteration in the kinetics of hemocytes entering the cir-
culation. In addition, the accumulated erythroid cells
failed to achieve terminal differentiation, as shown by the
lack of o-dianisidine staining, and persistence of high lev-
els of gatal expression in the ICM, even at 48 hpf.
Erythroid progenitors also abundantly express the proto-
oncogene c-myb, which is typically down-regulated upon
differentiation.” In control embryos at 30 hpf c-myb
expression was confined to the hematopoietic stem cells

of the AGM, whilst in meis1 MO-injected ones it persisted
at high levels in erythroid progenitor cells, preventing their
further maturation. The increase in ¢-myb was not related
to the slower circulation in meis1 MO-injected embryos
because the same was not observed in silent heart embryos.

Notably, Pillay et al. also recently reported that MO
meis1 knock-down leads to a severe decrease in the num-
ber of mature erythrocytes.” They proposed that meis1
acts upstream of gata1 and suggested that this was caused
by a modest reduction in the level of the gatat transcript.”
We obtained several lines of evidence for a possible alter-
native model in which meis1 is required for terminal ery-
throid differentiation during primitive hematopoiesis in a
gatat-independent manner. First, we observed in meis1
MO-injected Tg(gata1:EGFP) transgenic embryos that
immature erythroid cells accumulated in the ICM for at
least 48 hpf. Second, this observation was supported by
the results of the gatat, alas2 and c-myb gene expression
data. Finally, we showed that meis1 acts downstream of sc/
and independently of gatat. Further experimental studies
may be required to elucidate the cause of the discrepant
results between the two studies on the roles of meis? in
erythroid specification.

Pbx1 is a major DNA-binding partner of Meis1 and pbx1
and meis1 knock-out mice share several common fea-
tures.”® Definitive myeloerythroid lineages are present in
pbx1” and meis1” mice, but both the number of colony-
forming cells and the repopulating capacity of fetal liver
cells are severely reduced.” Furthermore pbx1" mice have
a severe reduction in the number of megakaryocytes
while meis1” mutant mice have a complete loss of the
megakaryocytic lineage. Early lethality has, however, pre-
vented more detailed studies of either transcription factor
in the murine model. Here we demonstrated that the phe-
notype of pbx1 MO knock-down in zebrafish is reminis-
cent of the one observed in meis1 MO-injected fish, indi-
cating that Pbx1 is the preferred binding partner of Meisl
in hematopoiesis and vascular patterning.

Unlike primitive erythrocytes, primitive macrophages
appear before circulation commences and are spatially
uncorrelated to blood vessels. Although embryos in which
meis1 was knocked-down have a normal number and dis-
tribution of primitive macrophages at 24 hpf, it appears
that they are almost absent from the posterior blood
island of the embryo from 28 hpf onwards. The posterior
blood island is also an early site of multilineage
hematopoiesis" wherein a distinct population of cells, ery-
thromyeloid progenitors, gives rise to cells of erythroid
and myeloid lineages. Lack of myeloid cells in the posteri-
or blood island from 28 hpf onwards strongly suggests
that erythromyeloid progenitor cell-dependent definitive
hematopoiesis is abolished in meis1-depleted embryos.
Just like macrophages, neutrophils had a distribution pat-
tern different from that of wild-type embryos, all being
confined to superficial locations. These data imply that
meis1 is dispensable for specification and differentiation of
pre-macrophages and neutrophils from cephalic meso-
derm (which is in accordance with our Meis1 immunohis-
tochemistry findings) but is essential for erythromyeloid
progenitor-dependent definitive hematopoiesis.

The intimate association and close lineage relationship
of endothelial and early blood cells,” suggest that the for-
mer also regulate hematopoietic stem cell development
from their inception through to their occupation of the
pronephros and thymus. Indeed, the vasculature must be



propetly formed and patterned in order to support normal
hematopoietic stem cell emergence and differentiation.**
The results of our studies of the large blood vessels and
intersegmental vessels in Tg(fli1:EGFP) meis1 MO-injected
embryos consistently show that fli1 was detected in the
endothelial cells of dorsal aorta, posterior caudal vein but
also in intersegmental vessels. Notwithstanding that fli/
transcript levels were comparable between MO-injected
embryos and controls we detected a defect in vascular
tube formation, with dorsal aorta and posterior caudal
vein forming a single tube. A shift in arteriovenous identi-
ty, already seen by others,” in meis1 MO-injected embryos
could explain the observed alteration in arteriovenous seg-
regation. In addition, it was previously observed that meis?
MO-injected embryos have a defect in sprouting of
endothelial cells and the formation of intersegmental ves-
sels.” The results of our study, which used higher resolu-
tion imaging by confocal microscopy of Tg(fli1:EGFP)
embryos, suggest otherwise and show the presence of
intersegmental vessels. In contrast to vegfa MO-injected
embryos,” meis1 MO-injected embryos still formed inter-
segmental vessels, an observation that is compatible with
the notion that meis1 expression is most likely independ-
ent of vegfa and notch signaling. Meis1 MO-injected
embryos do exhibit a heart loop defect,” with a lower
beating rate but we consider it unlikely that this con-
tributes to the atypical vascular tube formation and the
lack of proper remodeling of the posterior caudal vein.
Studies of the silent heart mutant zebrafish, which develop
without a beating heart, reveal that primary vascular pat-

terning is intact and not reliant on blood flow.**

However, the second wave of definitive hematopoiesis,
which occurs through hematopoietic stem cell generation
in the AGM, is dependent on blood flow and proper vas-
culature development. Thus the relative paucity of cd41"
cells in meis1 MO-injected embryos is most likely
explained by a strongly reduced specification of
hematopoietic stem cells due to the shift in arteriovenous
identity and decreased circulation.

In conclusion, our data strongly suggest that meis1
knock-down has a profound effect on primitive erythro-
poiesis and erythromyeloid progenitor cells and also
severely disrupts the proper development of the vascula-
ture, which results in a severe impairment of the second
wave of definitive hematopoiesis. This is associated with
the absence of mature lymphoid, myeloid progeny and
thrombocytes. Hence meis1 function is essential in early
and later events of hematopoiesis, but further studies are
required to determine the precise position of Meis1 in the
regulatory networks that control hematopoiesis.
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