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During vertebrate development, the initial wave of hematopoiesis produces cells that help to shape the
developing circulatory system and oxygenate the early embryo. The differentiation of primitive erythroid
and myeloid cells occurs within a short transitory period, and is subject to precise molecular regulation by a
hierarchical cascade of transcription factors. The TALE-class homeodomain transcription factors Meis and
Pbx function to regulate embryonic hematopoiesis, but it is not known where Meis and Pbx proteins
participate in the hematopoietic transcription factor cascade. To address these questions, we have ablated
Meis1 and Pbx proteins in zebrafish, and characterized their molecular effects on known markers of
primitive hematopoiesis. Embryos lacking Meis1 and Pbx exhibit a severe reduction in the expression of
gata1, the earliest marker of erythroid cell fate, and fail to produce visible circulating blood cells.
Concomitant with a loss of gata1, Meis1- and Pbx-depleted embryos exhibit downregulated embryonic
hemoglobin (hbae3) expression, and possess increased numbers of pu.1-positive myeloid cells. gata1-
overexpression rescues hbae3 expression in Pbx-depleted; meis1-morphant embryos, placing Pbx and Meis1
upstream of gata1 in the erythropoietic transcription factor hierarchy. Our study conclusively demonstrates
that Meis1 and Pbx act to specify the erythropoietic cell lineage and inhibit myelopoiesis.
Building, University of Alberta,
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Introduction

Primitive hematopoiesis influences morphology of the developing
embryonic circulatory system (Baumann and Dragon, 2005; Hove et
al., 2003) and produces circulating erythrocytes that facilitate tissue
oxygenation during periods of rapid embryonic growth (Orkin and
Zon, 2008). Analyses in vertebrate models have identified a cascade of
transcription factors that are critical for the specification of primitive
erythrocytes. However, the upstream mechanisms by which these
factors are regulated remain largely unclear. Previous research has
shown that overexpressing posteriorly-expressed hox genes partially
rescues erythropoietic gene expression in mutants with defects in
primitive blood cell differentiation (Davidson et al., 2003; Davidson
and Zon, 2006). These data support a model whereby Hox transcrip-
tion factors serve to regulate primitive hematopoiesis. The Hox
cofactors Meis1 and Pbx have also been implicated in hematopoiesis;
Pbx1-knockout and Meis1-deficient mice exhibit profound embryonic
anemia (Azcoitia et al., 2005; DiMartino et al., 2001; Hisa et al., 2004).
Notably, the precise molecular function of Meis1 and Pbx in regulating
primitive hematopoiesis remains to be elucidated, and it is not yet
known where Meis1 and Pbx participate in the hematopoietic
transcription factor hierarchy. In the present work, we analyze the
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function of Meis1 and Pbx by ablating these proteins and character-
izing their molecular effects on known regulators of zebrafish
primitive hematopoiesis.

Several lines of evidence suggest that Hox transcription factors act
as master regulators of hematopoietic cell fate decisions (Abramovich
and Humphries, 2005). Mice bearing deletions in Hoxb3, Hoxb4,
Hoxb6, Hoxa7, Hoxc8, and/or Hoxa9 possess defects in the develop-
ment of multiple hematopoietic lineages (Brun et al., 2004; Izon et al.,
1998; Kappen, 2000; Ko et al., 2007; Lawrence et al., 1997; Magnusson
et al., 2007a; Shimamoto et al., 1999; So et al., 2004). In zebrafish,
hoxb6b, hoxb7a, and hoxa9a regulate primitive erythropoiesis and
contribute to hematopoietic stem cell formation (Davidson et al.,
2003; Davidson and Zon, 2006). Hox genes are also implicated as
proto-oncogenes in hematological malignancies (Kroon et al., 2001;
Nakamura et al., 1996; Pineault et al., 2003; Slape and Aplan, 2004).
The specificity of Hox proteins is achieved through their interaction
with other DNA-binding cofactors (Mann, 1995; Mann and Affolter,
1998; Mann and Chan, 1996). Such cofactors include the Three Amino
acid Loop Extension (TALE)-class homeodomain transcription factors
Meis (Myeloid Ecotropic Integration Site), Pbx (Pre-B-Cell Leukemia
Homeobox), and Prep/PKnox (Pbx Knotted Homeobox). Meis/Prep
and Pbx coordinately bind DNA with Hox proteins, increasing their
DNA-binding affinity as well as specificity (Berthelsen et al., 1998a;
Chan and Mann, 1996; Chan et al., 1996; Chang et al., 1997; Ebner et
al., 2005; Knoepfler et al., 1996; LaRonde-LeBlanc and Wolberger,
2003; Mann, 1995; Mann and Chan, 1996). Embryos lacking Meis and
Pbx display phenotypes that are consistent with a total lack of Hox
function. For example, loss of both Pbx2 and Pbx4 in the zebrafish
hindbrain generates an anteriorizing homeotic transformation of the
neural tube, in which rhombomeres 2–6 take on the molecular and
neuronal identity of rhombomere 1 (Popperl et al., 2000; Waskiewicz
et al., 2002). A nearly identical phenotype results from the
knockdown of Hoxa1, Hoxb1, and Hoxd1 gene products in Xenopus
(McNulty et al., 2005). In zebrafish, overexpressing meis3 in
combination with pbx4 and hoxb1b posteriorizes the neural tube,
transforming the presumptive forebrain and midbrain regions into a
hindbrain fate (Vlachakis et al., 2001). Combined, these data illustrate
the significant role that TALE-class proteins play as Hox cofactors in
vivo. It should be noted that Pbx and Meis/Prep1 proteins also form
stable heterodimeric complexes in the absence of Hox proteins
(Berthelsen et al., 1998b; Chang et al., 1997; Rieckhof et al., 1997), and
are regulated both pre- and post-transcriptionally. For example,
Meis1 is normally sequestered in the cytoplasm, but Pbx–Meis
complexes are actively transported into the nucleus (Abu-Shaar et
al., 1999; Berthelsen et al., 1999; Jaw et al., 2000; Mercader et al.,
1999; Rieckhof et al., 1997; Vlachakis et al., 2001). Meis and Pbx
proteins also bidirectionally stabilize each other. This stabilization is
dependent upon domains that mediate Meis–Pbx complex formation
(Jaw et al., 2000; Longobardi and Blasi, 2003;Waskiewicz et al., 2001).

In addition to their role in hindbrain patterning, there is evidence
that TALE-class proteins also play an important role in the regulation
of embryonic hematopoiesis. Pbx1-knockout mice display a lethal
reduction in definitive multipotent blood progenitors, leading to
reduced hematocrit and severe embryonic anemia (DiMartino et al.,
2001). Meis1-deficient mice display a severe reduction in myeloery-
throid progenitors (Azcoitia et al., 2005; Hisa et al., 2004), and Prep1-
deficient mice exhibit profound anemia (Di Rosa et al., 2007; Ferretti
et al., 2006; Penkov et al., 2005). Although these studies demonstrate
a strong correlation between Hox cofactor function and hematopoi-
esis, they fail to elucidate the precise molecular function of Meis and
Pbx during blood cell differentiation.

In the present study, we provide evidence that Meis and Pbx
proteins are essential regulators of zebrafish primitive hematopoiesis.
We demonstrate that inhibiting zebrafish Meis1 and Pbx protein
synthesis cripples the production of circulating erythrocytes, and
generates defects in erythropoietic gene expression. We also
demonstrate that Meis–Pbx complexes are required for proper
expression of gata1, but are not required to initiate scl expression.
This phenotype is strikingly different from that of a cdx4/cdx1-
depleted zebrafish embryo, which completely lacks early scl expres-
sion. We propose a model placing Meis1 and Hox downstream of Cdx,
and upstream of gata1 in the molecular hierarchy of primitive
hematopoiesis.

Materials and methods

Zebrafish strains, genotyping, and morpholinos

The b557 allele of pbx4 (also known as lazarus or lzr) was originally
identified through the altered hindbrain expression pattern of egr2b
(krox20), as previously described (Popperl et al., 2000). Pbx-depleted
embryos were generated by injecting one-cell stage embryos from a
heterozygous mutant lzr+/− (pbx4+/−) incross with a combination of
the following four previously described Pbx translation-blocking
morpholinos:

pbx2-MO1, CCGTTGCCTGTGATGGGCTGCTGCG (1 ng);
pbx2-MO2, GCTGCAACATCCTGAGCACTACATT (2 ng);
pbx4-MO1, AATACTTTTGAGCCGAATCTCTCCG (3 ng);
pbx4-MO2, CGCCGCAAACCAATGAAAGCGTGTT (3 ng) (Erickson
et al., 2007).

Thismethod yields 75% Pbx-depleted embryos (lzr+/− and lzr−/−)
and 25% partially-depleted embryos (lzr+/+). The effectiveness of this
approach at removing N95% of total Pbx protein has been documented
using a pan-Pbx antibody (Maves et al., 2007; Waskiewicz et al.,
2002). Pbx-depleted embryos are phenotypically indistinguishable
from maternally and zygotically mutant lzr embryos injected with
pbx2 morpholinos, and were identified through in situ hybridization
assays for the downregulation of eng2a (Erickson et al., 2007) and
abrogation of egr2b (krox20) expression (Popperl et al., 2000;
Waskiewicz et al., 2002).

Meis1-deficient embryos were generated by injecting one-cell AB
embryos with 4 ng of translation-blocking meis1 morpholino;
GTATATCTTCGTACCTCTGCGCCAT, as previously described (French et
al., 2007). The specificity of this morpholino was assessed through the
observation of expected hindbrain phenotypes (French et al., 2007),
mRNA rescue experiments (French et al., 2007), and immunohisto-
chemical analysis of Meis1 protein levels using the P2A6 monoclonal
antibody (Fig. 3).

Gata1-deficient embryos were generated by injecting one-cell AB
embryos with 5 ng of translation-blocking gata1 morpholino;
CTGCAAGTGTAGTATTGAAGATGTC, as previously described (Galloway
et al., 2005).

Cdx-depleted embryos were generated by injecting one-cell
cdx4 −/− (kggtv205) embryos with 5 ng of translation-blocking cdx1a
morpholino; CAGCAGATAGCTCACGGACATTTTC, as previously de-
scribed (Davidson and Zon, 2006).

Whole-mount in situ hybridization and histochemical staining

Examination of gene expression by whole-mount in situ hybrid-
ization was performed essentially as previously described (French
et al., 2009; Gongal and Waskiewicz, 2008). Proteinase K treatment
(10 µg/ml) was performed for 30 s (12 to 16 hpf embryos) and 3 min
(24 hpf embryos). Two-color in situ and histochemical staining of
hemoglobin by o-dianisidine (Sigma) were preformed as previously
described (Erickson et al., 2007; Lieschke et al., 2001).

Embryos were photographed using a Zeiss AxioImager Z1
compound microscope with an Axiocam HR digital camera under a
10× objective, using an Olympus stereoscope with a QImaging
micropublisher camera, or using a Leica stereoscope with a Leica
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DFC420C camera. Images were assembled in Photoshop (Adobe).
Embryos were raised at 25–33 °C and staged according to published
morphological hallmarks (Kimmel et al., 1995).
Quantitative real-time PCR

RNA was extracted from 50–100 16 hpf embryos using RNAqu-
eous-4PCR (Ambion) according to manufacturer's specifications.
First-strand cDNA synthesis was performed using the AffinityScript
QPCR cDNA Synthesis Kit (Stratagene), with random primers,
according to manufacturer's specifications. cDNA was analyzed with
Brilliant SYBR Green QPCR Master Mix (Stratagene) by quantitative
real-time PCR, using the StepOnePlus Real-Time PCR System (Applied
Biosystems). All samples were run in replicates of nine, and each
experiment was repeated twice. The PCR cycle conditions were 95 °C
for 10 min, (95 °C for 30 s, 55 °C for 1 min, and 72 °C for 30 s) for 40
cycles. Fluorescence readings were taken after the 55 °C annealing
step. The Ct value data were analyzed using the comparative Ct
method (2−ΔΔCt method) (Livak and Schmittgen, 2001).

Intron-spanning gata1 and elongation factor 1-alpha (ef1a) primers
were selected from the Universal Probe Library Assay Design Center
for Zebrafish (Roche). Prior to cDNA analysis, primer sets were
validated. For each primer set, an amplification plot was produced
from a standard cDNA 2-fold dilution series. This plot was used to
generate a linear regression curve. Both gata1 (test) and ef1a
(endogenous control) primer sets were shown to produce linear
regression slopes of −3.3±0.1 with a coefficient of determination
(R2) of 0.99. The ef1a primers produce a slope within 0.1 of the gata1
primer set slope. PCR primer sequences are gata1-F, GAGACTGACC-
TACTGCCATCG; gata1-R, TCCCAGAATTGACTGAGATGAG; ef1a-F,
CCTTCGTCCCAATTTCAGG; ef1a-R, CCTTGAACCAGCCCATGT.
mRNA constructs

All mRNAs were transcribed from linearized templates using the
mMessage mMachine kit (Ambion) according to manufacturer's
specifications. Once synthesized, mRNAs were purified using YM-50
Microcon columns (Amicon, Millipore), their concentrations deter-
mined via spectrophotometry, and diluted in DEPC-treated water. To
make N-terminal 3× FLAG-tagged hoxb7amRNA, a full-length hoxb7a
ORF was cloned into the FLAG-T7TS expression vector. To make N-
terminal 6× Myc-tagged gata1 mRNA, a full-length gata1 ORF was
cloned into the pCS2+MT expression vector. The constructs pCS2+
MT-pbx4 and pCS3+MT-meis1 were described previously (Popperl et
al., 2000; Waskiewicz et al., 2001). The following amounts of mRNAs
were injected into single-cell embryos: hoxb7a mRNA, 50 pg; gata1
mRNA, 20 pg; pbx4 mRNA, 200 pg; and meis1 mRNA, 200 pg.
Fig. 1. meis1-morphant embryos fail to produce visible circulating erythrocytes. (A, B)
Lateral view of live 48 hpf embryos showing close-up of heart region; anterior to the
left. Unlike their wild type (WT) counterparts (A), meis1-morphant (B) embryos lack
visible circulating blood cells. Arrows indicate heart. (C, D) o-dianisidine staining of
differentiated erythrocytes in 48 hpf whole-mount embryos; ventral viewwith anterior
to the left. o-dianisidine staining is abolished in meis1-morphant (D) embryos when
compared to WT embryos (C).
Immunohistochemistry

Meis1 monoclonal antibody staining was performed using 4%
paraformaldehyde (PFA)/phosphate-buffered saline (PBS)-fixed em-
bryos, 14 hpf embryos were permeabilized (5 min in 10 µg/ml
Proteinase K/PBST), blocked (PBS+0.1% Triton X-100+1% Bovine
Serum Albumin (BSA)+5% goat serum) for 1 h, and incubated in a 1/
5 dilution of P2A6 hybridoma supernatant/block overnight at 4 °C.
Embryoswerewashed, reblocked, and incubated overnight at 4 °C in a
1/500 dilution of Alexa Fluor 488-conjugated goat anti-mouse
secondary antibody (Molecular Probes). Embryonic nuclei were
stained with Hoechst 33258 (Molecular Probes), which was assigned
a false color (red). Embryos were washed, deyolked, cleared in 70%
glycerol, mounted, and visualized under a 10× objective (Fig. S3) or a
100× objective (Fig. 3) using a Leica TCS-SP2 spectral confocal
microscope.
Results

Loss of Meis1 results in the production of erythropoietic defects

meis1 is expressed broadly in the posterior mesoderm and
intermediate cell mass (ICM) during primitive hematopoiesis (Mine-
hata et al., 2008; Waskiewicz et al., 2001). To assess the requirement
for Meis1 in zebrafish primitive hematopoiesis, we generated
embryos that lack Meis1 protein (hereafter called meis1-morphants).
meis1-morphant embryos possess fewer visible circulating blood cells
than their wild type counterparts at 48 hours post fertilization (hpf),
and 67% (n=181) of meis1-morphant embryos fail to produce any
visible circulating blood cells by 48 hpf (Figs. 1A, B). Furthermore,
meis1-morphant embryos also display a severe reduction in the
number of differentiated erythrocytes, as visualized through o-
dianisidine staining of 48 hpf embryos (Figs. 1C, D).

In order to determine if Meis1 is required to initiate hematopoietic
gene expression, we compared the expression of scl, lmo2, gata1, and
flk1a in the posterior lateral-plate mesoderm (PLM) of 16 hpf wild
type andmeis1-morphant embryos.meis1-morphant embryos exhibit
reduced expression of the erythroid precursor marker gata1 (Figs. 2A,
A’), but maintain near normal expression of the endothelial marker
flk1a (Figs. 2B, B’), as shown through in situ hybridization. These data
suggest that Meis1 regulates early erythroid-specific gene expression.
scl and lmo2 are expressed in a region of the PLM that gives rise to
both blood and endothelial precursors (Dooley et al., 2005; Gering et
al., 1998, 2003; Patterson et al., 2007). Although the overall level of
lmo2 and scl expression is near normal in 16 hpf meis1-morphant
embryos, the lateral-most domain of expression is reduced or absent
(Figs. 2C–D’; arrowheads). In wild type embryos, this lateral domain
of scl expression colocalizes with the pronephric mesoderm marker
pax2a (Fig. S1; arrowheads), suggesting that it gives rise to kidney
progenitor cells.

We next examined scl, lmo2, and gata1 expression at 24 hpf to
determine if Meis1 is required to maintain hematopoietic gene
expression. By 24 hpf, approximately 1 h prior to the initiation of
circulation, meis1-morphant embryos exhibit reduced hematopoietic
gene expression in the ICM, as shown through in situ hybridization
(Figs. 2E–G’). In comparison to wild type embryos, meis1-morphant
embryos demonstrate decreased gata1 (Fig. 2E’), scl (Fig. 2F’), and
lmo2 (Fig. 2G’) expression, but display normal expression of the
erythroid cell marker draculin (drl; data not shown).



Fig. 2. meis1-morphant embryos exhibit defects in primitive hematopoietic gene
expression. Shown are representative embryos following in situ hybridization analysis
of hematopoietic marker expression in wild type (WT; A–G) compared with meis1-
morphant (A’–G’) embryos. (A–D’) The PLM of 16 hpf flat-mounted, deyolked embryos
is shown in dorsal viewwith anterior to the left. gata1 expression is severely reduced in
meis1-morphant embryos (A’; 85%, n=39) when compared toWT (A). flk1a expression
is unchanged in meis1-morphant embryos (B’; 100%, n=21) when compared to WT
(B). Lateral domain of scl (90%, n=29) and lmo2 expression (79%, n=24) is abolished
in meis1-morphant embryos (C′, D′; red arrowheads), while the medial domain of scl
and lmo2 expression is near normal. (E–G′) 24 hpf whole-mount embryos are shown in
lateral view with anterior to the left. eng2a expression in the midbrain hindbrain
boundary and muscle pioneers (E; black arrowheads) and egr2b expression in
hindbrain rhombomeres 3 and 5 (E; bracket) is shown in all panels. gata1 (E′; 91%,
n=53), scl (F′; 97%, n=35), and lmo2 (G′; 92%, n=36) expression is reduced in the
ICM of meis1-morphant embryos when compared to WT (E–G).
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Pbx stabilizes Meis1 and is required for its nuclear localization

Meis1 forms stable heterodimeric complexes with the TALE-class
homeodomain protein Pbx (Berthelsen et al., 1998b; Chang et al.,
1997; Rieckhof et al., 1997). Of the zebrafish pbx genes, only lazarus
(lzr/pbx4) and pbx2 are expressed ubiquitously in the PLM and ICM
during primitive hematopoiesis (Maves et al., 2007; Popperl et al.,
2000; Vlachakis et al., 2001; Waskiewicz et al., 2002). To assess the
requirement for Pbx in zebrafish primitive hematopoiesis, we
generated embryos that are deficient for both Pbx2 and Pbx4
(hereafter referred to as Pbx-depleted). Like meis1-morphants, Pbx-
depleted embryos possess fewer visible circulating blood cells than
their wild type counterparts at 48 hpf, and 45% (n=66) of Pbx-
depleted embryos fail to produce any visible circulating blood cells by
48 hpf (data not shown). Furthermore, Pbx-depleted and meis1-
morphant embryos exhibit nearly identical defects in primitive
hematopoietic gene expression, as shown through in situ hybridiza-
tion (Fig. S2).

Given the phenotypes that meis1-morphant and Pbx-depleted
embryos share with regards to hematopoietic gene expression, we
wanted to investigate further the relationship between these two
heterodimeric partners. In zebrafish, overexpressing pbx4 generates
an increase in Meis1 protein levels (Waskiewicz et al., 2001). In a
reciprocal fashion, overexpressing meis1 generates an increase in
Pbx4 protein levels (Waskiewicz et al., 2001). This bidirectional
stabilization is dependent upon the N-terminal MH domain of Meis1,
and the PBC domains of Pbx4 (Waskiewicz et al., 2001), the exact
domains that mediate Pbx4–Meis1 heterodimer formation (Knoepfler
et al., 1997). This stabilization is observed following the injection of
mRNA constructs (Waskiewicz et al., 2001), suggesting that it occurs
post-transcriptionally. Given this stabilization phenotype, it is
plausible that Pbx-depleted and meis1-morphant embryos each
possess reduced levels of Meis1 protein. To test this hypothesis in
vivo under conditions where neither protein is overexpressed, we
examined Meis1 protein levels in 14 hpf wild type and Pbx-depleted
zebrafish embryos through immunohistochemical staining with the
P2A6 anti-Meis1 monoclonal antibody. At 14 hpf, this antibody stains
nuclei in a tissue-specific pattern that is consistent with meis1 mRNA
expression (Fig. S3). P2A6 antibody staining is nearly abolished in
meis1-morphants (Fig. 3D), and is rescued by meis1-overexpression
(data not shown). Combined, these data suggest that the P2A6
antibody specifically labels Meis1 protein. In the PLM of 14 hpf wild
type embryos, anti-Meis1 antibody staining is punctate and coloca-
lizes with Hoechst nuclear staining (Figs. 3A–C), indicating that Meis1
is present primarily within the nucleus. Conversely, Pbx-depleted
embryos exhibit extremely low levels of anti-Meis1 antibody staining
in the PLM at 14 hpf (Fig. 3G). In Pbx-depleted embryos, this low level
of anti-Meis1 antibody staining does not colocalize with Hoechst
nuclear staining (Figs. 3G–I), indicating that Meis1 is predominantly
excluded from the nucleus. As Pbx-depletion and meis1-morpholino
injection does not fully eliminate anti-Meis1 antibody staining, we
next sought to combine these manipulations in order to generate a
more complete loss of Meis1 protein. As predicted, Pbx-depleted;
meis1-morphant embryos (Fig. 3J) display less anti-Meis1 antibody
staining than meis1-morphant (Fig. 3D) or Pbx-depleted (Fig. 3G)
embryos. Combined, these data suggest that Meis1 requires Pbx for its
nuclear localization and stabilization in vivo.

Effects of combined Meis1 and Pbx knockdown

Given that the simultaneous depletion of Pbx and Meis1 generates
a more profound effect on Meis1 protein levels than through removal
of either protein alone, we next sought to investigate erythropoietic
gene expression in Pbx-depleted; meis1-morphant embryos. To do
this, we examined the expression of gata1 and hbae3 in the PLM of
16 hpf embryos lacking both Pbx and Meis1. In comparison to wild
type embryos, embryos partially depleted of Pbx or Meis1 (injected
with a half-dose of pbx2/4 MO or meis1 MO respectively) exhibit
subtle decreases in gata1 and hbae3 erythroid gene expression at
16 hpf, as shown through in situ hybridization (Figs. 4A–C, E–G).
Embryos partially depleted of both Pbx and Meis1 exhibit a severe
decrease in gata1 expression (Fig. 4D) and nearly abolished hbae3
expression (Fig. 4H), defects that are more severe than through
knockdown of either protein alone.

To measure quantitatively the observed changes in gata1 expres-
sion, we performed real-time quantitative PCR on 16 hpf wild type
embryos, lzr/pbx4+/− incross progeny injected with pbx2/4 MO,
meis1-morphant embryos, and lzr/pbx4+/− incross progeny injected
with both pbx2/4 MO and meis1 MO. Consistent with the in situ



Fig. 3. Meis1 protein levels are severely diminished in the posterior mesoderm of Pbx-
depleted and meis1-morphant embryos. Shown are representative embryos following
immunohistochemical staining with the P2A6 antibody (green; A, D, G, J) to visualize
Meis1 protein levels, and Hoechst 33258 (red; B, E, H, K) to visualize nuclei in 14 hpf
wild type (WT; A–C), meis1-morphant (D–F), Pbx-depleted (G–I), and Pbx-depleted;
meis1-morphant (J–L) embryos. Flat-mount; dorsal view of posterior mesoderm;
anterior to left. All embryos visualized under a 100× objective. In wild type (WT; A–C)
embryos, α-Meis1 antibody staining is punctate, and colocalizes with Hoechst nuclear
staining. meis1-morphant (D) and Pbx-depleted (G) embryos exhibit severely
decreased α-Meis1 antibody staining when compared to WT embryos (A). α-Meis1
antibody staining is further abolished in Pbx-depleted;meis1-morphant embryos (J).α-
Meis1 antibody staining does not colocalize with Hoechst nuclear staining in Pbx-
depleted embryos (G–I).

Fig. 4. Pbx andMeis1 act in a cooperative fashion to regulate erythroid gene expression.
(A–H) Shown are representative embryos following in situ hybridization analysis of
gata1 (A–D) and hbae3 (E–H) expression in 16 hpf embryos. Embryos shown are
deyolked and flat-mounted with a dorsal view of gene expression in the PLM and
anterior oriented to the left. Embryos partially depleted of Pbx (injected with 4.5 ng of
pbx2/4MO) exhibit subtle decreases in gata1 (B; 83%, n=18) and hbae3 (F; 71%, n=7)
expression. Embryos partially depleted of Meis1 (injected with 2 ng of meis1 MO)
exhibit subtle decreases in gata1 (C; 85%, n=20) and hbae3 (G; 100%, n=6) expression.
Embryos partially depleted of both Pbx andMeis1 exhibit profoundly reduced gata1 (D;
90%, n=29) and hbae3 (H; 95%, n=19) expression. (I) Quantitative real-time PCR
analysis of gata1 expression in 16 hpf wild type embryos (WT), lzr/pbx4+/− incross
progeny injected with a full dose of pbx2/4MO (pbx2/4MO),meis1-morphant embryos
(meis1 MO), and lzr/pbx4+/− incross progeny injected with a full dose of both pbx2/4
MO and meis1 MO (pbx2/4 MO; meis1 MO). Shown is the relative quantity of gata1
expression. Samples were normalized to ef1a and WT was set to 1. Error bars indicate
standard deviation from the mean. *Indicates the difference compared with WT is
significant by Student t test, Pb0.0001. **Indicates the difference compared with all
other samples is significant by Student t test, Pb0.0001.
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hybridization analysis, Pbx-depleted embryos exhibit a 28% decrease
in gata1 expression when compared to wild type embryos (Pb0.0001,
Fig. 4I). meis1-morphants exhibit a 26% decrease in gata1 expression
when compared to wild type embryos (Pb0.0001, Fig. 4I). Embryos
depleted of both Pbx and Meis1 exhibit a 50% decrease in gata1
expression when compared to wild type embryos (Pb0.0001, Fig. 4I).
As one-quarter of the embryos injected with pbx2/4 MO alone or in
combination with meis1 MO are on a lzr/pbx4+/+ background, these
embryos are not completely devoid of Pbx protein. Since embryo
pools are collected at 16 hpf, a stage when phenotypic differences are
not detectable, this quantitative PCR analysis likely under-represents
the actual loss of gata1 expression that occurs in both Pbx-depleted,
and Pbx-depleted; meis1-morphant embryos.

Meis1 functions in association with Hox to regulate primitive
erythropoiesis

Overexpressing hoxb7a or hoxa9a is sufficient to rescue gata1
erythroid gene expression in embryos depleted of both Cdx1a and
Cdx4 (Davidson and Zon, 2006), suggesting that these posteriorly-
expressed hox genes act upstream of gata1 to regulate erythropoiesis.
Pbx and Meis proteins typically act as Hox protein cofactors (Moens
and Selleri, 2006), and the posterior Hox proteins Hoxb7, Hoxa9, and
Hoxd9 are able to form heterodimeric and heterotrimeric complexes
with Pbx and Meis in vitro (Chang et al., 1997; Shanmugam et al.,
1999). To determine if the posterior Hox proteins require Meis1 for
their in vivo function, we injected hoxb7amRNA intomeis1-morphant
embryos. As shown through in situ hybridization, overexpressing
hoxb7a does not restore gata1 erythroid gene expression in the PLM of
16 hpf meis1-morphant embryos (Figs. 5A–C). To measure gata1
expression quantitatively, we performed real-time quantitative PCR



Fig. 5. Overexpressing hoxb7a rescues gata1 erythroid gene expression in Pbx-depleted but notmeis1-morphant embryos. (A–C) Shown are representative embryos following in situ
hybridization analysis of gata1 expression in 16 hpf embryos. Dorsal view of PLM gene expression is shown in flat-mounted and deyolked embryos, with anterior oriented to the left.
Bothmeis1-morphant embryos (B; 94%, n=63) and hoxb7a RNA-injectedmeis1-morphant embryos (C; 91%, n=43) exhibit a severe decrease in gata1 expression when compared to
wild type embryos (WT; A). (D) Quantitative real-time PCR analysis of gata1 expression in 16 hpf wild type embryos (WT),meis1-morphant embryos (meis1MO), and hoxb7a RNA-
injected meis1-morphant embryos (meis1 MO; hoxb7a RNA). Shown is the relative quantity of gata1 expression. Samples were normalized to ef1a and WT was set to 1. Error bars
indicate standard deviation from the mean. *Indicates the difference compared with WT is significant by Student t test; Pb0.0001.
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on 16 hpf wild type embryos,meis1-morphant embryos, and embryos
injected with both meis1 MO and hoxb7a mRNA. Consistent with the
in situ hybridization analysis, both meis1-morphant embryos and
hoxb7a-overexpressing meis1-morphant embryos exhibit a 28%
decrease in gata1 expression when compared to wild type embryos
(Pb0.0001 for each, Fig. 5D). Pbx-depleted and meis1-morphant
embryos possess wild type levels of hoxb6b, hoxb7a, and hoxa9a gene
expression at 16 hpf, as shown through in situ hybridization (Fig. S4).
Western immunoblotting reveals that Hoxb7a protein stability is not
dependent on the presence of Pbx or Meis1 (data not shown). Taken
together, these data suggest that Hoxb7a requires Meis1 in order to
activate gata1 erythroid gene expression.

Meis1 and Pbx regulate primitive myelopoiesis

Overexpressing the zinc finger transcription factor GATA1 in
myeloid cells inhibits myeloid differentiation, and induces a switch to
megakaryocyte-erythroid cell fate (Iwasaki et al., 2003). Gata1-
depleted zebrafish embryos display reduced numbers of erythrocytes,
and expanded populations of granulocytic neutrophils and macro-
phages (Galloway et al., 2005; Rhodes et al., 2005), indicating that
gata1 represses myeloid differentiation, and is crucial for specifying
erythroid cell fate. The molecular phenotype of Pbx-depleted and
meis1-morphant embryos is similar to that of a Gata1-depleted
embryo with regards to erythropoietic gene expression. Consequent-
ly, in order to determine if Pbx and Meis1 also serve to regulate
myelopoiesis, we analyzed the expression of pu.1 (spi1) in the anterior
lateral-plate mesoderm (ALPM) of 24 hpf wild type, Pbx-depleted,
and meis1-morphant embryos. pu.1 is an Ets-family transcription
factor that is responsible for specifying myeloid cell fate (Anderson et
al., 1998; McKercher et al., 1996; Scott et al., 1994; Zhang et al., 1996).
In comparison to their wild type counterparts (Figs. 6A, E), meis1-
morphant embryos exhibit a significant 1.86-fold increase (Pb0.0001)
in the number of pu.1-expressing cells at 24 hpf, as shown through in
situ hybridization analysis (Figs. 6B, E). Pbx-depleted embryos exhibit
a significant 2.05-fold increase in the number of pu.1-expressing cells
in comparison to wild type embryos (Pb0.0001; Figs. 6A, C, E).
Embryos depleted of both Pbx and Meis1 exhibit a more severe (2.60-
fold) increase in the number of pu.1-positive cells than through
removal of either protein alone (Pb0.0001 for eachwhen compared to
wild type, Pbx-depleted, and meis1-morphant embryos; Figs. 6A–E).
Consistent with our ALPM results, Pbx-depleted; meis1-morphant
embryos also exhibit increased levels of ICM pu.1 expression when
compared to wild type embryos, as shown through in situ hybridiza-
tion (Figs. 6F, G).

We next used in situ hybridization to analyze the expression l-
plastin (lcp1) and lysozyme C (lyz) in the ALPM of 24 hpf wild type,
Pbx-depleted, and meis1-morphant embryos. lcp1 and lyz label
macrophage and granulocyte progenitors (Hall et al., 2007; Le
Guyader et al., 2008). In comparison to their wild type counterparts,
both Pbx-depleted and meis1-morphant embryos exhibit an increase
in the number of cells expressing lcp1 (Figs. 6H–J) and lyz (Figs. 6K–
M). Combined, these data suggest that Pbx and Meis1 act in a
cooperative fashion to repress myeloid cell fate.

Pbx and Meis1 act upstream of gata1 to maintain proper levels of scl and
hbae3, but not lmo2 expression

Our findings that Pbx-depleted and meis1-morphant embryos fail
to initiate proper gata1 expression, and possess similar defects in
myelopoiesis to Gata1-depleted embryos imply that Pbx and Meis1
act upstream of gata1 to regulate primitive hematopoiesis. To test this
hypothesis, we first analyzed the maintenance of scl and lmo2 in the
ICM of 24 hpf gata1-morphant embryos. In comparison to their wild
type counterparts, gata1-morphant embryos exhibit reduced scl
expression at 24 hpf (Figs. 7C, D). These data suggest that, like Pbx
and Meis1, Gata1 is required to maintain normal levels of scl
expression at 24 hpf. Unlike Pbx-depleted (Fig. S2G’) and meis1-
morphant (Fig. 2G) embryos, gata1-morphant embryos exhibit wild
type levels of lmo2 expression at 24 hpf (Figs. 7A, B). Taken together,
these data suggest that although Pbx and Meis1 are required to
maintain normal levels of lmo2 expression at 24 hpf, Gata1 is not.

In order to determine if the biological activity of gata1 is
dependent on the presence of Pbx and Meis1 protein, we first
examined scl expression in the ICM of 24 hpf gata1-overexpressing
meis1-morphant and Pbx-depleted embryos. As shown through in situ
hybridization, gata1-overexpressing meis1-morphant (Fig. 7F) and
Pbx-depleted (Fig. 7H) embryos display a greater level of scl



Fig. 6. Pbx and Meis1 act in a cooperative fashion to regulate primitive myelopoietic gene expression. (A–D) Shown are representative embryos following in situ hybridization
analysis of pu.1 expression in 24 hpf embryos. Dorsal view of gene expression in the anterior lateral-plate mesoderm (ALPM) is shown in whole-mount embryos with anterior
oriented to the left. meis1-morphant (B), Pbx-depleted (C), and meis1-morphant; Pbx-depleted (D) embryos exhibit a severe increase in the number of pu.1-expressing cells when
compared towild type (WT; A) embryos. (E) Quantification of the phenotypes shown in A–D. Shown is the average number of pu.1-expressing cells in the ALPM of 24 hpf embryos as
determined by in situ hybridization. Error bars indicate standard error of the mean. *Indicates the difference compared withWT is significant by Student t test; Pb0.0001. **Indicates
the difference compared to all other samples is significant by Student t test; Pb0.001. (F–M) Shown are representative embryos following in situ hybridization analysis of pu.1 (F, G)
in lateral view, and l-plastin (lcp1; H–J) and lysozyme C (lyz; K–M) expression in dorsal view 24 hpf whole-mount embryos. Pbx-depleted; meis1-morphant embryos (G) exhibit
upregulated pu.1 expression in the intermediate cell mass when compared toWT embryos (F). Pbx-depleted (I, L), andmeis1-morphant (J, M) embryos exhibit increased numbers of
lcp1 and lyz-positive cells in the ALPMwhen compared toWT embryos (H, K). Genotype of embryos was determined by in situ hybridization analysis of egr2b (F–M) and eng2a (H–J)
expression.
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expression than their meis1-morphant (Fig. 7E) and Pbx-depleted
(Fig. 7G) counterparts, indicating that gata1 is able to drive scl
expression in the absence of Pbx and Meis1. We next examined hbae3
expression in the PLM of 16 hpf gata1-overexpressing Pbx-depleted;
meis1-morphant embryos. As shown through in situ hybridization,
gata1-overexpression restores hbae3 expression to near wild type
levels in Pbx-depleted; meis1-morphant embryos (Figs. 7I–K),
indicating that gata1 is able to drive hbae3 gene expression in the
absence of Pbx and Meis1. Combined, these data suggest that Pbx and
Meis1 act upstream of gata1 to regulate the expression of scl and
hbae3, but function independently of gata1 to regulate lmo2
expression.

Pbx-depleted; meis1-morphants and Cdx-depleted embryos exhibit
distinct phenotypes

Previous research has shown that cdx4-mutant (kggtv205) embryos
injected with Cdx1 morpholino (hereafter referred to as Cdx-
depleted) are deficient for ICM blood precursors, and fail to properly
initiate scl and gata1 expression in the PLM at 12 hpf (Davidson and
Zon, 2006). Cdx-depleted embryos also exhibit severe defects in
hoxb7a and hoxa9a expression (Davidson and Zon, 2006). Further-
more, overexpressing these posteriorly-expressed hox genes partially
rescues gata1 expression in a Cdx-depleted embryo (Davidson and
Zon, 2006). Taken together, these data suggest that hox genes act
upstream of gata1 to specify erythroid cell fate. Pbx and Meis proteins
typically act as Hox protein cofactors (Moens and Selleri, 2006), and
are essential for proper Hox function in the developing hindbrain
(McNulty et al., 2005; Popperl et al., 2000; Vlachakis et al., 2001;
Waskiewicz et al., 2002). We therefore wanted to determine if Cdx-
depleted embryos and Pbx-depleted; meis1-morphant embryos
exhibit comparable defects in erythropoietic gene expression. To do
this, we examined the expression of gata1 and scl in the PLM of wild
type, Pbx-depleted; meis1-morphant, and Cdx-depleted embryos at
12 hpf, shortly after the initiation of gata1 expression. As shown
through in situ hybridization, scl is expressed at wild type levels in the
PLM of 12 hpf Pbx-depleted; meis1-morphant embryos (Figs. 8A, B),
but is abolished in the PLM of 12 hpf Cdx-depleted embryos (Figs. 8E,
F). In contrast, gata1 expression is abolished in Pbx-depleted; meis1-
morphant (Figs. 8C, D) and Cdx-depleted (Figs. 8G, H) embryos at
12 hpf. gata1 expression is also nearly abolished in Pbx-depleted
embryos andmeis1-morphants at 12 hpf (Fig. S5). To determine if the
loss of gata1 expression in Cdx-depleted embryos is attributable to a
loss of Meis1, we examinedmeis1 expression levels andMeis1 protein
levels in 14 hpf Cdx-depleted embryos. Cdx-depleted embryos exhibit
upregulated meis1 expression and increased levels of anti-Meis1
antibody staining in comparison to wild type embryos (Fig. S3).
Combined, these data suggest that Cdx functions independently of
Meis1/Pbx to initiate the expression of scl and gata1.

Primitive erythropoietic gene expression is completely dependent
on scl (Patterson et al., 2007; Shivdasani et al., 1995). It is therefore
plausible that the erythropoietic defects of Cdx-depleted embryos (i.e.



Fig. 7. Pbx and Meis1 act upstream of gata1 to regulate the expression of hbae3 and scl,
but not lmo2. (A–H) Shown are representative embryos following in situ hybridization
analyses of lmo2 and scl expression in lateral view 24 hpf whole-mount embryos. gata1-
morphant embryos (B; 100%, n=11) exhibit near normal lmo2 expression when
compared to WT embryos (A). gata1-morphant (D; 100%, n=7), meis1-morphant (E;
100%, n=6), and Pbx-depleted (G; 94%, n=16) embryos exhibit diminished scl
expression in the ICMwhen compared to wild type (WT; C) embryos.meis1-morphant,
gata1 RNA-injected embryos (F; 100%, n=5), and Pbx-depleted, gata1 RNA-injected
embryos (H; 95%, n=19) exhibit greater levels of scl expression than respectivemeis1-
morphant (E) and Pbx-depleted (G) counterparts. Genotype of embryos was
determined by in situ hybridization analysis of egr2b expression in hindbrain
rhombomeres 3 and 5 (A–H), and eng2a expression in the midbrain hindbrain
boundary and muscle pioneers (C–H). (I–L) Shown are representative embryos
following in situ hybridization analysis of hbae3 expression in 16 hpf embryos. Dorsal
view of PLM gene expression is shown in deyolked, flat-mounted embryos with
anterior oriented to the left. Pbx-depleted; meis1-morphant embryos (J; 90%, n=10)
exhibit nearly abolished hbae3 expression when compared to WT embryos (I). gata1
RNA-injected, Pbx-depleted; meis1-morphant embryos (K; 82%, n=11) exhibit near
normal hbae3 expression. gata1 RNA-injected embryos (L; 100%, n=4) exhibit slightly
increased hbae3 expression when compared to WT embryos (I).
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loss of gata1 and hbae3) represent indirect results of abolished scl
expression. Overexpressing hoxb7a generates an increase in gata1
expression (data not shown), and can partially rescue gata1
expression in a Cdx-depleted embryo (Fig. S6; Davidson and Zon,
2006). hoxb7a overexpression fails to rescue gata1 expression in
meis1-morphant embryos (Fig. 5C), or Pbx-depleted;meis1-morphant
embryos (Fig. S6), suggesting that Hox function depends on the
presence of Meis1 protein. Taken together, these results are consistent
with a model that places hox and its cofactor meis1 on a parallel
pathway to scl, and upstream of gata1 (Fig. 8I).

Discussion

Previous research has shown that the TALE-class homeodomain
transcription factors Meis and Pbx function as critical regulators of
definitive hematopoiesis (Azcoitia et al., 2005; Di Rosa et al., 2007;
DiMartino et al., 2001; Ferretti et al., 2006; Hisa et al., 2004). Our study
describes a novel role for Meis1 and Pbx in primitive hematopoiesis.
We propose that Meis1 and Pbx function near the top of a hierarchy of
transcription factors that regulate the development of primitive
erythrocytes (Fig. 8I). Through targeted ablation of Meis1 and Pbx
proteins, we demonstrate that Meis1 and Pbx are required for the
transcriptional activation of gata1, a gene that has an evolutionarily
conserved role in specifying erythroid cell fate (Galloway et al., 2005;
Pevny et al., 1991; Rhodes et al., 2005; Shivdasani et al., 1997).
Consequently, in the absence of Meis1 and Pbx, embryos exhibit
severe defects in primitive erythropoiesis, and are unable to produce
visible circulating blood cells. Concomitant with a loss of gata1, Meis1
and Pbx-depleted embryos also exhibit increased numbers of
myelocytes, and fail to maintain wild type levels of scl, a broad
marker of hematopoietic cell fate.

Meis1 and Pbx in the erythropoietic transcription factor hierarchy

Inhibiting Meis1 and Pbx function reduces the expression of genes
that specify primitive erythrocyte identity. meis1-morphant and Pbx-
depleted embryos fail to properly initiate gata1, a transcription factor
that is essential for erythrocyte development (Galloway et al., 2005;
Lyons et al., 2002; Pevny et al., 1991; Rhodes et al., 2005; Shivdasani et
al., 1997). These embryos also exhibit downregulated expression of
the embryonic hemoglobin gene hbae3, which is a downstream target
of gata1 (data not shown). The expression of scl, a broad marker of
hematopoietic cell fate, is initiated normally, but not maintained at
wild type levels in embryos lacking Meis1 and Pbx. Gata transcription
factors act as part of multiprotein complexes that bind the
autoregulatory enhancer of scl (Gottgens et al., 2002; Orkin, 1992).
We demonstrate that gata1-morphant embryos likewise fail to
maintain normal levels of scl expression, and this molecular
phenotype is also observed in gata1-mutant (vltm651) embryos
(Lyons et al., 2002). We also demonstrate that gata1 overexpression
is able to drive scl and hbae3 expression in meis1-morphant and Pbx-
depleted embryos. Taken together, these data support a model in
which Meis1 and Pbx regulate erythropoiesis by activating gata1,
which is subsequently required to activate hbae3 and maintain wild
type levels of scl expression in maturing erythrocytes (Fig. 8I).

Although lmo2 is a broad marker of hematopoietic cell fate,
previous research has highlighted its importance in specifying the
erythroid lineage. For example, Lmo2-mutant mice possess severe
embryonic-lethal defects in erythropoiesis (Warren et al., 1994). Like
with scl, the expression of lmo2 is initiated normally, but not
maintained at wild type levels in meis1-morphant and Pbx-depleted
embryos. However, we demonstrate that lmo2 expression, unlike scl
expression, is maintained normally in Gata1-depleted embryos. These
data suggest that Meis1 and Pbx act in a gata1-independent fashion to
regulate the expression of lmo2. The transcriptional regulation of scl
and lmo2 is also uncoupled in cloche (clom39) mutant zebrafish



Fig. 8. Unlike Cdx, Meis1 and Pbx function downstream of scl to activate gata1 expression. (A–H) Shown are representative embryos following in situ hybridization analysis of scl and
gata1 expression in 12 hpf embryos. Dorsal view of gene expression in the posterior lateral-plate mesoderm (PLM) is shown in whole-mount embryos with anterior oriented to the
left. Pbx-depleted; meis1-morphant embryos exhibit wild type (WT) levels of scl expression (B; 100%, n=13) and abolished gata1 expression (D; 100%, n=18) when compared to
WT (A, C) embryos. Genotype of Pbx-depleted; meis1-morphant embryos was determined by in situ hybridization analysis of egr2b expression. Cdx-depleted embryos exhibit
abolished scl (F; 100%, n=5) and gata1 (H; 100%, n=7) expression when compared to WT (E, G) embryos. (I) Hierarchical model indicating the genetic interactions that occur
between a subset of transcription factors that regulate zebrafish primitive hematopoiesis. Arrows do not necessarily represent direct interactions.
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(Dooley et al., 2005). Consequently, our study identifies Meis1 and
Pbx as novel targets for elucidating the mechanisms by which lmo2
and scl are independently regulated.
Pbx and Meis1 in primitive myelopoiesis

The interplay between gata1 and pu.1 in specifying erythroid
versus myeloid cell fate is well characterized. Biochemical evidence
suggests that GATA1 and PU.1 proteins physically interact to inhibit
the transcriptional regulation of each other's target genes (Nerlov et
al., 2000; Rekhtman et al., 1999; Stopka et al., 2005; Zhang et al., 1999,
2000). Furthermore, Pu.1-depleted zebrafish embryos exhibit ectopic
gata1 expression in the anterior lateral-plate mesoderm (ALPM)
(Rhodes et al., 2005), suggesting that Pu.1 transcriptionally represses
gata1. In a reciprocal fashion, Gata1-depleted zebrafish embryos
demonstrate increased numbers of pu.1-positive cells in the interme-
diate cell mass (ICM) and ALPM (Galloway et al., 2005; Lyons et al.,
2002; Rhodes et al., 2005). As previously mentioned,meis1-morphant
and Pbx-depleted embryos exhibit diminished gata1 expression. In
key with these findings, these embryos also exhibit increased
numbers of pu.1-positive ALPM and ICM cells. Consequently, because
meis1-morphant and Pbx-depleted embryos phenocopy Gata1-de-
pleted embryos with regards to both erythropoietic and myelopoietic
gene expression defects, we can place meis1 upstream of gata1 in the
primitive myelopoietic transcription factor hierarchy. Furthermore,
given that pu.1 expression is upregulated in the ICM of Pbx-depleted;
meis1-morphant embryos, we postulate that the loss of gata1
expression in these embryos represents a switch from erythroid to
myeloid cell fate.
Distinct requirements for Pbx and Meis1 in primitive hematopoiesis

Pbx and Meis/Prep1 proteins associate with each other through
conserved motifs situated N-terminal to their respective home-
odomains (Berthelsen et al., 1998b; Knoepfler et al., 1997). This
interaction occurs even in the absence of DNA (Knoepfler et al., 1997).
Previous research has demonstrated a role for Meis/Prep1 in
stabilizing Pbx, and regulating its nuclear import (Abu-Shaar et al.,
1999; Berthelsen et al., 1999; Mercader et al., 1999; Stevens and
Mann, 2007; Waskiewicz et al., 2001). In a reciprocal fashion, recent
work in Drosophila has demonstrated that Hth (Homothorax;
orthologue of Meis) requires Exd (Extrandenticle; orthologue of
Pbx) to achieve nuclear import and stability (Stevens and Mann,
2007). In zebrafish, we similarly demonstrate that Pbx stabilizes
Meis1, and is required for its nuclear import in vivo. Pbx-depleted
zebrafish exhibit wild type levels of meis1 expression at 12 hpf, and
downregulated meis1 expression at 24 hpf, as shown through in situ
hybridization analyses (T. Erickson, unpublished). Taken together,
these data suggest that Pbx acts in a pre- and post-transcriptional
fashion to regulate Meis1 protein levels.

Other Meis-family proteins, such as Prep1, are present in the
developing embryo during primitive hematopoiesis. Furthermore,
previous research has demonstrated the capacity of Pbx to be nuclear-
localized in the absence of Meis/Prep1 (Kilstrup-Nielsen et al., 2003).
It is therefore unlikely that Pbx is dependent solely on Meis1 for its
stabilization and nuclear import. For these reasons, we hypothesize
that the hematopoietic defects we observe in meis1-morphant and
Pbx-depleted embryos are due to a specific transcriptional require-
ment for Meis1. Our immunohistochemical data suggests that meis1-
morphant embryos mimic hypomorphs, providing an explanation for
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why Pbx-depleted; meis1-morphant embryos exhibit more severe
defects in gata1 and hbae3 expression than Pbx-depleted or meis1-
morphant embryos.

Pbx and Meis1 as Hox cofactors in primitive hematopoiesis

Pbx and Meis proteins form heterodimeric and heterotrimeric
complexes with Hox proteins (Berthelsen et al., 1998a; Chang et al.,
1995, 1996; Ferretti et al., 2000; Jacobs et al., 1999; Mann and Chan,
1996; Ryoo et al., 1999; Sarno et al., 2005; Shanmugam et al., 1999;
Shen et al., 1997a,b, 1999; Vlachakis et al., 2001;Williams et al., 2005).
These interactions are necessary for proper anteroposterior pattern-
ing of the developing hindbrain (Cooper et al., 2003; Vlachakis et al.,
2001; Waskiewicz et al., 2001, 2002). In zebrafish, the posteriorly-
expressed hox genes hoxb6b, hoxb7a, and hoxa9a have been
implicated in the transcriptional regulation of primitive erythropoi-
etic genes such as gata1 (Davidson et al., 2003; Davidson and Zon,
2006). Biochemical analyses have demonstrated the capacity of Pbx
and Meis proteins to bind posterior Hox proteins in vitro (Chang et al.,
1995, 1996; Mann and Chan, 1996; Sarno et al., 2005; Shanmugam et
al., 1999; Shen et al., 1997a,b, 1999; Williams et al., 2005). We
demonstrate that overexpressing hoxb7a fails to rescue the gata1
erythroid gene expression defects ofmeis1-morphant embryos. Given
that meis1-morphant embryos exhibit wild type levels of hoxb7a
expression and normal levels of overexpressed Hoxb7a protein, these
data suggest that Hoxb7a specifically requires Meis1 protein in order
to transcriptionally regulate gata1.

Implications for Hox function in primitive hematopoiesis

The role of Hox function in hematopoiesis has been studied
extensively in mice with targeted deletions in Hoxb3, Hoxb4, Hoxb6,
Hoxa7, Hoxc8, and Hoxa9 respectively (Bjornsson et al., 2003; Brun et
al., 2004; Izon et al., 1998; Kappen, 2000; Ko et al., 2007; Lawrence et
al., 1997; Magnusson et al., 2007a; Shimamoto et al., 1999; So et al.,
2004). Mice with mutations in Hoxa9, Hoxb4, or Hoxb3 exhibit similar
defects in the capacity of hematopoietic stem cells to repopulate
(Bjornsson et al., 2003; Brun et al., 2004; Lawrence et al., 1997). The
hematopoietic defects observed in mice with compound mutations in
Hoxb3, Hoxb4 and Hoxa9 are more severe than those observed in
Hoxa9-mutant mice (Magnusson et al., 2007a), suggesting that Hox
transcription factors perform overlapping functions in hematopoiesis.
A more global analysis of Hox function in primitive hematopoiesis is
achieved through knockdown of the homeodomain transcription
factor Cdx. Previous research has shown that cdx4-mutant (kggtv205)
zebrafish exhibit decreased expression of the posteriorly-expressed
hox genes hoxb6b, hoxb7a, hoxb8b, and hoxa9a (Davidson et al., 2003).
Notably, the expression of many hox genes is normal in Cdx-depleted
embryos, and the expression of some posteriorly-expressed hox
genes, such as hoxb5b, is markedly expanded (Davidson et al., 2003;
Davidson and Zon, 2006). These embryos also possess severe defects
in primitive erythropoiesis (Davidson et al., 2003; Davidson and Zon,
2006) that are in some ways similar to those observed in meis1-
morphant and Pbx-depleted embryos. For example, Cdx-depleted
embryos fail to initiate gata1 erythroid gene expression, but exhibit
normal rostral angioblast expression of flk1a (Davidson and Zon,
2006). Cdx-depleted embryos are also strikingly different frommeis1-
morphant and Pbx-depleted embryos. The posterior hox genes
hoxb6b, hoxb7a, and hoxa9a are expressed at normal levels in meis1-
morphant and Pbx-depleted embryos. Furthermore, whereas Cdx-
depleted embryos exhibit defects in the initiation of scl expression
(Davidson and Zon, 2006), scl expression is initiated normally, but not
maintained at proper levels in embryos lacking Meis1 and Pbx. scl
overexpression generates increased populations of gata1-expressing
cells in a Cdx4-dependent manner (Davidson et al., 2003). Conversely,
hox overexpression drives gata1 expression in the absence of Cdx4
(Fig. S6; Davidson et al., 2003; Davidson and Zon, 2006). Taken
together with our own data, these data place Hox upstream of gata1 in
the primitive hematopoietic transcription factor hierarchy. These data
also suggest that Cdx acts in a hox-independent fashion to initiate scl
expression. We therefore propose a model whereby Cdx activates
Hox, which together with Meis1 activates gata1 erythroid gene
expression (Fig. 8I). Previous research has shown that Hoxa10 has the
capacity to bind directly to the gata1 promoter (Magnusson et al.,
2007b). Meis1 and Pbx form heterotrimeric complexes with posterior
Hox proteins including Hoxa10 (Shanmugam et al., 1999). Conse-
quently, the transcriptional activation of gata1 by Pbx and Meis1 may
occur in a direct fashion.
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