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Background: ADNP is vital for embryonic development. Is this function conserved for the homologous protein ADNP2?
Results: Down-regulation/silencing of ADNP or ADNP2 in zebrafish embryos or mouse erythroleukemia cells inhibited
erythroid maturation, with ADNP directly associating with the 3-globin locus control region.

Conclusion: ADNPs are novel molecular regulators of erythropoiesis.

Significance: New regulators of globin synthesis are suggested.

Activity-dependent neuroprotective protein (ADNP) and its
homologue ADNP2 belong to a homeodomain, the zinc finger-
containing protein family. ADNP is essential for mouse embry-
onic brain formation. ADNP2 is associated with cell survival,
but its role in embryogenesis has not been evaluated. Here, we
describe the use of the zebrafish model to elucidate the develop-
mental roles of ADNP and ADNP2. Although we expected brain
defects, we were astonished to discover that the knockdown
zebrafish embryos were actually lacking blood and suffered
from defective hemoglobin production. Evolutionary conserva-
tion was established using mouse erythroleukemia (MEL) cells,
awell studied erythropoiesis model, in which silencing of ADNP
or ADNP2 produced similar results as in zebrafish. Exogenous
RNA encoding ADNP/ADNP2 rescued the MEL cell undifferen-
tiated state, demonstrating phenotype specificity. Brgl, an
ADNP-interacting chromatin-remodeling protein involved in
erythropoiesis through regulation of the globin locus, was
shown here to interact also with ADNP2. Furthermore, chro-
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matin immunoprecipitation revealed recruitment of ADNP,
similar to Brgl, to the mouse B-globin locus control region in
MEL cells. This recruitment was apparently diminished upon
dimethyl sulfoxide (DMSO)-induced erythrocyte differentia-
tion compared with the nondifferentiated state. Importantly,
exogenous RNA encoding ADNP/ADNP2 significantly in-
creased 3-globin expression in MEL cells in the absence of any
other differentiation factors. Taken together, our results reveal
an ancestral role for the ADNP protein family in maturation and
differentiation of the erythroid lineage, associated with direct
regulation of 3-globin expression.

The highly conserved activity-dependent neuroprotective
protein (ADNP)® and ADNP2 constitute a protein family, con-
taining zinc finger motifs and a homeobox profile (1, 2). ADNP
was originally cloned from P19 teratocarcinoma cells induced
to differentiate into neuroglia (1). In this cell line, ADNP was
found to associate with chromatin upon neuro-differentiation,
and co-immunoprecipitations identified binding with hetero-
chromatin protein la (3). Additionally, ADNP directly inter-
acts with Brgl, a member of the mating-type switching/sucrose
nonfermenting (SWI/SNF) chromatin-remodeling complex
(4).

During embryogenesis, pronounced ADNP expression was
found in the developing mouse brain, and ADNP was identified
as essential for brain development (5). ADNP knock-out mice
exhibited marked growth retardation, failure to complete axial

® The abbreviations used are: ADNP, activity-dependent neuroprotective pro-
tein; ADNP2, activity-dependent neuroprotective protein 2; MEL, mouse
erythroleukemia; LCR, locus control region; SWI/SNF, mating type switch-
ing/sucrose nonfermenting; E, embryonic day; hpf, hour post-fertilization;
WMISH, whole-mount in situ hybridization; MO, morpholino oligonucleo-
tide; HEK293, human embryonic kidney 293; HS3, DNase |-hypersensitive
site3; ICM, intermediate cell mass; dpf, day post-fertilization; ND, nondif-
ferentiated; spMO, splicing blocking morpholino oligonucleotide; tMO,
translation blocking morpholino oligonucleotide.
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rotation, and defects in the closure of the cranial neural tube
and did not survive beyond embryonic day 9.5 (E9.5) (5). At this
developmental point, ADNP was shown to regulate >400
genes, including genes associated with organogenesis, neuro-
genesis, and heart development (3).

ADNP2 is an ADNP homologue with 33% identity and 46%
similarity (2), exhibiting ADNP-like expression patterns during
mouse embryogenesis and adulthood. ADNP2 was associated
with cell survival and protected P19 cells from oxidative dam-
age (6), similar to ADNP that has been shown to protect neu-
ron-like cells (7).

This study was set out to elucidate ADNP and ADNP2 devel-
opmental function. Considering the high homology between
ADNP2 and ADNP, we assumed that ADNP2 may also have an
important role during development. Here, RNA knockdown
experiments in the developing zebrafish vertebrate model, pre-
senting external fertilization, rapid development, and embry-
onic optical transparency (8), revealed an essential role for the
ADNP protein family in erythropoiesis. This finding was con-
firmed in mouse erythroleukemia (MEL) cells. Direct recruit-
ment of ADNP to the B-globin LCR posits a mechanistic basis to
the regulation of erythropoiesis.

EXPERIMENTAL PROCEDURES

Fish Maintenance and Isolation of Zebrafish ADNP and ADNP2
Genes—Standard wild-type zebrafish strains (TL and AB) were
cross-bred and maintained as described previously (9). Align-
ment of human ADNP and ADNP2 sequences with the
zebrafish genome identified four ADNP and ADNP2 ortho-
logues. The EMBOSS Pairwise Alignment Algorithm and
Clustal W were used for two-sequence alignment or multiple
sequence alignment, respectively. The coding sequence of the
four zebrafish genes was isolated from cDNA of 24-h post-fer-
tilization (hpf) embryos and cloned into the pGEM-T-easy vec-
tor (Promega, Madison, WI) in two fragments. These plasmids
were used as templates to produce digoxygenin-labeled anti-
sense RNA for whole-mount in situ hybridization (WMISH).

Morpholino Knockdown Experiments—Gene knockdown
experiments were performed using injection of morpholino-
modified antisense oligonucleotides (MO, Gene-Tools, Philo-
math, OR) into wild-type embryos immediately after fertiliza-
tion, at the one- or two-cell stage embryo (within the 1st hpf, 2
nl, 1-2 mm). 4 — 6 independent experiments were performed for
each MO. Six splicing MOs were designed. adnpla-sp, MO (5'-
TAGTCCTGCAACATTTGAGAAACCA-3') and adnp2b-
spMO (5'-TTCCCACTGAGGATGGAAAATTCTT-3'), di-
rected to intron3-exon4 boundary, were designed to block
adnpla and adnp2b, respectively. Four additional splicing
blocking MOs were tested and are described in supplemental
Table S1. The resulting RNA species were evaluated by reverse-
transcription-PCR (supplemental Fig. S1). Translation MOs
were designed to block adnplb, adnp2a, and adnp2b (adnplb-
tMO, 5-TTGTTCACTGGGAGTTGAAACATTC-3'; adnp2a-
tMO, 5'-CACTGGAATCTGATACATTTTGCTC-3’; and
adnp2b-tMO, 5'-ACCTTTTACTGGAAACTGGTACATG-
3’). BLAST analysis was performed to verify the specificity of
MO targets (supplemental Fig. S2). Gene-Tools standard con-
trol MO, which has not been reported to have other targets or
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generate any phenotypes, was used as a negative control
(5'-CCTCTTACCTCAGTTACAATTTATA-3').

Criteria for Evaluating the Status of Zebrafish Blood and
Hemoglobin Staining—Blood circulation was evaluated at 48
hpf for adnp2a-tMO-injected embryos and at 72 hpf for the
other MO, when red blood is easily seen. Based on observations,
embryos were divided to have normal blood cells, no blood
cells, or hypochromic and/or fewer blood cells. Hemoglobin
was detected ENREF_26 in whole embryos using o-dianisidine
staining (supplemental material) (10).

Whole-mount in Situ Hybridization—Transcripts of scl
(NM_213237), Imo2 (NM_131111), gatal (NM_131234),
band3 (NM_198338), embryonic a-globin 1 (NM_182940),
lys-C (NM_139180), [-plastin (NM_131320), ikaros (NM_
130986), c-myb (NM_131266), irx7 (NM_131881), flkI
(NM_131472), cmic2 (NM._131329), adnpla (NM_001080015),
adnplb (XM_002666474), adnp2a (NM_001098265), and
adnp2b (NM_001080013) were detected by WMISH using
digoxygenin-labeled antisense RNA probes at a concentration
of 1 ng/pl. Transcription of RNA probes was performed from
pGEM-T Easy plasmids linearized before the coding sequence
using SP6 or T7 RNA polymerases (digoxygenin RNA labeling
kit, Roche Applied Science). Embryos at different developmen-
tal stages were fixed overnight in 4% paraformaldehyde, stored
in 100% methanol, and subjected to the WMISH procedure as
described previously (9, 11) (supplemental material).

Murine Erythroleukemia Cell Line—MEL cells were a gift
from Prof. Nurit Shaklai (Tel Aviv University, Israel). Cells were
cultured as described previously (12). A 3-day treatment with
2% DMSO (v/v, Sigma) was used to induce erythroid differen-
tiation. Benzidine staining was performed as described previ-
ously (13).

RNA Interference and Transfections—Two short hairpin
RNA (shRNA) clones (sh68 and sh71, Sigma) were used for
mouse ADNP (NM_009628) silencing (14). To preclude off-
target effects, a control shRNA vector containing a nonspecific
green fluorescent protein (GFP) fragment in pRetroSuper plas-
mid that does not have a match in the mouse genome was used
(4). For mouse ADNP2 (NM_175028) silencing, a mixture of
two stealth small-interfering RNA (siRNA) duplexes (Invitro-
gen) was used (6). Transfections were performed using Lipo-
fectamine2000 (Invitrogen) as described in the supplemental
material. RNA was extracted on the 3rd experimental day and
expression levels of ADNP, ADNP2, band3, B-globin, c-kit, and
Brgl were evaluated.

Rescue and RNA Overexpression—Mouse ADNP and ADNP2
RNA were synthesized using the mnMESSAGE mMACHINE kit
with T7 promoter (Ambion, Austin, TX) from pGEM-T-Easy
plasmids containing mouse ADNP and ADNP2 coding
sequence. Control RNA encoding Xenopus elongation factor
la was synthesized to monitor for nonspecific effects.

Two experiments were designed as follows: 1) ADNP/
ADNP2 RNA rescue experiment, aimed to demonstrate speci-
ficity of the ADNP and ADNP2 knockdown phenotypes, in
DMSO-treated MEL cells; 2) RNA overexpression experiment
in MEL cells, examining erythroid differentiation efficacy of
ADNP/ADNP2 RNA species as a substitutes for DMSO.
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For ADNP rescue experiments, 1 X 10° cells/well were plated
on 24-well plates in 300 ul of serum-free medium (Invitrogen),
and transfected with the following: 1) control shRNA plasmid
(control, 900 ng); 2) ADNP shRNA plasmid (sh68, 900 ng); 3)
ADNP shRNA plasmid (900 ng) plus control RNA (400-500
ng); 4) ADNP shRNA plasmid (900 ng) plus ADNP RNA (400 —
500 ng); and 5) control shRNA plasmid (900 ng) plus ADNP
RNA (400500 ng).

For ADNP2 rescue experiments, 5 X 10* cells/well were
plated on 24-well plates in 100 ul of serum-free medium and
transfected as follows: 1) scrambled ADNP2 siRNA sequence
(control, 50 pmol); 2) ADNP2 siRNA (siADNP2, 50 pmol); 3)
ADNP2 siRNA (50 pmol) plus control RNA (400 ng); 4) ADNP2
siRNA (50 pmol) plus ADNP2 RNA (400 ng); and 5) control
siRNA (50 pmol) plus ADNP2 RNA (400 ng).

For RNA overexpression, 1 X 10° cells/well were plated on
24-well plates in 200 ul of serum-free medium and treated as
follows: 1) no treatment (—DMSO); 2) 2% DMSO (+DMSO); 3)
control RNA (500 ng); 4) ADNP RNA (500 ng); 5) ADNP2 RNA
(500 ng); and 6) ADNP + ADNP2 RNA (250 ng each).

4 h after transfection, 500 ul of standard growth medium was
added to each well. DMSO was added to all treatment groups in
the rescue experiment and to the +DMSO group in the RNA
overexpression experiment. 3 days later, RNA was extracted,
and mRNA levels of ADNP, ADNP2, band3, and 3-globin were
evaluated. RNA extraction and quantitative real time PCR were
performed as described previously (supplemental material)
(15). Primers (supplemental Table S2) were synthesized by
Sigma Genosys.

Immunoprecipitation—For ADNP2 and Brgl co-immuno-
precipitation assays, human embryonic kidney cells (HEK293)
were transfected with a pEGFP-C3 (Clontech) expression vec-
tor carrying the full-length mouse ADNP2 coding sequence or
with a control pEGFP plasmid. 24 h later, GFP expression was
visualized by fluorescent microscopy, and total protein was
extracted. 25 ul of anti-GFP covalently conjugated to agarose
beads (MBL International, Woburn, MA) were added to 1.5-2
mg of HEK293 protein extract followed by immunoprecipita-
tion (4). Proteins were then separated by SDS-PAGE and incu-
bated with horseradish peroxidase (HRP)-conjugated anti-GFP
antibody (1:1000, Hypromatrix, Worcester, MA) and with rab-
bit anti-Brgl antibody (1:5000, Sigma). Protein extraction and
Western blot analysis are described in the supplemental
material.

Chromatin Immunoprecipitation (ChIP)—ChIP was per-
formed as described previously (3). Although nonquantitative,
DNA concentration was measured following sonication, and an
equal amount of material was taken for the ChIP procedure.
Briefly, MEL cells were exposed to cross-linking with 1% form-
aldehyde (10 min at room temperature), followed by quenching
(125 mm glycine for 5 min), resuspended in lysis buffer, and
sonicated to an average DNA length of 100-1000 bp. 25 ug of
supernatant DNAs was diluted in 0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mm Tris-HCI, pH 8.1, 167 mm NaCl
with protease inhibitors. Pre-cleared samples (with protein
A/G beads (Santa Cruz Biotechnology) previously blocked with
single-stranded herring sperm DNA (MP Biomedicals, OH))
were subjected to 16 h of immunoprecipitation with 10 ug of
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goat anti-ADNP (R&D Systems, Minneapolis, MN), 10 ug of
rabbit anti-Brgl (Sigma) or without antibody as negative con-
trol. Immunocomplexes were adsorbed onto 30 ul of blocked
protein A/G beads for 16 h. The beads were sequentially
washed with low salt wash buffer (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mm Tris-HC], pH 8.1, and 150 mm NacCl), high
salt wash buffer (same as above, with 500 mm NaCl), and lith-
ium chloride buffer (250 mm LiCl, 1 mm EDTA, 1% Nonidet
P-40, 1% deoxycholic acid, and 10 mm Tris-HCI, pH 8.1). Pre-
cipitates were washed with TE buffer, and antibody-bound
chromatin fragments were eluted from the beads (1% SDS in
100 mm NaHCO,). Cross-linking was reversed, and DNA was
recovered using phenol chloroform DNA precipitation. ChIP
DNA was amplified by PCR with the following primers: sense
5-TGTAAGTGTAAATTTTGGAGCACAGG-3' and anti-
sense 5'-CTGAAAGACTAAAGTTCCCGGC-3'. The amplifi-
cation product (481 bp) was located within the DNase I-hyper-
sensitive site3 (HS3) of the mouse B-globin LCR (16). The
second amplification product was HS2F, located within the
DNase I-hypersensitive site2 (HS2; 450 bp) of the mouse B-glo-
bin LCR 5'-AGTGTCAGCATATTACCGATGTTCC-3 and
HS2R 5'-CACACAGCAAGGCAGGGTC-3. Samples were
analyzed by agarose gel electrophoresis and ethidium bromide
staining.

Statistical Analyses—Student’s t tests for comparisons of two
variables and analysis of variance for comparisons of multiple
variables with the appropriate post hoc analyses were used as
indicated in the figure legends.

RESULTS

Silencing of Zebrafish adnpl and adnp2 Results in Defective
Hematopoiesis—Blast search for human ADNP (NP_056154)
and ADNP2 (NP_055728) orthologues in zebrafish revealed
two zebrafish orthologues for each mammalian gene. adnpla
and adnplb are the two mammalian ADNP orthologues,
whereas adnp2a and adnp2b are the two mammalian ADNP2
orthologues. High conservation levels were found between
zebrafish, human, and mouse orthologues, especially along the
functional domains. Expression profile analyses indicated that
all four zebrafish genes are expressed during zebrafish embryo-
genesis (supplemental Fig. S3).

The functional role of zebrafish adnpl and adnp2 during
embryonic development was assessed by MO knockdown
experiments. After injection, the phenotype of live embryos and
larvae was monitored daily for 10 days. Standard control MO
injection did not cause any visible morphological abnormali-
ties. Knocking down adnpla and adnp1b (by adnpla-sp,MO
and adnp1b-tMO, respectively) produced a similar phenotype;
starting from 28 hpf, when blood circulation had already begun,
knockdown embryos had fewer blood cells in circulation than
control MO embryos. At 72 hpf, the blood of adnpla-sp,MO-
and adnplb-tMO-injected embryos was hypochromic com-
pared with the red blood in control embryos (Fig. 1A4). o-Diani-
sidine staining at 48 and 72 hpf showed significant reduction in
hemoglobin content (Fig. 1, Band E). Cardiac edema was visible
in some embryos. Regarding morphology, adnpl knockdown
embryos suffered from developmental delay (supplemental Fig.
S4) and distorted tail morphology and had much smaller head
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and eyes than control embryos (Fig. 1C, smaller head and eyes  (adnp2b-spMO), generating similar results regarding blood
were observed in 73% of embryos, n = 171 for adnpla-sp,MO, (Fig. 1, A, B and E), although no developmental delay or major
and 92% of embryos, n = 276 for adnp1b-tMO compared with  morphological changes were noted. The efficiency of adnpla-
0% of embryos, n = 115 for control MO). Silencing of adnp2b  sp;MO and adnp2b-spMO was evaluated by RT-PCR (supple-
was achieved with both tMO (adnp2b-tMO) and spMO mental Fig. S1). Knockdown of adnp2a using adnp2a-tMO had
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no effect on the overall morphology; however, it exhibited the
most dramatic effect on hematopoiesis. At the onset of blood
circulation (~24 hpf), blood cells were visible; however,
between 33 and 48 hpf, no blood cells were evident, and the
embryos developed noticeable cardiac edema (Fig. 1, A and D;
supplemental Movies 1-3). Staining for hemoglobin was totally
negative (Fig. 1, B, E, and F). High magnification light micros-
copy revealed isolated blood cells moving occasionally across
the vessels (supplemental Movies 4. —6). It is worthwhile men-
tioning that some adnp2a-tMO-injected embryos recovered
blood circulation at day 4 (ranging from 20% in some experi-
ments to 70% in others), indicating normal onset of definitive
hematopoiesis or dilution and/or degradation of MO due to
ongoing cell divisions. However, most of zebrafish adnpl and
adnp2 MO-injected embryos did not resume blood circulation.
Moreover, they became severely edematous at day 4-5 (Fig.
1G), and no blood cells were visible in their vessels, and death
occurred toward the end of the 1st week.

Silencing of adnpl and adnp2 Results in Impaired Matura-
tion of the Erythroid Lineage during Zebrafish Primitive
Hematopoiesis—As the most dramatic effect on blood forma-
tion was achieved by knocking down adnp2a, it was used for
further phenotypic characterization. Vertebrate hematopoiesis
occurs in two successive waves, “primitive” and “definitive”
(17). Stem cells of both waves are specified from the mesoderm
layer. The primitive wave of hematopoiesis produces predom-
inantly erythroid cells that begin to circulate at 24 —26 hpf. The
intermediate cell mass (ICM), located in the trunk, ventral to
the notochord, is the site of primitive zebrafish erythropoiesis
and is analogous to the extra-embryonic yolk sac of mammals
(8, 18). The definitive wave of hematopoiesis initiates by
~30-36 hpf in the ventral wall of the dorsal aorta, which is
equivalent to the aorta-gonad-mesonephros in mammals.
Definitive hematopoietic progenitors give rise to all hemato-
poietic cell lineages during the life span of the animal (8, 18).
Here, the defects we observed in hematopoiesis occurred early
during development, corresponding to the primitive wave (19).
To identify the exact stage in which primitive hematopoiesis
was blocked, we examined the expression of several markers
characteristic of specific stages during this process (20). lmo2
and scl are early hematopoietic stem cells markers, first
expressed in zebrafish from the 1 to 3 somite stage (10 and 11
hpf) (8). At 17—19 hpf, the expression of sc/ and [mo2 was intact
in the ICM of adnp2a-tMO injected embryos (100% of
embryos, n = 35 for scl and n = 38 for [mo2), indicating normal
specification of the mesoderm layer to the hematopoietic line-
age (Fig. 2, A and B). Zebrafish, unlike mammals, undergo
robust myelopoiesis during primitive hematopoiesis (8). Thus,
the expression of two terminal myeloid markers was evaluated
as follows: [ys-C, which marks granulocytes (21), and [-plastin,
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which marks macrophages (22). At 28 hpf, expression of lys-C
and [-plastin was intact in adnp2a-tMO-injected embryos
(100% of embryos, n = 35 for lys-C and n = 30 for [-plastin),
meaning intact myeloid differentiation (Fig. 2, C and D). We
next examined the development of the erythroid lineage. Sur-
prisingly, expression of the erythroid marker gatal (8)
appeared normal in the ICM of 17-19 hpf adnp2a-tMO-in-
jected embryos (Fig. 2E, 100% of embryos, n = 34) indicating
that early commitment to the erythroid lineage was also nor-
mal. Although expression of gatal demonstrated intact early
erythroid development, the erythroid progenitors did not
appear to develop into hemoglobinized erythrocytes, as shown
by the lack of circulating blood cells and hemoglobin staining in
older embryos from the same experiment. At 28 and 48 hpf,
expression of band3, a marker of mature erythrocytes (23), was
almost absent in adnp2a-tMO injected embryos compared
with control embryos (Fig. 2, F and G, 83% of embryos, n = 23
for 28 hpf versus 0% of embryos, n = 18 for control MO and 97%
of embryos, n = 30 for 48 hpf versus 7% of embryos, n = 27 for
control MO). In addition, gatal expression, which was intact at
17-19 hpf, was dramatically reduced in knockdown embryos at
28 hpf (Fig. 2H, 90% of embryos, n = 21 versus 0% of embryos,
n = 26 for control MO). Expression of embryonic a-globinl, an
additional erythrocyte marker (24), was also significantly
reduced at 28 hpf adnp2a-knockdown embryos (Fig. 21, 96% of
embryos, n = 24 versus 0% of embryos, n = 23 for control MO).
At 4 days post-fertilization (dpf), gatal and band3 were almost
absent in control embryos, representing erythroid cell matura-
tion (25), although in adnp2a-tMO-injected embryos, ectopic
expression of gatal and band3 was visible along the tail and
yolk sinus (Fig. 2, J and K, 86% of embryos, n = 21 versus 0% of
control MO, n = 17 for gatal and 100% of embryos, n = 15
versus 0% of control MO, n = 15 for band3). These observations
suggest blocked erythroid maturation as a result of adnp2a sup-
pression. Regarding definitive hematopoiesis and vasculogen-
esis, preliminary WMISH indicated no involvement of adnp2a
in the definitive wave (although MO dilution effect cannot be
ruled out, see above) and a possible effect on vasculogenesis
(supplemental Fig. S5).

The expression of sc/ at 17—19 hpfand of lys-C, gatal, band3,
and a-globin 1 at 28 hpf was also evaluated for adnpla-sp,MO,
adnplb-tMO, adnp2b-tMO, and adnp2b-spMO. Results were
similar to those obtained with adnp2a-tMO, although less
robust (supplemental Fig. S6).

Expression of ADNP or ADNP2 Is Required for Proper Ery-
throid Differentiation in MEL Cells—To test whether the role of
ADNP and ADNP?2 in zebrafish erythroid maturation is con-
served in mammals, we used the MEL model, an established in
vitro model for erythroid differentiation. MEL cells are Friend
virus-transformed erythroid precursors blocked at an early

FIGURE 1. Silencing of zebrafish adnp1 and adnp2 causes impaired hematopoiesis. A, MOs were injected into zebrafish embryos, and blood phenotypes
were examined. B, assessment of hemoglobin content by o-dianisidine staining at 48 and 72 hpf (n =15 embryos/staining). C, 48 hpf control MO injected (top),
adnp1a-sp;MO injected (middle), and adnp 16-tMO injected (bottom) embryos. Head and eyes of adnp1a-sp,MO and adnp 1b-tMO injected embryos are smaller
than those of control MO embryo. Red blood is visible in the heart of control MO embryo and not in adnp1a-sp,MO or adnp 1b-tMO injected embryos. D, 72 hpf
wild-type embryo (top) and adnp2a-tMO injected embryo (bottom). Red blood is visible in the heart of wild-type embryo but not in adnp2a-tMO injected
embryo (arrows). Cardiac edema is notable in adnp2a-tMO injected embryo. E, 48 hpf o-dianisidine assay, showing reduced staining in adnp1a-sp;MO,
adnp1b-tMO, adnp2b-tMO, and adnp2b-spMO injected embryos compared with control embryo. No staining is visible in adnp2a-tMO injected embryo.
Embryos are at lateral views, anterior to the top. F, 48 hpf o-dianisidine staining of wild-type embryos versus adnp2a-tMO injected embryos. G, wild-type and
adnp2a-tMO injected embryos at 8 dpf. Knockdown embryos suffer from significant edema.
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FIGURE 2. Characterization of the hematopoietic defect in adnp2a-tMO injected embryos by WMISH. A and B, normal specification of the mesoderm layer
into the hematopoietic lineage. Cand D, normal myeloid differentiation. £, normal early erythroid development, in the presence of adnp2a-tMO. F-K, impaired

maturation and differentiation of the erythroid lineage. A-K present lateral views

with anterior to the bottom (A, B, and E) or to the right (C, D, and F-K). A, B, and

Eare 17-19 hpf embryos. C, D, F, H, and | are 28-hpf embryos. G is 48-hpf embryos. Jand K are 4-dpf embryos. n =15 embryos/staining. It should be noted that
the adnp2a MO used is a translation-blocking MO. Under these conditions, RNA is not affected, and protein levels are reduced. Unfortunately, an antibody for
zebrafish ADNP2 is unavailable, and therefore, it is not possible to monitor changes at the protein level.

stage in the pathway of differentiation. To induce differentia-
tion, cells were treated with 2% DMSO for 3 days (26, 27) result-
ing in red cell pellets representing hemoglobin production ver-
sus white pellets of nondifferentiated cells (Fig. 34). To
ascertain effective erythroid differentiation following DMSO
treatment, two parameters were evaluated as follows: mRNA
expression of specific erythroid markers and growth rate. As
expected, the expression level of the erythroid markers B-globin
and band3 (28) was dramatically increased by ~40- and 140-
fold, respectively, in the DMSO-treated cells. The expression of
c-kit, marker of hematopoietic stem cells representing undiffer-
entiated cells (29), was 200 times lower in the DMSO-treated
cells compared with nondifferentiated cells (Fig. 3B). Growth
rate of differentiating cells showed a significant reduction com-
pared with nondifferentiated cells (Fig. 3C), corresponding to
the growth arrest accompanying cell differentiation processes.
We next evaluated ADNP and ADNP2 expression during
DMSO-induced MEL cell differentiation, demonstrating no
change in ADNP/ADNP2 mRNA levels between differentiated
and nondifferentiated cells. Interestingly, when the same
experiment was repeated with reduced serum concentration,
ADNP and ADNP2 levels were up-regulated by 2-fold in the
DMSO-treated cells (supplemental Fig. S7).
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To test the effect of ADNP and ADNP2 silencing on differ-
entiation, MEL cells were transfected with two different ADNP
shRNA plasmids (sh68/sh71) or with ADNP2 siRNA prior to
addition of DMSO. The efficiency of silencing after 3 days of
DMSO treatment was evaluated at the RNA level (Fig. 3, D and
E, 40-50% silencing for ADNP and 55% for ADNP2) and pro-
tein level (Fig. 3, F and G). Gene expression analysis indicated
that ADNP silencing resulted in 30 —-55% reduction in B-globin
mRNA expression, 40 -50% reduction in band3, and ~250%
increase in c-kit expression compared with control cells treated
with nonspecific ShARNA plasmid (Fig. 3D). Similarly, ADNP2
knockdown reduced B-globin expression by 45% and band3 by
40% and increased c-kit expression by ~250%, compared with
control cells treated with scrambled ADNP2 siRNA (Fig. 3E).
Cells treated with ADNP2 siRNA were 2-fold more prolifera-
tive than control cells at the 3rd experimental day (Fig. 31),
indicating that the balance between differentiation and prolif-
eration was in favor of proliferation in the ADNP2
siRNA-treated cells. In contrast, ADNP silencing did not affect
cell proliferation (Fig. 3H), although it down-regulated B-globin
and band3.

Specificity of RNA interference was ascertained in one exper-
iment in MEL cells with ADNP2 siRNA showing a 54% reduc-
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tion in ADNP2 (p < 0.001) and an insignificant 16% reduc-
tion in ADNP (p = 0.08). Similar results were obtained in
other systems (supplemental Fig. S8). These observations
essentially preclude mistargeting of the corresponding par-
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ADNP2,

alogue RNA as a cause for the similar ADNP and ADNP2
knockdown phenotypes and indicate that ADNP and
each separately and independently,
erythroid differentiation.
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Exogenous ADNP/ADNP2 RNAs Rescue Impaired Erythroid
Differentiation Caused by ADNP/ADNP2 Silencing and Induce
MEL Cell Differentiation in the Absence of DMSO—To prove
that the failure of MEL cells to differentiate was specific to
ADNP or ADNP2 silencing, rescue experiments were per-
formed using RNA encoding mouse ADNP/ADNP2. Although
addition of control Xenopus RNA did not affect ADNP or
ADNP2 expression levels in DMSO-differentiated ADNP- or
ADNP2-silenced cells, addition of ADNP or ADNP2 RNA
resulted in a 10,000 or 1000 times increase in the respective
transcripts (Fig. 4, A and B). 2-Fold increase in the ADNP pro-
tein signal was observed in cells transfected with ADNP RNA
versus cells transfected with control RNA (Fig. 4, C and D),
demonstrating efficient translation of exogenous RNA. Fur-
thermore, although addition of control Xenopus RNA had no
significant effect on B-globin or band3 levels in the DMSO-
treated ADNP/ADNP2-silenced cells, addition of RNA encod-
ing ADNP or ADNP2 completely rescued B-globin levels to
control levels. The band3 levels were slightly increased as a
result of the expression of ADNP/ADNP2 RNA, but this trend
was insignificant (Fig. 4, E and F).

To examine the role of ADNP and ADNP2 as inducers of
erythroid differentiation, MEL cells were transfected with
ADNP/ADNP2 RNA or control RNA, in the absence of DMSO.
3-days later, the expression levels of B-globin were examined
and compared with undifferentiated cells and with DMSO-
treated cells. Results demonstrated that exogenous addition of
ADNP or ADNP2 RNA and the combination of both up-regu-
lated B-globin expression levels compared with control RNA-
treated cells by ~1.6-fold (Fig. 4G). The color of the pellet of
ADNP RNA-treated cells appeared darker than that of control
RNA-treated cells, reflecting higher levels of hemoglobin (Fig.
4H), and benzidine staining demonstrated a 1.8-fold increase in
the number of stained cells in ADNP RNA samples compared
with control (Fig. 4]). Importantly, DMSO treatment showed
the highest differentiation efficacy with ~18-fold increase in
the B-globin transcript compared with control RNA and 72% of
benzidine-stained cells (data not shown) compared with 5.2%
for ADNP RNA (Fig. 4, G and I). Regardless, in both cases this
was significantly higher than control RNA values.

Brgl, Member of the SWI/SNF Chromatin-remodeling Com-
plex, Interacts with ADNP2—Brg]l is involved in the hemato-
poietic process through regulation of the B-globin locus (30,
31). As we have previously shown that Brgl interacts with
ADNP (4), we opted to explore the possibility that it also binds
to ADNP2. For this purpose, protein extract from GFP-
ADNP2/control GFP-transfected HEK293 cells was used for

immunoprecipitation using GFP antibodies, followed by gel
electrophoresis and Western analysis. Results showed co-im-
munoprecipitation of GFP-ADNP2 with Brgl (Fig. 5). Interest-
ingly, Brgl mRNA levels increased upon MEL cell differentia-
tion and were influenced by ADNP and ADNP2 silencing
(supplemental Fig. S9).

ADNP Is Recruited to the Mouse [-globin Locus Control
Region—ChlIP assays revealed an association between ADNP to
the mouse (3-globin LCR in differentiated and nondifferentiated
MEL cells. Specifically, ADNP showed interaction with both
HS2 and HS3 and not with the B-globin coding region. Recruit-
ment of Brgl to the B-globin LCR was also seen, in agreement
with previous studies (30). Differentiated cells showed dimin-
ished ADNP binding to the B-globin locus on the 3rd day after
DMSO treatment compared with control nondifferentiated
cells, in a similar manner to what was shown for Brgl (Fig. 6)
(32).

DISCUSSION

This study reveals for the first time, to our knowledge, a cru-
cial role for ADNP and ADNP2, each separately, in globin syn-
thesis and erythropoiesis in two model systems, the zebrafish
and the murine erythroleukemia cell.

We found that zebrafish adnpl and adnp2 are ubiquitously
expressed during the first 3 days of development, a time period
that is associated with rapid embryogenesis and organogenesis
(supplemental Fig. S3) (33). By using MOs knockdown
approach, we demonstrated that all four zebrafish adnp1 and
adnp?2 genes are required for primitive erythropoiesis. Matura-
tion and differentiation of the erythroid lineage were the main
defect caused by adnp1/adnp2 silencing, resulting in a reduced
number of circulating cells and blocked hemoglobin synthesis.
Mesodermal specification to the hematopoietic lineage, mye-
loid differentiation, and early erythroid development were not
affected by adnpl/adnp?2 silencing. Definitive hematopoiesis
markers appeared normal in adnp2a knockdown embryos and
part of the embryos resumed blood circulation at 4 dpf. As the
“bloodless” mutant (which has a restricted defect in the primi-
tive wave but not in the definitive wave of hematopoiesis)
resumed its blood circulation at ~5 dpf (19), our results might
indicate an undamaged definitive wave. However, because not
all adnp2a knockdown embryos and almost none of adnpla,
adnp1b, and adnp2b knockdown embryos resumed blood cir-
culation, further experiments were required to draw firm con-
clusions regarding the definitive wave, also taking into consid-
eration the dilution effect of the silencing MOs. In this context,
MEL cell terminal differentiation closely resembles definitive

FIGURE 3. ADNP and ADNP2 are required for mouse erythroid differentiation. A-C, MEL cells were differentiated with 2% DMSO for 3 days and compared
with nondifferentiated (ND) cells incubated for the same time period. Results are means = S.E. analyzed by Student’s t test (¥, p < 0.05; **, p < 0.01; ***, p <
0.001). A depicts the red pellet (hemoglobin) of differentiated (D) cells compared with the white pellet of ND cells. B, RNA transcript levels of B-globin, band3,
and c-kitin differentiated versus ND MEL cells. Four experiments were performed, each in duplicate. Data are presented in logarithmic scale as fold-change from
the expression level in the ND state. C, growth curves of differentiated versus ND MEL cells. Results are % of the number of cells at plating (100%). Experiments
were repeated three times. D--I, MEL cells were transfected with ADNP/ADNP2 shRNA/siRNA, respectively, or with nonspecific ShRNA/siRNA sequences
(control), and subjected to 3 days of differentiation with DMSO. Results, means *+ S.E., were analyzed using Student’s t test (¥, p < 0.05; **, p < 0.01; ***, p <
0.001, relative to control). D and E, RNA expression levels of ADNP, ADNP2, B-globin, band3, and c-kit. 4-5 experiments were performed, each in triplicate. F,
validation of ADNP knockdown at the protein level by Western analysis. Experiment was performed four times, each in duplicate. One representative blot is
shown. G, graphic depiction of the densitometric analysis of ADNP protein expression, showing ~40% reduction in knockdown cells compared with control
cells. Hand |, MEL cells were transfected with ADNP/ADNP2 shRNA/siRNA, respectively, and viable cells were counted daily for a 3-day differentiation process.
Two separate experiments were performed in triplicate for every time point. Results are presented as % from the number of cells at plating (100%).
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erythropoiesis, because it results in the expression of adult-type
globin genes (34), and in these cells, ADNP and ADNP2 regu-
lated globin expression.

The lack of circulating blood cells in adnpl and adnp2
knockdown zebrafish embryos is suggested to result from
delayed maturation, as implied by the ectopic expression of
band3 and gatal in 4 dpf knockdown embryos. This ectopic
expression could result from deregulation associated with MO
dilution, allowing the expression of band3 and gatal at 4 dpf.
Interestingly, in the zebrafish sauternes mutant, deficient in
heme biosynthesis, similar ectopic patterns of gatal and Be2-

ADNP Proteins Are Crucial for Erythropoiesis

globin were observed at 72 hpf embryos (25). Furthermore, in
fgfl knockdown embryos, persistent expression of gatal and
ikaros was maintained in the ICM and in circulating cells at
32—-40 hpf, whereas in control embryos expression was slowly
diminished after 30 hpf, and in these embryos fgfI was essential
for normal erythropoiesis (35).

In MEL cells, silencing of ADNP and ADNP2 resulted in
defective erythroid differentiation, characterized by down-reg-
ulation of the erythroid markers B-globin and band3 and up-
regulation of the hematopoietic stem cell marker, c-kit, corrob-
orating our observation in the zebrafish. Expression of
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FIGURE 5. Brg1, a member of the SWI/SNF chromatin-remodeling com-
plex, interacts with ADNP2. Protein extract from GFP-ADNP2/control-GFP
transfected HEK293 cells was used for immunoprecipitation (/P) using aga-
rose bead-conjugated anti-GFP antibodies. Results show that both GFP-
ADNP2 and control GFP were precipitated with antibodies against GFP (left
membrane). Brg1 co-immunoprecipitation with ADNP2 was evaluated using
Western analysis on the same immunoprecipitation results showing enrich-
ment with GFP-ADNP2 immunoprecipitation compared with GFP immuno-
precipitation (right membrane). Please note that the same blot was used for
reacting with GFP antibodies and Brg1 with no stripping in-between. The
experiment was repeated twice, and representative blots are shown.

exogenous RNA encoding ADNP or ADNP2 rescued the undif-
ferentiated phenotype of MEL cells by up-regulating B-globin
back to control levels. However, the effect on band3 was less
robust. Interestingly, band3 is regulated by gatal (36), and
gatal interacts with Brgl (37), which is essential for globin
expression (31). It is possible that direct versus indirect targets
exist for ADNP and ADNP2, with band3 being an indirect tar-
get, thus longer time is needed for its expression to recover.
The increase in ADNP/ADNP2 mRNA was much more pro-
nounced than the increase observed at the protein level poten-
tially reflecting differences in efficacy of translation versus tran-
scription (38). When culturing the cells in the absence of
DMSO, exogenous ADNP and ADNP2 RNA as well as a com-
bination of both resulted in increased -globin expression as
well as increased hemoglobin production, implicating the

ADNP protein family in the molecular signaling is necessary for
the induction of differentiation.

Primitive erythropoiesis in the mouse is first observed at E7.5
in blood islands of the yolk sac. These primitive cells are the
exclusive red cells in the embryo until the newly formed fetal
liver releases the first definitive red cells into the circulation at
E12 (18). Therefore, anemia observed in the fetus before E13 is
due to a loss or decreased synthesis of primitive erythroid cells
(18). As our previous analysis conducted on the ADNP knock-
out mice concentrated on the embryos and avoided the yolk
sacs, globin was not detected as a major down-regulated gene
among the >400 regulated genes (3). However, ADNP knock-
out mouse embryos die between E8.5 and E9.5 (5), a time period
corresponding to primitive hematopoiesis, which was also
impaired in the zebrafish embryos. Importantly, fgfl, [hx2,
hipk2, fltl, and kif2 that were down-regulated in the ADNP
knock-out mice (3) were shown to be required for proper hema-
topoiesis (5, 35, 39 —43). Interestingly, ADNP insufficiency did
not result in reduced hemoglobin levels in the mouse, suggest-
ing complex compensatory mechanisms or involvement only in
the definitive erythropoiesis (supplemental Fig. S10 shows
embryonic yolk sac, B-globin mRNA, and adult hemoglobin
levels).

Although ADNP knock-out mice died at early developmen-
tal stages (5), ADNP heterozygous mice survived to adulthood
(44). Here, the knockdown zebrafish embryos survived their 1st
week of life. It should be taken into consideration that higher
redundancy exists in the zebrafish (four adnp genes in the
zebrafish compared with two in the mouse) and that in the
mouse ADNP knock-out was complete, although in zebrafish
ADNP was knocked down. Additionally, previous studies dem-
onstrated that completely anemic zebrafish mutants are viable
for at least 2 weeks post-fertilization, suggesting that blood cell-
mediated oxygen transport is not critical until relatively late
stages of larval development (45).

Previously, we have demonstrated that ADNP interacts with
Brgl, a member of the SWI/SNF chromatin-remodeling com-
plex (4), that coordinates the disruption of nucleosomes to per-
mit the binding of various transcription factors, an activity cru-
cial for achieving the correct spatiotemporal gene expression
during embryonic development (46). Previous studies have
demonstrated that Brgl is involved in hematopoietic regulation

FIGURE 4. Exogenous ADNP/ADNP2 RNA rescue MEL cell-impaired erythroid differentiation caused by ADNP/ADNP2 silencing and induce differen-
tiation in the absence of DMSO. A-F, MEL cells were transfected with ADNP/ADNP2 shRNA/siRNA alone or together with murine ADNP/ADNP2 RNA and
subjected to a 3-day differentiation with DMSO. For each panel, results are means = S.E. Statistical analysis included one-way analysis of variance with post hoc
least significant difference (LSD) (Aand Band E and F) or Student’s t test (Cand D) (¥, p < 0.05; **, p < 0.01; ***, p < 0.001, relative to ADNP/ADNP2 shRNA/siRNA
plus control RNA samples). A and B, transfection efficacy of exogenous ADNP (A) or ADNP2 (B) RNA was evaluated by measuring ADNP/ADNP2 mRNA levels.
Five independent experiments were performed, each in triplicate. Results are presented in logarithmic scale as fold-change from the expression level in control
cells (treated with nonspecific sShRNA/siRNA sequences). C, MEL cells were transfected with ADNP shRNA (sh68) plus control nonspecific RNA or with sh68 plus
ADNP RNA followed by a 3-day DMSO differentiation. Western analysis confirmed translation of exogenous ADNP RNA. Experiment was repeated three times,
each in duplicate. One representative blot is shown. D, graphic depiction of the densitometric analysis of ADNP protein expression using a-tubulin as a
normalizing protein. £ and F, rescue of MEL cell undifferentiated state by exogenous ADNP/ADNP2 RNA as shown by mRNA expression analyses of 8-globin and
band3. Five different experiments were performed, each in triplicate. Results are presented as % from control levels. G and H, to assess whether exogenous
ADNP/ADNP2 RNA may induce erythroid differentiation, MEL cells were transfected with murine ADNP/ADNP2 RNA and incubated for 3 days without DMSO.
For each panel, results are means * S.E. Statistical analysis included one-way analysis of variance with post hoc Tukey honest significant difference (including
five groups as follows: —DMSO, control RNA (conRNA), ADNP RNA, ADNP2 RNA, and ADNP + ADNP2 RNA) (G) or Student’s t test (/) (*, p < 0.05; **, p < 0.01; ***,
p < 0.001, relative to control RNA-treated cells). G, differentiation was evaluated by measuring the mRNA levels of B-globin. The experiment was repeated three
times, each in triplicate. Results are presented in logarithmic scale as fold-change from the expression level in control RNA cells. H depicts the darker pellet
(hemoglobin) of ADNP RNA-transfected cells compared with control RNA-transfected cells. |, benzidine assay was performed to evaluate the number of
hemoglobin-positive cells. Each treatment was performed in duplicate. 7- 8 fields were photographed for each treatment, and the number of stained cells was
counted (~1000 cells/treatment). Results are presented as percentage from the total number of cells counted.
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FIGURE 6. ADNP is recruited to the mouse B-globin locus. ChIP was performed using ADNP and Brg1 antibodies in DMSO-differentiated and nondifferen-
tiated cells, followed by PCR amplification of the HS2 site within the B-globin LCR (A), as well as the HS3 site within the B-globin LCR (B), and B-globin coding
region as in Fig. 3 (PCR product, 100 bp) (C). Lanes 1 and 9, positive (Pos) control, sonicated DNA not subjected to ChlIP. Lanes 2, 3, 10, and 11, negative (Neg)
control, sonicated DNA immunoprecipitated without antibody. Lanes 4, 5, 12, and 13, sonicated DNA immunoprecipitated with ADNP antibody. Lanes 6, 7, 14,
and 15, sonicated DNA immunoprecipitated with Brg1 antibody. Lane 8, water. m = DNA molecular weight marker. Each panel (A-C) is representative of two

identical experiments, and each was repeated in duplicate.

during both primitive and definitive erythropoiesis, mediating
chromatin-remodeling of the B-globin locus and required for
transcription of both embryonic and adult globins (30, 31).
Here, we have extended our previous data showing interaction
between ADNP and Brg1 (4) to include ADNP2 and Brg1 bind-
ing. Moreover, our ChIP assay demonstrated an association
between ADNP and the (B-globin LCR and further confirmed
Brgl recruitment of to the B-globin locus as was shown previ-
ously (30). Interestingly, Brgl occupancy at the B-globin locus
as well as at the B-globin and P4.2 (an erythrocyte membrane
protein) promoters decreased with terminal erythroid differen-
tiation (32, 47). The same phenomenon was observed here for
ADNP showing diminished B-globin LCR occupancy in
DMSO-differentiated cells compared with nondifferentiated
cells, initiating differentiation. Importantly, Brgl is recruited to
the B-globin locus by selective association with zinc finger tran-
scription factors such as EKLF and gatal (37, 48). Although we
now provide direct evidence linking ADNP and the B-globin
locus, we cannot rule out that this interaction is mediated
through Brgl recruitment to the B-globin locus in a similar
manner to other zinc finger transcription factors. Regardless,
the novel findings of ADNP recruitment to the B-globin locus
and direct ADNP/ADNP2 RNA induction of globin expression
reinforce our argument that the ADNP protein family partici-
pates in erythropoiesis and globin regulation.
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ADNP and ADNP2 are homologous proteins, but their exact
inter-relationship remains to be further elucidated. In zebrafish
hematopoiesis, there was high resemblance between the phe-
notype of adnpI and adnp2 knockdown embryos, yet it was not
exactly the same, and several functional differences were
observed. Thus, knockdown of adnp2a caused complete lack of
blood and hemoglobin synthesis, although knockdown of the
three other genes resulted in less severe phenotypes. More effi-
cient gene knockdown achieved by adnp2a-MO might account
for the increased phenotype severity. Alternatively, redundancy
between the four zebrafish adnpl and adnp2 genes may exist,
with the adnp2a gene being less replaceable by the other ortho-
logues. We have previously shown that ADNP is necessary for
neurogenesis (3, 4) and brain development (5). Here, we
observed smaller head and eyes in adnpl MO-injected
embryos, and our preliminary data suggest a developmental
delay in these embryos, exhibiting a postponed expression pat-
tern of the central nervous system marker irx7. Importantly,
these changes were observed only with adnpI suppression but
not with adnp2. Finally, in MEL cells, either ADNP or ADNP2,
each separately, were required for proper differentiation and
for up-regulation of specific erythroid markers, but only
ADNP2 affected cell growth during differentiation. Thus,
ADNP and ADNP2 may have similar roles in some aspects but
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may have different regulatory effect on target genes, resulting in
different functional outcomes.

Taken together, we revealed a novel striking role for the
ADNP gene family in erythropoiesis. In zebrafish, adnpl and
adnp?2 were not required for hematopoietic stem cell specifica-
tion, myeloid differentiation, or early erythroid development.
Instead, they were required for progression through the later
stages of erythroid differentiation. Similar results were
observed in the mammalian model system, suggesting that this
role is probably an ancestral function common to all vertebrate
ADNP and ADNP2 genes. Given the newly discovered direct
interaction of ADNP and ADNP2 with Brgl, the direct associ-
ation of ADNP with the B-globin LCR and the induction of
B-globin expression in MEL cells by either ADNP or ADNP2
RNA, we suggest a novel role for the ADNP gene family in
vertebrate erythropoiesis. This study adds another dimension
to our appreciation of the complexity in regulating embryogen-
esis in general and erythropoiesis in particular, by the ADNP
protein family, leading to further understanding of proper
hematopoiesis and providing tools for future studies on defects
in crucial hematopoietic processes and embryogenesis.
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