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Thehigh density lipoprotein (HDL) represents a class of lipid-
and protein-containing particles and consists of twomajor apo-
lipoproteins apoA-I and apoA-II. ApoA-II has been shown to be
involved in the pathogenesis of insulin resistance, adiposity, dia-
betes, and metabolic syndrome. In embryo, apoa2 mRNAs are
abundant in the liver, brain, lung, placenta, and in fish yolk syn-
cytial layer (YSL), suggesting thatapoa2mayperforma function
during embryonic development. Here we find out that apoa2
modulates zebrafish embryonic development by regulating the
organization of YSL. Disruption of apoa2 function in zebrafish
caused chromosome fusing,which strongly blockedYSLnuclear
division, inducing disorders in YSL organization and finally dis-
turbing the embryonic epiboly. Purified native human apoA-II
was able specifically to rescue the defects and induced nuclear
division in zebrafish embryos and in human HeLa cells. The C
terminus of apoA-II was required for the proper chromosome
separation during nuclear division of YSL in zebrafish embryos
and in humanHeLa cells. Our data indicate that organization of
YSL is required for blastoderm patterning and morphogenesis
and suggest that apolipoprotein apoA-II is a novel factor of
nuclear division in YSL involved in the regulation of early
zebrafish embryonicmorphogenesis and inmammalian cells for
proliferation.

Apolipoproteins, including apoA-I, apoA-II, apoA-IV, apoB,
apoC-I, apoC-II, apoC-III, apoC-IV, and apoE, are macromo-
lecular complexes synthesized mainly in liver and intestine and
play essential roles in lipid uptake and transport in vertebrates
(1–3). They bind to lipids to form chylomicrons, very low den-
sity lipoprotein (VLDL), low density lipoprotein (LDL), and
high density lipoprotein (HDL)3 and transport lipid to various

tissues through the circulation system. In addition to their
function in lipid metabolism, several apolipoproteins play crit-
ical roles in embryonic and ontogenic development and tissue
regeneration (4, 5).
The fish lipoprotein HDL is highly similar to most mamma-

lian HDLs and contain two major apolipoproteins: the 28 kDa
apolipoprotein and 14 kDa apolipoprotein (6–8). The 14 kDa
apolipoprotein is identified as a second major component of
HDL from Japanese eel, common carp, pufferfish, orange-spot-
ted grouper, grass carp, and fathead minnow (9). Recent data
show that fish 14 kDa apolipoprotein is orthologous to mam-
malian HDL apoA-II (10), which has been shown to involve
pathogenesis of insulin resistance, adiposity, diabetes, andmet-
abolic syndrome. The apoa2mRNAs are abundant in the liver,
lung, placenta, brain (6, 11, 12) in embryos. In some fish species,
apoa2 also expresses in heart. In addition, apoa2 has been
found to express in YSL in embryos (9), suggesting that apoa2
may perform functions during embryonic gastrulation. The
previous data indicate that yolk lipids are taken up by the fish
YSL, where they are assembled into lipoproteins for releasing
into the perisyncytial space (13). Apolipoprotein gene expres-
sion and lipoprotein secretion by teleost fish YSL indicate that
this extraembryonic temporary structure could be the func-
tional counterpart of the anterior visceral endoderm (AVE) of
higher vertebrates. This investigation of theYSLprovides infor-
mation for understanding detailed AVE function.
Embryonic gastrulation generates the three primary germ

layers including ectoderm, mesoderm, and endoderm during
vertebrate development. The morphogenetic movements of
gastrulation have beenwell described (14) and the epiboly is the
first morphogenetic movement of teleost gastrulation. Prior to
epiboly, the zebrafish embryo undergoes meroblastic cleavage
to generate a blastoderm cap on top of a single large yolk cell
(15). The blastodermconsists of a superficial cell layer known as
the enveloping layer (EVL), and a deep cell layer (DEL). Then,
blastomeres at the boundary with the yolk cell collapse to
release their nuclei into the yolk cell to form the YSL (15, 16).
YSL formation usually begins after the 512-cell stage and is
completed by the end of the 1000 cell phase during zebrafish
embryonic development (15, 16). The nuclei in YSL (YSN)
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undergo three to five rounds of divisions and then ceasemitosis
at the sphere stage (16, 17). At this stage, the YSL contains
several hundred YSN that can be subdivided into two main
groups according to their position within the YSL (16, 18).
External YSN (eYSN) form a marginal band of YSN located in
front of the enveloping cell layer. During YSL organization,
some of the eYSNs move toward the vegetal pole (epiboly
movements), whereas others recede from the marginal zone
and undergo convergence and extension (CE) movements (18,
19). By contrast, internal YSN (iYSN) are located below the
blastoderm and EVL and primarily undergo CE movements
(18). The epiboly and convergence and extension movements
of YSN constitute the main events of YSL patterning that play
crucial roles in embryonic patterning and morphogenesis
(17, 19).
A set of genes have been identified for YSN patterning

including squint (sqt), casanova (cas), GATA-binding protein 5
(gata5), hematopoietically expressed homeobox (hhex), reti-
nol-binding protein 4 (rbp4), and metaxin 1 (mtx1) (20–26).
Those genes perform functions in regulating nuclear move-
ments in YSL. In contrast, there is little data to show that
nuclear division plays a role in YSN patterning to modulate
gastrula movements during embryonic development. In the
present study, we show that the zebrafish apoa2 gene expresses
high levels in the ventral portion of YSL, regulates YSNdivision,
modulates the spatial organization of nuclei in YSL and then
regulates the embryonic patterning in zebrafish. Disruption of
apoa2 induces severe defects in embryonic gastrulation. In
addition, we also show that apoA-II is required for nuclear divi-
sion in humanHeLa cells. Our data present a novel finding that
apoA-II plays an essential role in nuclear division in YSL for
embryonic patterning in zebrafish and in human cells for
proliferation.

EXPERIMENTAL PROCEDURES

Embryos—Zebrafish (Danio rerio) were raised and main-
tained according to standard procedures (27). Embryos were
raised at 28.5 °C and staged as described (28).
Molecular Cloning, Sequencing, and Phylogeny Analysis—

Zebrafish apoa2 (LOC: 570408) was searched for and identified
from the NCBI core nucleotide program. We designed coding
region primers for PCR cloning according to XM_693887
for apoa2 (sense-primer: CACTTTTTGTACACTTACTA-
ACAAT and antisense-primer: AAATACATGGTT-
GAGGGAGT). The resultant PCR products were ligated into
pGem-T easy vector, and cDNA sequences were confirmed.
The relevant sequences were analyzed for multiple sequence
alignments using DNAMAN6.0. Different percentages of
amino acid identity were recorded after individual sequence
comparisons. A phylogeny tree was constructed based on the
amino acid sequences using DNAMAN6.0.
In Situ Hybridization—apoa2 antisense RNA probe was syn-

thesized from its cDNA with a digoxygenin RNA labeling kit
(Roche) corresponding to the entire coding sequence region
(426 bp) of the apoa2 gene, using SP6 RNA polymerase (Pro-
mega). Whole-mount in situ hybridization was carried out as
previously described (29). In brief, embryoswere permeabilized
with proteinase K (10 �g/ml, Promega) and hybridized over-

night at 65 °Cwith theDIG-labeled antisense probes. After sev-
eral washes at high stringent temperature, NBT/BCIP (Roche)
staining was performed according to the manufacturer’s
instructions.
Microinjection—Injection into the yolk of zebrafish embryos

was performed at the 1-cell or 1k-cell stage. Antisensemorpho-
lino oligonucleotides were purchased from Gene Tools (Philo-
math). These MOs were designed complementary to the 5�
sequence near the translational initiation site of apoa2 (apoa2
MOs) with the sequences: apoa2 MO1, 5�- GAATGAGAGC-
GAATGTCAGCTTCAT-3� (targets 5� sequence spanning the
start codon); and apoa2 MO2, 5�-TGTTAGTAAGTGTA-
CAAAAAGTGAG-3� (directed against the sequence 5� of the
UTR to the start codon). Sequences were as follows: standard
control MO, 5�-CCTCTTACCTCAGTTACAATTTATA-3�.
Capped apoa2 mRNA was synthesized from its cDNA sub-
cloned in the pcDNA3.1(�) vector using mMACHINE T7
Ultra Kit (Ambion). SYTOX Green, which acts to specifically
label nuclei, was injected into yolk at 1k-cell stage, at 50 �M, as
described (21).
Immunofluorescence Staining of Whole-mount Embryos and

HeLa Cell Whole-mount Embryo Staining—Zebrafish embryos
were collected and fixed overnight in 4% PFA (in PBS), washed
twice in PBS and once in ultrapure water for 5 min, permeabi-
lized in acetone at �20 °C for 7 min, and then washed once in
ultrapure water and twice in PBS for 5 min. The embryos were
treated with 3% BSA in PBS for 30 min and then soaked in anti
F-actin antibody or anti �-tubulin antibody (Millipore) over-
night at 4 °C. The embryos were washed for 2 h with frequent
changes of PBS and treated with secondary antibody at a con-
centration of 1:800 (Molecular Probes/Invitrogen) for 1 h.
Embryos were rinsed twice in PBS for 5 min and stained with
DAPI (1:5000; Molecular Probes/Invitrogen). HeLa cell stain-
ing: The cells were fixed for 15 min in 4% PFA (in PBS), washed
three times with PBS for 5 min, incubated with 3% BSA and
0.5% Triton in PBS for 20 min, and washed once in PBS for 5
min. The cells were incubatedwith anti-H3pS10 antibody (Mil-
lipore cat. 06-570), �-tubulin (Millipore cat.04-1117) antibody
diluted 1:1000, or �-tubulin antibody diluted 1:5000 (Sigma
T6557) in 3% BSA in PBST for 1 h at 37 °C, washed three times
with PBS, and then incubated with secondary antibodies
diluted 1:1000 in PBSTwith 3%BSA for 1 h at 37 °C andwashed
three times with PBS.
Total RNA Isolation andQuantitative RT-PCR—Total RNAs

of 100 embryos at different stages, including 4-cell, sphere, 30%
epiboly, shield, tail-bud, and 24 h post-fertilization (hpf) were
isolated. The total volume for each reaction was 20 �l using the
PrimeScript RT-PCR kit (TaKaRa DRR014A). All resultant
cDNAs were used as templates for PCR with ExTaq DNA
polymerase (TaKaRa). One pair of primers (apoa2 sense: CTT-
GCACTCCAAGTGTCAGTG, apoa2 antisense: TGAAA-
ATACATGGTTGAGGGA) were synthesized (Invitrogen) used
to express levels during embryogenesis. As a positive control for
RT-PCR analysis, actin primers (�-actin sense: TGTGGCCCTG-
GACTTCGAGCAGand�-actin antisense: TAGAAGCACTTC-
CTGTGGACGA) were designed to amplify a 474-bp fragment
(GenBankTM accession number BC045846.1). A series of PCR
reactions were performed with �-actin primers to determine the
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template concentrationand toprovide aquantitative internal con-
trol for PCR reaction efficiency under the same reaction condi-
tions as apoa2.
Construction of apoa2 Mutants—Six mutants of zebrafish

apoa2were designed on the basis of conserved domain analysis
and generated by PCR. The C-terminal deletion mutants
included MC77, MC46, andMC36, which were missing 64, 95,
and 105 amino acids, respectively. The N-terminal deletion
mutants comprised MN20, MN47, and MN79, which were
missing 19, 46, and 78 amino acids, respectively. Capped apoa2
mutant mRNA was synthesized as described above.
Cell Migration Analysis by UV-mediated Photoactivation—

Embryos were injected and imaged at bud stage for analysis of
convergence and extension as described (30).
Isolation of HDL from Human Plasma—The density of the

plasma was adjusted to 1.3 g/ml with KBr, and normal saline
(density is 1.006 g/ml) was layered over the adjusted plasma to
form a discontinuous NaCl/KBr density gradient. The tubes
loaded with sample and gradient were placed in a P40ST rotor
of Toshiba ultracentrifuge (model: CP70MX). The tubes were
centrifuged at 350,000 rpm for 3.5 h at 10 °C. The HDL layer
was collected. The purity was evaluated by Western blotting
using anti-apoAI polyclonal antibody (DiaSorin), and the quan-
tity was measured by nephelometer-Dimension XPand (Dade
Behring, Germany).
Electroelution of ApoAII from HDL—1mg of protein of HDL

was delipidated and subjected to SDS-PAGE under nonreduc-
ing conditions. The gel was stained with Coomassie Blue, and
the band of apoAII was cut and electroeluted for 5 h in a dialysis
bag. The protein in the dialysis bag was re-dialyzed in PBS
buffer. The dialyzed apoAII was lyophilized and resuspended in
0.1 M Tris-HCl (pH 7.4) with 0.1 M NaCl, 1 mM EDTA, and 3 M

guanidinium chloride, and then dialyzed in PBS before use.
Analysis of Chromosome Morphology—HeLa cells were

treated with colchicine (Sigma) at 37 °C for 4 h. Cells in suspen-
sion were centrifuged for 8min at 800� g, and the supernatant
was removed. The prewarmed hypotonic solution was added.
The cell pellet was resuspended by pipetting up and down with
a Pasteur pipette and incubated for 20 min at 37 °C. 10 to 15
drops ofmethacarn (�0.5ml)were added to the cell suspension
from a Pasteur pipette and mixed. The cells were centrifuged,
and the supernatant was aspirated. Methacarn was added, and
the cells were resuspended with a pipette and left for 10 min at
room temperature. The cells were centrifuged, and the super-
natant was aspirated. 1% paraformaldehyde was added to cell
pellets to form a somewhat cloudy suspension. 15–20 �l of the
fixed cells were dropped onto slides from a height of �37.5 cm
and allowed to air dry. The slides werewashed 5min in PBS and
stained with DAPI.
Fluorescence in Situ Hybridization of Whole-mount Embryos—

Zebrafish embryos were harvested at the sphere stage and were
fixed in 4% paraformaldehyde at 4 °C overnight, washed one
time in PBS for 5 min, then incubated in acetone at �20 °C for
5 min and washed three times in PBS for 5 min each wash. 100
�g/ml RNase I were added to the zebrafish embryos, incubated
1 h at 37 °C, and washed two times in PBS for 5 min each. The
embryos were incubated in protease K (0.1 �g/ml) for 1 min at
room temperature and washed three times in PBS for 5 min

each. Embryos were fixed in 4% paraformaldehyde for 20 min
and washed three times in PBS for 5 min each. Embryos were
passed through a dehydrating series of 70, 80, and 100% ethanol
for 5 min each. Embryos were denatured for 10 min in 70%
formamide/2� SSC (pH 7.0), 72 °C. Embryos were passed
through a dehydrating series of 70, 80, and 100% ethanol for
5 min each. The Cy3-labeled (GGGTTA)7 oligomer probe
(Invitrogen) was added to the pretreated embryos and hybrid-
ized for at least 16 h at 37 °C. The embryos were washed three
times in 30% formamide in 2� SSC, then five changes of 2�
SSC, all at 45 °C, and then counterstained with DAPI.
Serum-free Cellular Growth Assay—HeLa cells were plated

onto chamber slides in DMEMmedium containing 10% FBS in
BD FalconTM 24-well Multiwell Plate. When cell confluency
reached �30%, the culture medium was replaced with serum-
free DMEM, and the plates were returned to the 37 °C incuba-
tor. After 2 days, the serum-free medium was removed, and
fresh DMEM medium containing 10% FBS, HDL, apoA-II, or
lipids fromHDL was added. The cells were allowed to grow for
6 h. Cellular proliferation activity was visualized by anti-His-
tone H3 pS10 antibody staining.

RESULTS

Spatiotemporal Expression of apoa2 during Zebrafish
Embryogenesis—To address apoA-II function in embryonic
development, we cloned apoa2 cDNA from zebrafish embryos
and found that apoa2 was highly conserved with other fish
(data not shown). To analyze the spatiotemporal expression of
apoa2 in detail during embryonic development, in situ, hybrid-
ization was performed from the 4-cell stage to 48 hpf embryos
using an antisense RNA probe (Fig. 1, A–K). Apoa2 mRNA of
maternal origin was detected at the 4-cell stage (Fig. 1A), and
apoa2 zygotic transcripts mainly accumulated in YSL (Fig. 1,
C–E). During epiboly, the apoa2 transcripts were present in the
ventral side (Fig. 1,D and F). The expression pattern of apoa2 is
similar to apoa1 and apoE, which is associated with lipoprotein
synthesis and secretion (9). During the hatching period, apoa2
exclusively showed high levels in YSL (Fig. 1, J and K). RT-PCR
confirmed the temporal expression pattern of apoa2 (Fig. 1L) in
zebrafish embryos. Apoa2 mRNA was maternal loaded and
showed increased levels with the progression of embryonic
development after the shield stage, suggesting that zygotic tran-
scription of apoa2 is initiated at shield stage.
Apoa2 Is Crucial for Epiboly—To examine the function of

apoa2 during zebrafish development, we used two different
antisense morpholino oligonucleotides complementary to the
translational initiation site of zebrafish apoa2 mRNA, apoa2
MO1 and apoa2MO2, to knockdown its function in zebrafish
embryos. The morpholino oligonucleotides efficiently blocked
the expression of zebrafish apoa2-green fluorescent protein
(GFP)-fused protein in zebrafish embryos (supplemental Fig.
S2), suggesting they were able to inhibit the production of
endogenous apoA-II protein in zebrafish embryos.
Injection of control MO (ctl MO), apoa2 MO1, MO2, or

co-injection with MO1 and MO2 into embryos at the 1-cell
stage was performed. Through real-time observation, we found
that embryos injected with apoa2 MO1 or apoa2 MO2 at the
1-cell stage showed similar developmental defects at the gastru-
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lation stage. Embryos injectedwith apoa2MOappeared similar
to uninjected embryos or embryos injected with a standard ctl
MO until the 30% epiboly stage (4.6 hpf). After that stage, the
blastoderm and blastoderm margin in the majority of apoa2
MO-injected embryos became irregular comparedwith control
embryos (Fig. 2, A–D). In almost half of the defective embryos,
it was difficult to identify the formation of the shield, and thus,
the dorsal-ventral orientation of the embryo. The embryos
failed to progress through epiboly and were lethal because of
the great contractile force of the blastoderm margin (Fig. 2, A,
C, and D). In many of the apoa2 MO-treated embryos, the
aforesaid defects did not induce death of embryos, and such
defects were defined as the “survival” phenotype. The survival
embryos injected with apoa2MOswere able to develop further
and displayed embryonic defects. Many embryos were mildly
defective, underwent epiboly, and showed a longer animal-veg-
etal (AV) axis than control (Fig. 2H). The rest of the embryos
were severely defective, did not completely cover the yolk cell
by the end of the gastrula period, and showed a mildly longer
AV axis (Fig. 2I).
We were able to reliably rescue apoa2 morphants by co-in-

jection of capped mRNA of zebrafish apoa2 that did not
contain the MO binding sites or purified native human HDL
(purity�95%, contains 0.8 mg/ml apoA-II) (Fig. 2, E and F).
Most rescued embryos survived to 24 hpf, and only a small

fraction of embryos underwent yolk lysis. However, some res-
cued embryos demonstrated various developmental abnormal-
ities (data not shown). Injection of apoa2-capped RNA or HDL
alone resulted in identical abnormalities, suggesting these are
the result of ectopic apoa2 overexpression rather than partial
rescue. Taken together, these results demonstrate that apoa2
MOs can specifically hinder the activity of endogenous apoa2
resulting in specific phenotypes.
Apoa2 is specifically expressed in the YSL. We tested

whether knockdown of apoa2 exclusively in the YSL was suffi-
cient to result in epiboly failure by co-injecting apoa2 or ctlMO
with rhodamine dextran (RD) into the yolk cell at the 1k-cell
stage. Embryos whose blastoderm did not contain RD were
scored for phenotype analysis. Epiboly defects were consis-
tently observed in embryos in which RD was restricted to the
yolk (Fig. 2, D and J), and less than 50% of such embryos
survived to 24 hpf. Thus, loss of apoa2 within the yolk cell is
sufficient to block epiboly. These results suggest that the
normal expression of apoa2 in YSL is required for embryonic
development.
Apoa2 Is Required for Cell Convergence during Gastrulation

and Is Not Essential to Dorsoventral Patterning—Most of the
survival embryos with the knockdown of apoa2 function could
epiboly, but the movement was delayed or failed to cover the
yolk cell at the end of gastrulation; thus we were concerned

FIGURE 1. Expression pattern of apoa2 during embryonic and larval development of zebrafish by in situ hybridization at 4-cell stage (A), 30%-epiboly (B),
75%-epiboly (C, D), tail-bud (E, F), 4-somite (G), 10-somite (H), 20-somite (I), 48 hpf (J, K) stages. L, RT-PCR detection of apoa2 expression during embryogenesis
at 4-cell, sphere, 30% epiboly, shield, tail-bud, 24 hpf developmental stages. RT-PCR of �-actin expression was used as the RNA-loading control.
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about whether there were defects in cell movement during
embryonic morphogenesis. We used a Kaede-mediated photo-
conversion strategy to test the ability of anterior migration of
axial cells and dorsal convergence of lateral cells, respectively.
Dorsal migration of lateral cells in apoa2 MO1-injected
embryos was reduced (Fig. 3, C–D� and E), and anterior move-
ment of axial cells showed no significant difference compared
with ctrlMO embryos (Fig. 3, A–B�). Then the embryos which
displayed “mild” phenotype as described (Fig. 2H) were exam-
ined by the expression of marker genes in embryos with
knockdown apoa2 by whole-mount in situ hybridization (sup-
plemental Fig. S2, A–N). apoa2MO embryos exhibited longer
notochord marked with no tail (ntl), slightly wider neural plate
marked with distal-less homeobox gene 3 (dlx3), and normal
position of prechordal plate assessed by hatching gland 1 (hgg1),
in comparison to control embryos (supplemental Fig. S2,A–F).
Alteration of the expression pattern of dlx3 revealed that inhi-
bition of apoa2 expression induced reduction for convergence
of neuroectoderm. Myogenic differentiation 1 (myoD) and
paraxial protocadherin (papc) expression in paraxial and lateral
mesoderm appeared to be mediolaterally expanded in the
embryos lacking apoa2 (supplemental Fig. S2,G–J). The altered
expression of forkhead box D3 (foxD3) indicated that conver-
gence of neural crest was interfered in embryos with loss of
apoa2 (supplemental Fig. S2, K and L). The paraxial distribu-

tion of SRY-box containing gene 17 (sox17) labeling progeni-
tors of endoderm cells were disturbed with injection to apoa2
MO1 embryos (supplemental Fig. S2N) compared with control
embryos (supplemental Fig. S2M), suggesting that the normal
movement of endodermal cells was impaired with knockdown
of apoa2. Together, the results indicate that apoa2 affected cell
convergence movement during the gastrula period.
Convergence and extension are key steps for dorsoventral

(DV) patterning during embryonic gastrulation (21). There-
fore, to determine whether apoa2 also functioned in DV pat-
terning, we examined the expression of a variety of DV marker
genes in embryos, which were injected with apoa2MO1 at the
1-cell stage and exhibited the “survival” phenotype (Fig. 2B), by
whole-mount in situ hybridization (supplemental Fig. S2,
O–V). In apoa2 MO embryos, the expression of floating head
(flh) and goosecoid (gsc) displayed no significant changes (sup-
plemental Fig. S2,O–R). The expression ofGATA-binding pro-
tein 2 (gata2) and even-skipped-like 1 (eve1) was also not visibly
altered (supplemental Fig. S2, S–V). These results show that
impairment of endogenous apoa2 mRNA activity does not
apparently affect the dorsoventral differentiation.
Mtx2 Expression and the F-actin Ring in YSL Are Altered in

apoa2 Morphants—The proper organization of YSL has been
shown to be essential for initiation andprogression of epiboly in
teleosts (21, 31).Apoa2 is dominantly expressed in the YSL and
performs a function in zebrafish embryonic gastrulation.
Therefore, the expression of the YSL-specific gene mtx2 (21,
31) was examined to determine whether the function of YSL
had been altered in knockdown apoa2 embryos. These results
showed that loss of apoa2 decreased mtx2 expression signifi-
cantly in the blastoderm margin (70%, n � 20, Fig. 4, A and B).

The disorganization of eYSL may also perturb the F-actin
band of the eYSL (32). A punctate band of filamentous actin
(F-actin) has been described at the periphery of the eYSL and
the EVLmargin from 50% epiboly onwards (32, 33). Therefore,
we used anti-F-actin antibody to stainmicrofilament structures
in the yolk. At shield stage, the punctate F-actin ring was visible
below the blastodermmargin in ctlMO-injected embryos (Fig.
4,C and F). The F-actin ring was either weakly formed, or failed
to form at all, in apoa2MO-injected embryos (Fig. 4, I to L). In
contrast, other actin-based structures were still visible in apoa2
MO-injected embryos. Thus, the actin is expressed in the
absence of apoa2 but is disorganized specifically in the eYSL.
This suggests that apoa2 may be required in the eYSL for
polymerization of actin rather than actin expression per se.
Taken together, the results of the alteration ofmtx2 expression
and actin band formation in apoa2MO-injected embryos sug-
gest apoa2 is required for YSL organization that properly drives
embryonic epiboly.
The YSL Is Disorganized in apoa2 Morphants—Next, we

examined the YSL structures in apoa2 MO-injected embryos.

FIGURE 2. Inhibition apoa2 function at 1-cell or 1k-cell stage induced defective epiboly. A–C, G–I, phenotypes of loss of apoa2 function at 6 hpf (A–C) and
11 hpf (G–I) embryo, lateral view. (D, J): range of phenotypes during gastrulation is induced by injection with apoa2 MO1 or apoa2 MO2 at 1-cell or 1k-cell stage
as indicated. E and F, quantification of phenotypes are produced by apoa2 MO morphants, with or without apoa2 mRNA or human HDL. Overexpression or
knockdown apoa2 (injection of MOs was performed at 1-cell or 1k-cell stage) led to the body axis elongated during late gastrula, and short posterior trunk and
curved tail at 30 hpf (black-arrow indicates the tail) (K–Q). Embryos were injected with 180 pg of apoA-II protein at the 1-cell stage and imaged at 75%-epiboly
stage. The dashed region indicates excessive cell proliferation (R, S).

FIGURE 3. Apoa2 regulates convergence of lateral cells. Labeled lateral
mesendermal cells at shield stage in 8 ng ctl MO (A, C) or apoa2 MO1 (B, D)
injected embryos were observed and imaged at the tail-bud stage (A�, B�, C�,
D�, respectively). (A�–B�, C–D, and C�–D�) show lateral views and (A–B) show
dorsal views. E, quantification of dorsal migration of lateral cells.
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During blastulation, gastrulation, and early segmentation,
zebrafish YSN display several highly patterned movements to
organize YSL (18).We injected the vital dye SYTOXGreen into
the YSL at the 512-cell and 1k-cell stages to inspect the spatial
organization of YSN as described previously (21). The YSN
within the ring at the blastodermmargin appeared abnormal in
distribution and morphology in embryos injected with apoa2
MO(Fig. 4, a–r and supplemental Fig. S3). TheYSNswithin the
ring at the blastodermmargin appeared abnormally dense (Fig.
4, a–b, e–f, andm–n) and the YSNs under the blastoderm were
not properly dispersed (Fig. 4, c–d, g–h, and p–q) in embryos
injected with apoa2MO1 at the 1-cell stage. Many of the YSNs
displayed irregular shapes. Some nuclei connected together by
DNA context and the others showed variable rod shapes in
the apoa2 MO1 embryos (Fig. 4q). Co-injection with apoa2
MO1 and SYTOX Green into yolk at the 1k-cell was also
performed. These results showed that the YSNs showed sim-
ilar defects (Fig. 4, i, j, k and l). Irregular YSNs were consis-
tently observed until late gastrulation (Fig. 4r). During early
epiboly, abundant YSNs were accumulated at the blastoderm
margin in the absence of apoa2 (Fig. 4, m–o, supplemental
Fig. S3, A–A�, B–B�, D–D� and E–E�). DAPI staining also

displayed the irregular nuclei in YSL (supplemental Fig. S3,
F–K�). When the YSNs were normal shape, they were able to
continue epiboly (supplemental Fig. S3, C–C� and K–K�) in
apoa2 MO-injected YSL.
We measured the distance among the YSNs of wild-type

embryos and apoa2 MO embryos. YSNs from wild-type
embryos were significantly dispersed at greater than about 10
�m length scales, with a maximum incidence at around 22 �m
as previously mentioned (21). The spatial organization of YSNs
was seen in apoa2MOembryos on length-scales smaller than 6
�m and showed aggregation in some regions within eYSL and
iYSL (Fig. 4, a–r and supplemental Fig. S3). In such regions,
most of the nuclei were irregular in shape and bigger in size. In
other regions of YSL, this spatial organization of YSNs was dis-
persed at greater than 30-�m length-scales. YSN distributed
sporadically in such regions in theYSL cytoplasm.These results
indicate that the external and internal YSNs were not properly
dispersed and appeared to have lost their spatial constraints in
apoa2 MO embryos. We also calculated the spatial distribu-
tions of YSN using Ripley’s K-function as described (21, 34)
and obtained a similar conclusion (data not shown). Taken
together, the data show here that abnormal and aggregated

FIGURE 4. mtx2 expression and the F-actin ring are altered in apoa2 morphants and YSN are disordered in the absence of apoa2 function. A, mtx2
expressed as YSL-specific gene expressed blastoderm margin at shield stage. B, mtx2 expression was decreased significantly with loss of apoa2. White
arrowheads indicate the blastoderm. C–N, F-actin antibody and DAPI-stained embryos pre-injection with ctl MO or apoa2 MO1 at the 1-cell stage. F–H and L–N
denotes magnified views of the regions marked by rectangles in C–E and I–K. The F-actin punctate band of the eYSL (indicated with white arrowhead) and the
peripheral F-actin ring within the EVL (indicated with green arrowhead) are shown. Wild-type (a– d and m, p) and apoa2 MO1 (injection at 1-cell) (e– h and n, q),
apoa2 MO1 (injection at 1k-cell) (i–l and o, r) embryos were injected with SYTOX Green at the 1k-cell stage, then observed and imaged at 30%-epiboly, shield,
80%-epiboly, and tail-bud stages. The YSN at blastoderm margin exhibited abnormal aggregation in the apoa2 losing embryos (n and q) compared with
wild-type (m) at the shield stage. YSN were regularly spaced in wild-type (p); but random distribution in apoa2 MO1 (q and r). The white arrowhead indicates
incomplete dissociation of YSN. Scale bar, 50 �m. (b– c, f– g, and j– k) show lateral views and (d, h, and l) show dorsal views.
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nuclei cause the spatial disorganization of YSN in apoa2
morphants.
Apoa2 Controls the Division of YSL Nuclei—We find that the

YSNs are in an irregular shape after disruption of apoa2 expres-
sion. Therefore, we started to monitor how the irregular nuclei
formed during the YSL formation by real time tracing of YSL
formation and patterning (Fig. 5). YSL formation usually began
after the 512-cell stage as described (16). The blastomeres at the
boundarywith the yolk cell collapsed to release their nuclei into
yolk cell to form YSL. The cellular nuclei in blastomeres at the
boundary had anormal shape andwere perfectly divided.When
the YSN appeared in YSL, they started their first division (16)
(Fig. 5, A and D). The YSN divided smoothly and completely
separated to form two daughter nuclei in wild-type YSL. In the
apoa2 MO1 embryos, the first YSNs appeared as a normal
shape and then began to divide. However, the division of the
YSNwas incomplete, and the dividing YSNwere unable to sep-

arate from each other (Fig. 5,B,E,G,H, I, and supplemental Fig.
S4). Injection of the human HDL was able to rescue the defects
of YSN division (Fig. 5,C and F).We had continually traced the
YSNdivision and found that disruption ofapoa2 caused incom-
plete YSN division until the last YSN division during the pro-
gression of YSL formation (Fig. 5G). These results indicate that
apoa2 is required for the proper division of the YSN.
The Defective Divided Nuclei Cause Disordered YSN

Movements—During real time tracing, we observed that when
theYSNdivision ceased, YSL began tomove for patterning as in
previous observations (16). YSN in ctl MO embryos moved
apart from each other in eYSL and iYSL for YSL epiboly and
convergence and extension movements (Fig. 5J). However, the
incompletely divided YSN in apoa2 MO embryos were pulled
to form rod-shaped nuclei by the force frommovements of YSL
cytoplasm (Fig. 5J). When the two incompletely divided nuclei
extended some distance, the nuclei were drawn back. The back

FIGURE 5. Time-lapse imaging of the YSN division in apoa2 MO embryos. Injection with 8 ng of control MO or apoa2 MO1 or co-injection with 8 ng of apoa2
MO1 with human HDL (contains 100 pg of Apoa II) was performed at the 1-cell stage. At the 512-cell stage, SYTOX Green was injected. Images of embryos were
taken at the 1k-cell-sphere stage (A–I). D–F denotes magnified views of the regions marked by rectangles in panels A–C. The YSN (labeled with SYTOX Green)
showed severely defective nuclear division (indicated with white arrowhead) in apoa2 MO1-injected embryos (n � 31) (E) but did not emerge the phenotype
in apoa2 MO1 and human HDL-co-injected embryos (n � 10) (F) compared with control embryos (n � 8) (D). G, progression of complete and incomplete
division of the YSN were captured in the control embryo and apoa2 MO1-injected embryo, respectively. The pink arrow indicates the normal dividing nucleus,
and the red arrow indicates defective nuclear division. Images were taken every 3 min. The aggregated nuclei are indicated by an asterisk. H, I, real time tracing
of three incompletely divided nuclei are shown in the apoa2 MO1-injected embryo. A severe defect in nuclear division is indicated with the cyan arrowhead, and
medial and slight defects are indicated with purple and yellow arrowheads, respectively. H and I were intervals of 10 min. Scale bar, 20 �m. J, examples of real
time tracing show YSN movements during the progression of YSL patterning. Upper panel: two nuclei moved apart, away from each other to disperse in the
cytoplasm of YSL in ctl MO embryos. Lower panel: the two connected nuclei in apoa2 MO embryo underwent back and forth movement during the progression
of YSL patterning. Scale bar, 50 �m.
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and forth movements of the defective nuclei were observed
during the progression of YSL patterning and blocked the
proper organization of YSL. Finally, irregular YSL patterning
caused defects in embryonic gastrulation. Taken together,
these results indicate that the normal division and patterning of
YSNs play an essential role in embryonic cell movements.
ApoA-II Protein Modulates Chromosome Separation during

Nuclear Division in Zebrafish Embryos and in Human Cells—
As the HDL was able to ease the defect of nuclear division in
YSL of zebrafish embryos, we tried to examine which compo-
nents in the HDL perform the function. HDL consists of pro-
teins that include apoA-II and lipid. We purified the apoA-II
and total lipid fromhumanHDL. Then, injectionwith the com-
bination of MO1 and the apoA-II protein or lipid into the

embryo yolk at 512-cell stage was performed. Noticeably, the
apoA-II protein, not the lipid,was able to rescue theYSLdefects
because of loss of function of apoa2 in zebrafish embryos (Fig.
6, A and B). In addition, the abnormal proliferation of embry-
onic cells was noted at the 75%-epiboly stage (Fig. 2, R and S)
when the embryos were subjected with apoA-II protein only.
To further clarify the function of apoA-II on nuclear division,
six mutants of apoa2 were generated (Fig. 6C). The apoa2
C-terminal deletion mutant MC46, which was missing 95
amino acids from the C terminus and retained the signal pep-
tide of the N terminus, was able to induce strongly YSN defec-
tive division similar to MO phenotypes and cause severe
embryonic defects (Fig. 6D, table). The mutant did not affect
the formation of mitotic spindles (supplemental Fig. S6). These

FIGURE 6. The apoA-II protein is required for YSN division. A, injection of 8 ng of ctl MO, 8 ng of apoa2 MO1, 8 ng of apoa2 MO1 plus 90 pg of apoA-II protein,
8 ng of apoa2 MO1 plus 1 ng of lipids, 20 pg of apoa2 full-length mRNA, or 20 pg of apoa2 C-terminal mutant MC46 mRNA into yolk was performed at the
512-cell stage, and the SYTOX Green was injected into yolk at the 1k-cell stage. The lower panel denotes magnified views of the regions marked with white boxes
in the upper panel. B, quantification of the phenotypes derived from human apoA-II protein, lipids, overexpression zebrafish apoa2 full-length mRNA, or apoa2
C-terminal mutant MC46 mRNA as indicated. The constitution of the apoa2 mutations is shown (C). D, injection with the mutations mRNA at the 1-cell stage
induced severe elongation of body axis at the 6-somite stage and dorsalization at 24 hpf. Detailed statistics of the phenotype caused by various apoa2
mutations (table) are shown. E, quantification of the mitotic activity in the transfected human HeLa cells is shown.
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results suggest that the C-terminal peptide is required for
nuclear division and indicate that the mutants hindered the
function of endogenous apoA-II protein, suggesting that
apoA-II indeed plays an essential role in nuclear division in
YSL.
We discovered that the DNA content connected during

nuclear division in YSL after disruption of apoA-II function;
therefore, we tested which factor caused defective nuclear divi-
sion in YSL. The telomeres of chromosomes were detected in
dividing YSN. These results confirmed that loss of the apoa2
function induced DNA context to be unable to separate during
the YSN division. The abnormal aggregation of telomeres was
also detected in the dividing YSN, suggesting that the chromo-
somes may be fused during the progression of nuclear division
in YSN (Fig. 7A). However, we failed to isolate and examine the
detailed structures of the chromosomes from YSN because of
the large number of embryonic cells.
For alteration, we overexpressed and found GFP-fused

apoa2 C-terminal mutant MC46 inhibited cell growth in the
humanHeLa cell line (Fig. 6E, supplemental Fig. S5B). Then, we
wanted to know whether apoA-II had an impact on the activity
of cell division in human cells. HeLa cells were first cultured
with serum-freemedium in 24-well plates for 48 h to reduce cell
proliferation (supplemental Fig. S5A). Then, serum, human
HDL, apoA-II protein, or HDL lipid was subjected to cells. 6 h
later, themultiplicative activities of HeLa cells weremonitored.
These results showed that the HDL and apoA-II protein were
able to stimulate the division of HeLa cells effectively (supple-
mental Fig. S5,A andB). In contrast, lipids were hardly effective

in stimulating cell division, indicating that apoA-II protein also
modulates cell growth in human cells. Themetaphase chromo-
somes ofHeLa cells duringmitotic phasewere examined.These
results showed that the many chromosomes were fused to each
other in cells with overexpression of the apoa2 C-terminal
mutant (Fig. 7, B and C). In addition, the overexpression of
full-length apoa2 also caused chromosome fusion (Fig. 7, B and
C). These results were consistent with above observations that
apoa2 overexpression induced defective YSN division in
zebrafish embryos. Taken together, the data obtained from
human cells and zebrafish embryos indicate that the function of
apoA-II prevents chromosome fusion during nuclear division
and is conserved in zebrafish cells and in human cells.

DISCUSSION

In this study, we provide a novel function for apolipoprotein
apoa2 during zebrafish embryogenesis. Apoa2 is dominantly
expressing in YSL. Knockdown of apoa2 mRNA translation
reveals that apoa2 prevents chromosome fusion to control YSN
division and organization to regulate cellular movements dur-
ing zebrafish embryonic development. Our results suggest that
proper YSN division and distribution provide the sufficient
hardness and tension in the big yolk cell to meet the require-
ments of the embryonic cell moving during embryonic devel-
opment, consistent with the fact that the factors in the YSL are
able to modulate embryonic cell movements (35, 36). In addi-
tion, apoA-II also prevents chromosome fusion during nuclear
division in human cells, suggesting the function of apoA-II in
nuclear division is conserved in animal cells.

FIGURE 7. Alteration of the apoa2 function induces chromosomes fusion. A, 8 ng of ctl MO or apoa2 MO1 were injected at the 1-cell stage, and the telomeres
in YSN were detected using FISH (fluorescence in situ hybridization) with Cy3-labeled (GGGTTA) 7 oligomers and DAPI-counterstain at the sphere stage. White
arrowheads indicate the abnormal accumulation of telomeres. B, exhibition of the morphology of metaphase chromosomes in HeLa cells after overexpressing
GFP, full-length apoa2-GFP, and GFP-fused apoa2 C-terminal mutant MC46. Metaphase chromosomes separated mutually (a– b) in control and fused morbidly
(c–f) in the case of loss or gain of the function of apoA-II protein. Scale bar, 50 �m. C, quantification of the chromosome fusing frequency in transfected human
HeLa cells is shown.
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ASpecificGene Expression in YSL IsAble toModulate Embry-
onic Development—Several early developmental genes, includ-
ing sqt, cas, and gata5, are expressed both in the YSL and adja-
cent vegetal blastomeres (25). Disruption of these genes causes
the YSL disorganization and induces embryonic defects. How-
ever, these genes could not provide clear evidence that YSL
formation is crucial for embryonic development, because these
genes also play essential roles in embryonic patterning. Injec-
tions of RNase into the YSL that RNase effectively eliminates
YSL transcripts without affecting ubiquitously expressed genes
in the blastoderm demonstrate that RNA in the YSL is required
for the formation of ventrolateral mesendoderm and induction
of the nodal-related genes in the ventrolateral marginal blasto-
meres (38). Previous works have also shown that some genes
regulating YSL morphogenetic movements including e-cad-
herin and Mtx2 (21) are able to modulate embryonic develop-
ment.Now,weprovidemore evidence to show that impairment
of apoa2 in YSL is able to disrupt YSN division and organiza-
tion, resulting in the defects of embryonic development in
zebrafish. Our work on the function of zebrafish apoa2 in the
YSL directly illustrates that the YSL organization affected by a
gene expressed in the YSL, restrictively, plays an essential role
during embryonic development.
YSN Division Plays Crucial Roles during Embryogenesis—

TheYSLprovides themajor force in the vegetal spreading of the
overlaying blastoderm (35). The epiboly begins with eYSL con-
traction, which causes narrowing of the eYSL and crowding of
its nuclei to expend both nuclei and cytoplasm of iYSL and
to commence embryonic epiboly (16). Following this initial
expansion, the YSL continues its independent expansion
toward the vegetal pole. Embryonic gastrulation undergoes
correctly along the expansion. Microfilaments forming a con-
centric ring in eYSL are proposed to generate a constrictive
force that would drive expansion of the YSL (16, 39). We find
that disruption of apoa2 function induced the disordered
microfilament arrays in theYSL.However, previous studies and
our observations show that microfilament bundles appear after
50% epiboly (39). In apoa2-disrupted embryos, the YSN disor-
ders occur just after the multiple nuclei appear in the yolk cell
and induce YSL disorganization, indicating that the disorder of
microfilament bundles is the consequence of the YSN disorga-
nization. Themicrotubuleswere also identified to contribute to
various aspects of epiboly, and that they are primarily involved
inmovements of the YSN. In the apoa2-disrupted embryos, we
do not find the disorganization of microtubules (data not
shown). Therefore, the driving force in YSL for developmental
defects in apoa2-disrupted embryos does not come from the
cytoskeleton.
At present, it is still unclear whether coordinated conver-

gence movements of the blastoderm and underlying YSN play
crucial roles during embryogenesis. On the one hand, cellular
and nuclear movements of mesendoderm and YSL are highly
coordinated during gastrulation (16, 37) in zebrafish embryos.
YSN convergence movements depend on mesendoderm con-
vergence that directs YSN convergence movements (17). On
the other hand, transcription in YSN is crucial for mesendo-
derm cell fate and heart progenitor cell migration (38, 40, 41),
suggesting the YSN patterning plays a role for embryonic

movements. Our data show that the disruption in YSN division
induces defects in YSN movements, resulting in default in
embryonic movements. The facts indicate that YSN patterning
is essential for embryogenesis and that the YSN convergence
movements are indeed required for blastoderm patterning
and/or morphogenesis on the normal embryonic epiboly.
In teleosts, YSL forms mainly by collapse of certain marginal

blastomeres, which then merge with the cytoplasm of the yolk
cell peripheral to the blastoderm (16). Nuclei enter the yolk cell
from these open blastomeresmost frequently at cleavages 9 and
10 (16). After entry, the first nuclei divide three to five times.
After each nuclear division, the YSL increases in width, and its
nuclei are quite evenly spaced (16). After the last mitosis, when
the YSL is at its widest, YSN initiates long-range convergent
extension movements toward the dorsal midline during the
mid-gastrula stage (17). There is an extension in the AP direc-
tion of the YSN that either reside in, or enter, the dorsal region
(38). The initiating force for the YSN movements comes from
contraction of eYSL (16).We identify that apoa2 is required for
nucleus division from the cleavages 9 and 10 to the cease of
nuclear division in YSL. Blocking apoa2 expression causes the
incomplete divided nucleus. The defective nuclei within eYSL
cause the contraction of eYSN disordered, are unable to sepa-
rate apart and move into the region of iYSL, and block narrow-
ing and expanding the YSL along the AP direction of embryos.
Within iYSL region, the uncompleted dividing nuclei also
appear aggregated, could not separated, and hinder the YSN
movements, resulting in embryonic morphogenetic movement
and development failure in embryogenesis. The data clearly
demonstrate that the YSN division plays an essential function
during the embryonic development.
ApoA II Is Essential for Embryonic Development in Zebrafish—

The mature apoA-II protein is the second main constitutive
component of HDL, representing �20% by weight of the HDL
protein (42). Data derived from the study of genetically modi-
fied mice suggest that apoA-II is essential in all animal species
and modulates the structure and biology of HDL and of lipo-
protein metabolism in general. Disruption of apoA-II in mice
showed a dramatic decrease in plasma HDL cholesterol associ-
ated with a rapid clearance of remnant particles, suggesting
an important role of apoA-II in triglyceride metabolism (42).
Overexpressing apoA-II has elevated plasma levels of triglycer-
ides and free fatty acids in addition to a decrease in triglyceride
hydrolysis (43). Furthermore, an increased expression of
apoA-II causes an acute inhibitory effect on the hydrolysis of
VLDL and chylomicron triglycerides (44). All of these observa-
tions indicate that apoA-II play an essential role in lipid metab-
olism. Now, we show apoa2 is crucial for YSN division and
organization during zebrafish embryonic development. The
data suggest that apolipoproteins not only perform functions in
lipoprotein formation but also affect the YSN division and YSL
formation during embryonic development. We also observe
that the apoA-II induces proliferation of the human cell line.
C-terminal deletion of apoA-II protein causes the defective
nuclear division in YSL of zebrafish embryos and in human
cells. These results indicate that apoA-II not only plays an
essential role in YSN division, but also acts as a crucial factor in
nuclear division of mammalian cells, and that apoA-II in the
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regulation of nuclear division is conserved in animal cells. Dur-
ing these experiments, we also examined the structures of
microtubule, which play very important roles during nuclear
division, and found out there was no alteration of microtubule
structure including the formation of mitotic spindles (supple-
mental Fig. S6) in apoA-II protein-treated cells, These results
are consistent with our observations in YSL in zebrafish
embryos and indicate that apoA-II could not affectmicrotubule
formation in the cell. The fact that the C terminus but not the
signal peptide is required for nuclear division suggests that the
apoA-II performs a more complicated function, not just acting
as a signaling component in nuclear division. Additional exper-
iments are required to understand in detail how apoA-II pre-
vents chromosome fusion in cells.
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