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Folic acid is very important for embryonic development
and folic acid inhibition can cause congenital heart
defects in vertebrates. Dihydrofolate reductase (DHFR) is
a key enzyme in folate-mediated metabolism. The dys-
function of DHFR disrupts the key biological processes
which folic acid participates in. DHFR gene is conserved
during vertebrate evolution. It is important to investigate
the roles of DHFR in cardiac developments. In this study,
we showed that DHFR knockdown resulted in the abnor-
mal developments of zebrafish embryos in the early
stages. Obvious malformations in heart and outflow tract
(OFT) were also observed in DHFR knockdown embryos.
DHFR overexpression rescued the abnormal phenotypes
in the DHFR knockdown group. DHFR knockdown had
negative impacts on the expressions of NKX2.5 (NK2 tran-
scription factor-related 5), MEF2C (myocyte-specific en-
hancer factor 2C), TBX20 (T-box 20), and 7BXI (T-box
1) which are important transcriptional factors during
cardiac development process, while DHFR overexpression
had positive effects. DHFR was required for Hedgehog
pathway. DHFR knockdown caused reduced cell prolifer-
ation and increased apoptosis, while its overexpression
promoted cell proliferation and inhibited apoptosis.
Taken together, our study suggested that DHFR plays
crucial roles in the development of heart and OFT in zeb-
rafish by regulating gene transcriptions and affecting cell
proliferation and apoptosis.
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Introduction

In human, congenital cardiovascular defects occur at ~1%
of the newborns, and are the commonest congenital

malformations in newborns; however, the cause is not
known in most cases. Recently, more and more studies,
which were carried out in human and mice, have shown
that folic acid plays an integral role in embryonic develop-
ment and folic acid dysfunction is related to congenital
heart defects [1-3]. The folate antagonists or the dysfunc-
tion of folate metabolism genes may cause heart defects,
particularly ventricular septal defect and conotruncal mal-
formations [4,5]. Risk of heart defects in infants was
increased with maternal treatment using dihydrofolate re-
ductase (DHFR) inhibitors during pregnancy [6], but this
risk was reduced for women who also took folic acid sup-
plements [7].

DHFR is a key folate metabolizing enzyme that cata-
lyzes the reduction of folic acid into dihydrofolate. DHFR
is necessary for folic acid to take part in many key bio-
logical processes. DHFR inhibition causes disruption of
purine and thymidylate biosynthesis and DNA replication.
In human, a 19-base pair (bp) deletion polymorphism
which is a 19-bp non-coding deletion allele mapped to
DHFR gene intron 1 is associated with increased unmeta-
bolized folic acid in plasma and increases the risk of
preterm delivery and spina bifida [8,9]. Growing awareness
of the pathogenesis associated with folate deficiency contri-
butes to the recently renewed interest in DHFR.

The zebrafish (Danio rerio) has emerged as a genetic
and embryonical model system with several distinct advan-
tages including external fertilization, rapid development,
optical clarity of its embryos, and the ability of embryos to
survive on diffused oxygen for several days without a func-
tioning cardiovascular system. Comparison between zebra-
fish DHFR and that from other species (chicken, mice,
human) (GenBank No.: zebrafish NP_571850, chicken
NP_001006584, mice NP_034179, human NP_000782)
indicates its conservation during evolution [Fig. 1(A)].
Homology is particularly high in the folate binding site
and the NADP™ binding site, with 70 and 88% homology
with human DHFR, respectively [Fig. 1(B,C)]. The
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Figure 1 Comparison of DHFR amino acids in different species
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(A) Amino acid alignment in human, mice, chicken, and zebrafish DHFR. Note

that the amino acids have high homology among different species. (B) Amino acid alignment of the NADP™ binding site in humans and zebrafish. The

rectangles indicate the NADP™ binding site. The identity was ~88%. (C)

Amino acid alignment of the folate binding site in humans and zebrafish. The

rectangles indicate the folate binding site. The identity was ~70%. Gapped alignments were made by the ClustalX program.

resemblance in kinetic properties and susceptibilities to
known DHFR inhibitors [e.g. methotrexate (MTX), tri-
methoprim] between zebrafish and human DHFRs provides
the compelling evidence to support the use of zebrafish as
a vertebrate model for folate-related studies. A previous in-
vestigation from our research team showed that MTX
(DHFR antagonist) and DHFR dysfunction can affect
cardiac development in zebrafish [10,11]. In MTX-treated
embryos, the morphological development of ventricle and
atrium was disrupted, the cardiac twist was abnormal, the
heart rate and ventricular shortening fraction (VSF) were
reduced, and the vascular development was disrupted.
Although MTX is a well-known DHFR antagonist,
whether it has other negative effects on embryonic devel-
opment remains unclear. The above malformations in
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MTX-treated embryos may not only be caused by DHFR
inhibition. Then the DHFR morpholino oligonucleotides
(MO) microinjecting method was used to investigate the
direct effects of DHFR dysfunction in cardiac develop-
ment. DHFR MO can specifically and effectively knock
down DHFR by inhibiting the translation of DHFR. In our
previous study, the abnormal cardiac phenotypes and the
reduced expression level of heart and neural crest deriva-
tives expressed 2 gene (HANDZ2) were observed in DHFR
MO-injected embryos [10]. But the relationship between
DHFR and other cardiac developmental necessary factors
is still not known.

Cardiac development is a tightly regulated process
requiring the combinatorial interaction of multiple tran-
scription factors and signals in a temporally and spatially
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restricted fashion. The studies in flies, zebrafish, and mice
have demonstrated that the transcription factors including
NKX2.5 (NK2 transcription factor-related 5), MEF2C
(myocyte-specific enhancer factor 2C), TBX20 (T-box 20),
and 7BXI (T-box 1) are required for appropriate heart
formation, and can physically interact with many other
transcriptional regulators in the cardiac developmental
process [12—15]. Hedgehog signaling has an essential role
in early cardiac morphogenesis, and can influence the
cardiac development during later stages [16]. In this study,
the effects of DHFR on expressions of above factors were
detected.

In this work, we showed that in DHFR knockdown
embryos, the epibolic movement was abnormal in the early
stage and the cardiac and outflow tract (OFT) were dys-
plastic. We also revealed that DHFR overexpression
rescued the abnormal phenotypes in the DHFR knockdown
group. DHFR knockdown had negative impacts on expres-
sions of NKX2.5, MEF2C, TBX20, and TBXI, while
DHFR overexpression had positive effects. DHFR was
required for the Hedgehog pathway. DHFR knockdown
caused the reduced cell proliferation and the increased
apoptosis. DHFR overexpression promoted the cell prolifer-
ation and inhibited the apoptosis. Together, these findings
implicated that DHFR was a key factor in embryogenesis
and cardiac development in zebrafish by regulating the
transcriptions of genes and affecting cell proliferation and
apoptosis.

Materials and Methods

Zebrafish strains and maintenance

Wild-type zebrafish stocks were obtained from Oregon
University (Eugene, USA). The breeding facility was intro-
duced from Aquatic Habitats Corporation (Apopka, USA).
Embryos were obtained from natural spawning of wild-type
adults. All fish and embryos were bred, raised, and staged
in our laboratory according to previously described proce-
dures [17]. Embryo age was defined as hours post-
fertilization (h.p.f.). Embryos used for in situ hybridization
(raised beyond 24 h.p.f.) were treated with 0.003% phe-
nylthiourea to prevent pigmentation.

Construction of the plasmid DHFR—-GFP and
microinjections

Briefly, the DHFR-GFP construct was generated by
fusing the fragment of DHFR which contains 5 UTR
(5’ non-translated region) and the start site sequence of
DHFR (GenBank No. NM_131775) containing the coding
sequence that was the target of DHFR MOs, in-frame into
vector pEGFP-N1 (CLONTECH Laboratories, Inc., Palo
Alto, USA). The construct was linearized and dissolved in
Tris buffer (S mM Tris-HCI, pH 8.0, 200 mM KCI, 0.05%

phenol red) to a final concentration of 50 pg/ml. About
6 nl of sample was microinjected into the cytoplasm of the
one- to two-cell-stage embryos.

DHFR-GFP and DHFR mRNAs syntheses and
microinjections

Sense-capped DHFR—GFP mRNA and DHFR mRNA
were synthesized using the mMESSAGE mMACHINE
system (Ambion, Austin, USA) from the following linear-
ized plasmids: pT7TS-DHFR-GFP and pT7TS-DHFR
(zebrafish DHFR, digested with Bal II, transcribed with
T7) [11]. RNAs were diluted to 40 wg/ml in solution A
(0.1% phenol red, 0.2 M KCl), and 6 nl of DHFR—GFP
mRNA and DHFR mRNA were microinjected into the
cytoplasm of the one- to two-cell-stage embryos.

MO oligonucleotides microinjection

Two DHFR MOs (MO1 and MO?2) targeting the translation
initiation site and the standard control MO (Con MO) were
designed (Gene Tools, Philomath, USA). MOI1 targeted
bases 14—38 of the zebrafish DHFR mRNA sequence,
and MO2 targeted bases 43—67 of the zebrafish DHFR
mRNA sequence. Sequences were as follows: MOI,
5'-ACGGTCTCGCCTTCTTCCCGCCAAG-3; MO2,
5'-CAGTTAACAAGTCACGCTGGCTACT-3’; Con MO,
5'-CCTCTTACCTCAGTTACAATTTATA-3'. MOs were
dissolved to a stock concentration of 4 mM in 30%
Danieau solution, and diluted MOs were injected into the
cytoplasm of the one- to two-cell-stage embryos.

Embryos were divided into five groups: Con
MO-injected group (10 ng Con MO), MOI-injected group
(0.75ng MOI1 + 0.75ng MO2), MOIl-injected group
(1.5 ng MOL1 + 1.5 ng MO2), MOIll-injected group (3 ng
MO1 +3ng MO2), and MOIV-injected group (5 ng
MOI1 + 5 ng MO2).

Fluorescent immunohistochemistry
Immunohistochemistry was carried out with phospho-
histone H3 antibody staining. Rabbit anti-phospho-histone
H3 (Serl0) antibody (1:200; Sigma, St Louis, USA) and
goat anti-rabbit IgG-TRITC antibody (1:100; Invitrogen,
Carlsbad, USA) were used. All experiments were carried
out according to the manufacturer’s standard protocols.

Whole-mount terminal deoxynucleotide
transferase-mediated dUTP nick-end labeling

(TUNEL) staining

For whole-mount TUNEL staining, embryos were fixed in
4% paraformaldehyde at 4°C overnight. They were then
rinsed in phosphate-buffered saline before proceeding with
TUNEL staining using an in situ Cell Death Detection kit
(Roche; Indianapolis, USA) according to the manufac-
turer’s instructions.
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Microangiography

To monitor the development of the OFT, fluorescein
(2—5 nl) was microinjected into the hearts of living zebra-
fish embryos at 60 h.p.f. About 2—3 min later, images of
the OFT were observed on a BX61 fluorescent microscope
(Olympus, Tokyo, Japan) and collected with a DP70
digital camera (Olympus).

Measurement of heart rate and analyses

of ventricular contractility

After being anesthetized, living embryos were transferred
to a recording chamber that contained modified Tyrode’s
solution (136 mM NacCl, 5.4 mM KCI, 0.3 mM NaH,POy,,
1.8 mM CaCl,, 1mM MgCl,, 10 mM HEPES, 5mM
glucose, pH 7.3) at 48 or 72 h.p.f. Heart rates were mea-
sured under a dissecting microscope. Cardiac contractions
were recorded with a video camera (TK-C 1381, JVC,
Yokohama, Japan) as described [11,18]. The diastolic and
systolic lengths of ventricles were measured to calculate
the VSF using the following formula:

ventricular length at diastole — ventricular length at systole

VSF =
ventricular length atdiastole

Whole-mount irn situ antisense RNA hybridization and
photography

Plasmids encoding zebrafish ventricular myosin heavy
chain (VMHC) and atrial myosin heavy chain (AMHC)
were kindly provided by Tao Zhong (Vanderbilt
University, Nashville, USA). These plasmids and other
plasmids (pGEM-3zf+) containing NKX2.5, MEF2C,
TBX20, TBXI (GenBank Nos. NKX2.5 NM_131421.1,
MEF2C NM_131312, T7BX20 NM_131506.1, TBXI
NM_183339.1), and DHFR were linearized by restriction

with DIG (digoxigenin) according to the manufacturer’s
protocol.

Whole-mount RNA in situ hybridization using
DIG-labeled antisense RNA probes was carried out on
groups of 20 embryos and repeated three times according
to standard procedures as described [19]. Stained embryos
were examined with BX61 and SZXI12 microscopes
(Olympus), and photographed with a DP70 digital camera
(Olympus).

RNA isolation and quantitative real-time polymerase
chain reaction (Q-PCR)

Zebrafish embryos were gently anesthetized with
Tricaine-S. The heart (48 h.p.f.) and OFT (60 h.p.f.) were
separated with a slender vitric needle and immediately put
into pre-cooled Trizol reagent (Invitrogen). After gathering
~30 samples, we instantly extracted the total RNA using
Trizol reagent following the manufacturer’s protocol. The
total RNA from the 30 embryos in 12 h.p.f. was also
extracted. The RNA samples were checked to ensure that
the RNA concentrations of the control and test samples
were no >10% of each other. First-strand cDNA was
reverse transcribed using oligo-dT primers and MMLV
reverse transcriptase (Promega Technologies, Madison,
USA). The cDNA was analyzed immediately or stored at
—20°C until use.

Q-PCR was done using a 7300 Real-Time PCR System
(Applied Biosystems, Carlsbad, USA). The sequence-
specific primers were designed using Primer Express 2.0
software (Applied Biosystems) (Table 1). The SYBR green
method was used to quantify cDNA. The relative expres-
sion levels of each gene were computed with respect to the
amount of B-actin. The value of expression level of each
gene was divided by the amount of B-actin in individual
cDNA samples. The specificity of each reaction was con-
trolled by melting curve analysis. Results were analyzed by

enzymes before transcription with T7 or SP6 RNA poly- 7300 Real Time PCR System software (Applied
merase (Roche). RNA probes were synthesized and labeled  Biosystems).
Table 1 Primer sequences
Gene Primer sequence
NKX2.5 F: 5-CTTCTCTCAGGCGCAGGT-3' R: 5'-GGATGCTGGACATGCTCGACGGA-3'
MEF2C F: 5-AATCCGAGGACAAATATCGC-3' R: 5'-TTAGACTGAGGGATGGCACA-3’
TBX20 F: 5-GCGAACGCTTTCTCCATAGC-3’ R: 5’CGGACTCCTTGTCCTTGGTTT-3’
TBX1 F: 5-GAGACTGTGATCCCGAGGAC-3' R: 5'-TCATGATTTGTAGCGAGCCT-3'
Foxa?2 F: 5-CAAAATGGAGGGACACGA -3’ R: 5-CTGACCGAGGTGTAACACTCA-3'
shh F: 5-CAACGGAAGATCTCCACACCAT-3’ R: 5-ACCGCCGCGTATGCCAGCA-3'
Ptcl F: 5-TTGTGTTCGGAGCCCTGTCT-3' R: 5-TTGGGTTGCGGGTCGCT-3'
ehh F: 5-CAGCGCTGCAAGGATAAGCT-3’ R: 5'-AACTCTCTGGCCATCTCGGTGAT-3'
B-actin F: 5-GTCCACCTTCCAGCAGATGT-3' R: 5'-GAGTCAATGCGCCATACAGA-3’
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Statistical analysis

Data were present as the mean + standard deviation.
Comparisons between groups were analyzed by analysis
of variance (ANOVA; f-test with Bonferroni correction).
P < 0.05 was considered statistically significant.

Results

Efficiency and specificity of DHFR knockdown

by microinjecting DHFR MOs in zebrafish

To determine the role of DHFR during zebrafish embryo-
genesis, we knocked down DHFR using MOs designed
against the 5’ untranslated region (DHFR MOs) of the zeb-
rafish DHFR c¢cDNA. The successful blockages of DHFR
translations by DHFR MO1 and DHFR MO2 separately
were proved in our previous study. To confirm the efficacy
of DHFR MOl + DHFR MO?2 approach, DHFR MOs
(1.5ng MOI1 + 1.5ng MO2) were co-injected with a
DHFR—-GFP (green fluorescence protein gene) construct.
In Con MO-injected group, GFP expression was not
observed at 13 h.p.f. [Fig. 2(a,e)]. There was no detectable
GFP knockdown when DHFR—-GFP construct was
co-injected with a random Con MO [Fig. 2(b,f)]. As
shown in Fig. 2, DHFR MOs specifically knocked
down the expression of GFP from the RNA transcript of
the DHFR—-GFP construct (93 +2.64%, n=100)
[Fig. 2(c,g)]. This result revealed the ability of the DHFR
MOs to inhibit protein production from its target sequence.

Microinjecting DHFR mRNA induced DHFR
overexpression

Green fluorescence was not observed in controls, whereas
green fluorescence was detected in DHFR—GFP mRNA-
injected groups (89 + 3.06%, n = 100) [Fig. 2(d,h)]. This
result indicated the success of DHFR—GFP mRNA tran-
scription. DHFR mRNA was transcribed by the same tech-
nology. DHFR expression was detected by in situ antisense

0% oS
28~ P9

Figure 2 The effectiveness of DHFR knockdown and overexpression
(a,e,i) Con MO-injected group. (b,f) DHFR—GFP construct + Con
MO-injected group. (c,g) DHFR—GFP construct + DHFR MOs (MOl
1.5 ng+MO2 1.5 ng)-injected group. (d,h,j) DHFR—GFP mRNA-
injected group. (a—d) Observed under optical microscope. (e—h)
Observed under a fluorescent microscope. (i,j) The eyes (blue arrow),
central nervous system (red arrows), and intermediate cell mass (black
arrows). Bar: 250 wm (a—h) and 125 pm (i,j).

RNA hybridization. In controls, DHFR was expressed in
the eyes, central nervous system, and intermediate cell
mass at 19 h.p.f. [Fig. 2(i)]. The expression of DHFR in
the DHFR mRNA-injected group was increased, indicating
that microinjecting DHFR mRNA induced its overexpres-
sion in the transcriptional level [Fig. 2(j)].

Classification of DHFR knockdown embryos

In any group, no embryo died before 22 h.p.f. All the Con
MO-injected embryos developed normally. At 10 h.p.f., in
normal developmental embryos, the epiboly closed as the
blastoderm completely covered the yolk plug. The anterior
end of the embryonic axis was thickened, which was where
the head would form. The anterior—posterior (AP) angle
was 180° [Fig. 3A(a)]. At 16 h.p.f.,, the yolk cell began to
look like a kidney bean, heralding formation of the yolk
extension. Somites began to show a chevron shape. The
extending axis curled around the yolk. The entire embryo
was transparent. The angle between the head and tail was
~310° [Fig. 3A(f)]. At 22 h.p.f,, straightening of the pos-
terior trunk was nearly complete, but the elongating tail
still curved ventrally. The eyes, the otic vesicle, the brain
with ventricles present along its length, and the somite
with a “V’ shape were clearly observed [Fig. 3A(K)].

In the DHFR MOs-injected group, the obviously abnor-
mal embryonic developments were observed. At 10 h.p.f,,
epibolic movements were abnormal. The AP angles were
reduced and the posterior end of the epiboly was directed
outward. The anterior end of the embryonic axis (the pro-
spective head region) was not thickening. At 16 h.p.f., the
yolk still looked like a ball without extension. The tail
departed from the yolk. The somites were short and had
lost the chevron shape. The body was hypogenesis and not
transparent. The AP angle was reduced continuously. At
22 h.p.f,, the yolk extension was half the length of the yolk
ball. The trunk was short and the tail twisted and smaller.
Boundaries of the somites were not distinct.

Based on the severity, the abnormal phenotypes in
DHFR MOs-injected group were categorized into three
major classes [Fig. 3A(b,g,l;c,h,m;d,i,n)]. Phenotypes
were scored and disrupted epibolic movements, abnormal
anteroposterior development, and overall hypogenesis were
showed. With the microinjecting dose of MOs increasing,
the malformations of embryos become more and more
severe. The percentages of each class under different doses
of MOs were shown in Fig. 3(A). Experiments were
repeated three times, numbers in pie charts were averages
(n = 100).

Effects of DHFR knockdown and overexpression

on cell proliferation and apoptosis

The mitotic cells were marked by phosphohistone H3
(PH3) antibody staining (red fluorescence) to test the cell
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Figure 3 Development of zebrafish heart and OFT in early stages
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(A) The development of zebrafish in early stages. Con MO-injected embryos had
normal development (a,fk). Injection of DHFR MOs resulted in three classes of phenotypes. Co-injection with DHFR mRNA rescured the abnormal phenotypes
in the DHFR MOll-injected group (e,j,0). (a—e) Left-lateral views, head at the top. (f—o) Left-lateral views, head to the left. Bar: 250 wm. (B) Development of
the heart and OFT. (f to j') Heart morphology. (f' —j’) Cardiac conceptual diagrams. Con MO-injected embryos had no malformations (a,f,f ,k,k"). Injection of
DHFR-MOs induced three classes of phenotypes in live embryos. Co-injection with DHFR mRNA improved the developments of heart and OFT in DHFR
MOIl-injected group (e.j,j’,0,0'). (k—0) Images of OFTs detected by fluorescent microangiography at 60 h.p.f. (k'—0") Conceptual diagrams of OFTs. (a—¢)
Left-lateral views of 48 h.p.f. live embryos, heads at the top. (f—j) Left-lateral views of live embryos at 48 h.p.f., heads to the left. (p, q) Analysis of heart rate
and VSF. Values are mean + standard deviation. (n = 50) Comparisons between groups were made with ANOVA (#-test with Bonferroni correction). *P < 0.05,
compared with embryos with normal development, heart rate, and VSF gradually decreased from class I to class III. Bar: 250 um (a—e) and 70 pwm (f—j, k—o).
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Figure 4 Cell proliferation and apoptosis (A) DHFR inhibition results in inhibition of cell proliferation (immunohistochemistry with phospho-histone
H3 antibody staining). (a—d) DHFR mRNA-injected group, (e—h) Con MO-injected group, (i—1) DHFR MOlIll-injected group. (m—p) DHFR MOII +
DHFR mRNA-injected group. (a,b.e,f,i,j,m,n) Heads at the top, (c,d,g,h,k,l,o,p) right-lateral views with heads to the right. Bar: 250 pm. (B) DHFR
inhibition results in induction of apoptosis (TUNEL staining). (a—c) Con MO-injected group, (d—f) DHFR MOlIl-injected group. (g—i) DHFR MOII +
DHFR mRNA-injected group. (a,d,g) Lateral views, heads at the top. (b,e,h) Left-lateral views with heads to the left. (c,f,i) Dorsal views, heads at the

top. Bar: 125 pm.

proliferation in embryos. In the early stages, embryos with
the decreased cell proliferation in DHFR MOIl-injected
embryos were detected (5h.p.f., 10.0 +1.0; 10 h.p.f,
11.3 £2.1; 16 h.pf, 11.0 + 2.0; 24 h.p.f, 103 £ 1.5, n =
20) [Fig. 4A(i-1)] compared with Con MO-injected
embryos [Fig. 4A(e—h)]. To confirm that defective cell
proliferation in DHFR MOlIl-injected embryos was caused
by DHFR loss, mRNA encoding full-length DHFR was
co-injected with DHFR MOII. As shown in Fig. 4A(m—p),
co-injection of DHFR MOII along with DHFR mRNA
resulted in significant recovery of cell proliferation
(Shpf, 9.7+ 1.2; 10 hp.f, 10.7 + 0.6; 16 h.p.f, 9.3 +
0.6; 24 h.p.f., 10.3 + 1.2, n=20). Comparing with Con
MO-injected group, embryos with the increased cell prolif-
eration in only DHFR mRNA-injected group were also
detected (Sh.p.f, 11.7+1.5; 10hp.f, 11.3 £+0.6;
16 hptf, 13.0+ 1.7, 24hpf, 123+25, n=20)
[Fig. 4A(a—-d)].

The TUNEL assay was carried out to test the apoptosis.
Compared with control embryos [Fig. 4B(a—c)], DHFR
MOII-injected embryos exhibited increased apoptosis in
the head at 10 h.p.f. (14.0 £+ 3.0, n = 20) [Fig. 4B(d)] and
in the entire body at 17h.p.f. (12.3 +£2.5, n=20)
[Fig. 4B(e)]. At 48 h.p.f., there was a clear increase in cell
death in the heart region (14.0 & 2.7, n = 20) [Fig. 4B(f)].
Co-injection of DHFR MOII along with DHFR mRNA
partially reduced cell death in DHFR MOIll-injected
embryos (10 h.p.f, 10.0+1.0; 17hp.f, 9.3 +2.3;
48 h.p.f., 9.7 + 3.1, n = 20) [Fig. 4B(g-i)].

Effects of DHFR knockdown on development

of the heart and the OFT

In normal embryos at 48 h.p.f., the heart tube was bending
to bring the atrium into a position dorsal and left to the
ventricle. The heart was beating vigorously, the heart rate

was ~165 beats/min (b.p.m.) and the VSF was ~26.2%.
We detected OFT development using fluorescent microan-
giography. In controls, the ventral aorta and AA1-AA4
(where AA1 is the mandibular arch, AA2 is the hyoid arch,
AA3 is the first branchial arch, and AA4 denotes the
second branchial arch) could be clearly observed. At
72 h.p.f., the heart rate increased to ~275 b.p.m. whereas
the VSF was slightly reduced to ~21.2%
[Fig. 3B(a,L kK ,p,q)].

At 48 h.p.f., some DHFR MOs-injected embryos were
dead due to severe malformations. Abnormal phenotypes
of the heart and OFT in living embryos were divided into
three classes according to severity.

For class I, compared with controls, embryos showed
an expanded heart, mild pericardial edema, slow heartbeat
(138 b.p.m. at 48 h.p.f. and 210b.p.m. at 72 h.p.f),
reduced VSF (18.3% at 48 h.p.f. and 13.3% at 72 h.p.f)
and a narrow OFT [Fig. 3B(b,g,g’,LI,p,q)].

For class 11, the heart was more dilated, and the pericar-
dial sac of the embryo was continuously expanding. The
heart rate (110 b.p.m. at 48 h.p.f. and 170 b.p.m. at
72 h.p.f.) and VSF (10.5% at 48 h.p.f. and 7.8% at 72 h.p.f.)
were further reduced than those of class I. OFT development
was obviously abnormal [Fig. 3B(c,h,h’,m,m’, p,q)].

For class III, the heart was a straight tube, the ventricle
and atrium could not be clearly distinguished from each
other. Pericardial edema was more severe. Heartbeats were
very slow and weak. Heart rate was only 80 b.p.m. at
48 h.p.f.,, and 70 b.p.m. at 72 h.p.f. The VSF was only
3.2% at 48 h.p.f. and nearly zero at 72 h.p.f. OFT develop-
ment displayed considerable hypogenesis, only few parts
of the OFT were observed [Fig. 3B(d,i,i’,n,n’,p,q)].

In DHFR MOs-injected groups, the prevalence and
severity of abnormalities of the heart and OFT directly
correlated with MO dose as shown in Fig. 3(B). DHFR
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Figure 5 Expression of genes detected by in situ hybridization (A) The expression pattern of VMHC and AMHC detected by in situ hybridization.
(a—f) Con MO-injected group. (g—m) DHFR MOIll-injected group. In DHFR MOIl-injected embryos, the heart tubes were abnormally looped at
48 h.p.f. (I and m) including no loop and adverse loop. The proportion of abnormal loops in groups with different microinjection doses of DHFR MOs
were shown in pie charts. (c,d,i, j) Dorsal views, tails to the top. The other images were ventral views with heads to the top. R, right side; L, left side.
Bar: 125 pm. (B) The expressions of NKX2.5, MEF2C, TBX20, and TBXI detected by in situ hybridization. (a—g) Con MO-injected group, (h—n) DHFR
MOlIl-injected group. (o—u) DHFR MOII + DHFR mRNA-injected group. (a—c, h—j, o—q) Dorsal views, tails to top. (d—f, k—m, r—t) Ventral views,
heads to top. (g,n,u) Left-lateral views, heads to the left. V, ventricle; A, atrium; H, heart; OFT, outflow tract. Bar: 125 pwm (a—c, h—j, 0—q), 70 pwm (d—
f, k—m, r—t), 250 pm (g, n, u). (C) The expressions of shh, ehh, Foxa2, and Ptcl (in situ hybridization). (a—f) Con MO-injected group. (g—1) DHFR
MOlIl-injected group. (m—r) DHFR MOII + DHFR mRNA-injected group. (c,i,0,e,k,q) Left-lateral views, head to the top. The other images were dorsal
views with heads to the top. Bar: 125 wm.
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MOs-injected embryos all died 5 days after fertilization.
Due to the relative majority of abnormal phenotypes and
the relative minority of deaths, embryos microinjected with
DHFR MOII were used to do the following experiment.

DHFR overexpression rescued the abnormal
phenotypes in the DHFR knockdown group

Comparing with DHFR MOIl-injected group, the develop-
ment of embryos in early stages and the developments of
heart and OFT at 48 h.p.f. in DHFR mRNA + DHFR
MOlIl-injected group obviously improved [Fig. 3A(e,j,0),
B(e,j.j’,0,0')].

Effects of DHFR knockdown on the expression

of VMHC and AMHC

In zebrafish, the ventricle and atrium can be clearly visua-
lized by the ventricular marker VMHC or the atrial marker
AMHC. The results from in situ hybridization with VMHC
or AMHC at 48 h.p.f. showed that in DHFR MOIl-injected
group [Fig. SA(g,h)], the expression of VMHC and AMHC
had no obvious differences compared with those in
controls [Fig. SA(a,b)].

Results from the in situ hybridization with VMHC +
AMHC showed that in the Con MO-injected group, the
primitive heart tubes on each side of the midline fused to
form the circular heart tube at 20 h.p.f. [Fig. 5A(c)].
Formed a linear shape and moved to the left at 24 h.p.f.
[Fig. 5A(d)].The bend of the heart was prominent and the
division between the atrium and ventricle was marked at
36 h.p.f. [Fig. 5A(e)]. Cardiac looping was complete and
the atrium was dorsal and left to the ventricle at 48 h.p.f.
[Fig. SA(f)].

In some DHFR MOIl-injected embryos, the primitive
heart tubes were not fusing at 20 h.p.f. (17 + 1, n = 20)
[Fig. 5A(i)], formed irregular circular heart tubes at
24 hp.f. (16 £+ 3, n=20) [Fig. 5A(j)], developed to the
right side at 36 h.p.f. (13 + 2, n=20) [Fig. SA(k)], and
were abnormally looped at 48 h.p.f. The abnormal loop

included no loop (8.6 + 1.5, n =20) [Fig. SA(1)] and an
adverse loop (4.6 + 0.6, n = 20) [Fig. SA(m)]. With in-
creasing doses of MOs, the percentage of live embryos
with abnormal loops was enhanced and the proportion of
adverse loops increased. The absence of cardiac fusion at
20 h.p.f. was due to the developmental delay as no cardia
bifida phenotype was observed at later stages.

Effects of DHFR knockdown and overexpression on the
expressions of NKX2.5, MEF2C, TBX20, and TBX1
The results of in situ hybridization showed that in controls,
NKX2.5, MEF2C, and TBX20 were expressed in heart
primordia at 18 h.p.f. [Fig. SB(a—c)], and strong expres-
sions of these genes were observed in the entire heart at
48 h.p.f. [Fig. 5B(d—f)]. Compared with controls, the
expression of NKX2.5, MEF2C, and TBX20 in DHFR
MOIlI-injected embryos decreased in heart primordia at
18 h.p.f. (NKX2.5 13.3 + 1.5, MEF2C 16.7 + 2. 1, TBX20
15.3 + 2.5, n =20) [Fig. 5B(h—j)] and decreased in the
atrium and ventricle at 48 h.p.f. (NKX2.5 14.7 + 1.5,
MEF2C 157 +0.6, TBX20 163 +2.1, n=20)
[Fig. 5B(k—m)]. In controls at 60 h.p.f., the expression of
TBX1 was clearly visible in the OFT [Fig. 5B(g)].
Compared with controls, the expression of 7BX! in DHFR
MOlIl-injected embryos was reduced (12.7 + 1.2, n = 20)
[Fig. 5B(n)]. The results of real-time PCR also demon-
strated that in the DHFR MOIl-injected group, the expres-
sion of NKX2.5, MEF2C, and TBX20 decreased at 48 h.p.f.
in the heart. The expression of 7BX/ detected by real-time
PCR at 60 h.p.f. in the OFT was also lower than those in
the controls (Table 2).

Embryos microinjected with DHFR mRNA plus DHFR
MOII showed increased expressions of NKX2.5, MEF2C,
and 7BX20 in heart primordia (NKX2.5 11.3 +3.2,

MEF2C 11.7+2.1, TBX20 13.0+3.0, n=20)
[Fig. 5B(0o—q)] and in the heart (NKX2.5 12.3 + 0.1,
MEF2C 133+ 1.2, TBX20 113+12, n=20)

[Fig. 5B(r—t)] than embryos microinjected with DHFR

Table 2 Relative expression levels of genes detected by real-time PCR

Group Gene
NKX2.5 MEF2C TBX20 TBX1 shh ehh Foxa2 Picl
Con MO 1.00 +£0.10 123+1.15 0.73+0.15 055+0.10 1.03+025 120+0.10 125+4+0.13 147+0.15
DHFR MOII 0.42 + 0.06* 0.61 +0.08" 0.41 +0.10° 0.21 +0.04* 0.90 +0.1° 1.13 +0.13°> 1.27+0.25° 0.68 + 0.10°
DHFR MOIl +  0.63 +0.08° 0.83 +0.03° 0.67 +0.12° 042 +0.08° 1.01 + 0.1 1.08 +0.23% 1.15+0.05¢ 1.10 + 0.10°
DHFR mRNA

2P < 0.05, compared between Con MO-injected group and DHFR MOIl-injected group.
°P > 0.05, compared between Con MO-injected group and DHFR MOll-injected group.
°P < 0.05, compared between DHFR MOIl-injected group and DHFR MOII + DHFR mRNA-injected group.
4P > 0.05, compared between DHFR MOIll-injected group and DHFR MOIIl + DHFR mRNA-injected group.
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MOIL. Increased expression of 7BX/ in the OFT was also
observed (11.0 + 2.0, n = 20) [Fig. SB(u)]. The results of
real-time PCR confirmed that after being microinjected
with both DHFR mRNA and DHFR MOII, embryos had
increasing expressions of NKX2.5, MEF2C, TBX20, and
TBXI than those microinjected with DHFR MOII alone
(Table 2).

Effects of DHFR knockdown and overexpression

on the Hedgehog pathway

Shh (sonic hedgehog a) and ehh (indian hedgehog
homolog b) are two Hedgehog genes. Foxa2 (forkhead
box A2) and Ptcl (patched 1) are members of the
Hedgehog pathway, and are sensitive targets of Hedgehog
signaling. Whole-mount in situ hybridization analysis
showed that shh and ehh were expressed at the midline in
the early embryonic stages [Fig. SC(a,b)]. Expressions of
these two Hedgehog genes appeared to be normal in
DHFR MOlIl-injected embryos at 10 h.p.f. [Fig. 5C(g,h)].
In controls at 10 h.p.f., Foxa2 and Ptcl expressed in axes
[Fig. 5C(c—f)]. In DHFR MOIl-injected embryos, the
expression intensity of Foxa2 was not affected. But the
Foxa2 expression in the anterior axis of DHFR
MOIl-injected embryos was totally absent, and Foxa?2
expression in the posterior axis expanded to both sides
(13.3 + 1.5, n = 20) [Fig. 5C(i,j)]. The expression of Ptcl
(a sensitive target of Hedgehog signaling) was decreased in
DHFR MOll-injected embryos (14.7 + 2.5, n=20)
[Fig. 5C(k,)]. Compared with the group microinjected
with DHFR MOII alone, in the group microinjected with
DHFR mRNA plus DHFR MOII, the expressions of shh,
ehh, and Foxa2 showed no differences [Fig. SC(m—p)],
whereas the expression of Prcl was clearly increased
(16.3 + 2.1, n=20) [Fig. 5C(q,r)]. Foxa2 was expressed
in the anterior and posterior axis in embryos microinjected
with DHFR mRNA plus DHFR MOII (12.0 + 1.7, n = 20)
[Fig. 5C(o,p)].

The results of real-time PCR also demonstrated that
the expression of Ptcl decreased and the expressions of
shh, ehh, and Foxa2 were not significantly different at
12 h.p.f. in the DHFR MOIl-injected group compared with
those in the controls. In the DHFR MOIIl + DHFR
mRNA-injected group, the expression of Prc-1 was
increased compared with that in the DHFR MOIl-injected
group (Table 2).

Discussion

Fish has a two-chambered heart in which a single-loop cir-
culatory pattern takes blood from the heart to the gills and
then to the body. Mammals have a four-chambered heart,
with complete separation of both systemic and pulmonary
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circuits. Although the anatomy of hearts in fish and
mammals is different, the comparison between zebrafish
DHFR and that from other species (chicken, mice, human)
indicates conservation during evolution and the homology
of functional domains of DHFR are particularly high.
In addition, zebrafish offers several distinct advantages as
an embryological and genetic model system. Zebrafish
embryos are not completely dependent on a functional
cardiovascular system. Even in the total absence of blood
circulation, they receive enough oxygen by passive diffu-
sion to survive, thereby allowing a detailed analysis of
animals with severe cardiovascular defects. Therefore, zeb-
rafish was used in this study to investigate the roles of
DHFR in embryonic and cardiac developments.

DHFR is abundant in zebrafish embryos in the early
stages and decreases abruptly 3 days after fertilization. In
zebrafish, from 1 to 4 somites (10.33 h.p.f.) to long-pec
stage (48 h.p.f.), DHFR is expressed in the entire organ-
ism (in the neural plate, tail bud, central nervous system,
intermediate cell mass of mesoderm, optic tectum, retina,
pectoral fin musculature, heart, muscle, liver, spleen,
spinal cord, and pharyngeal arch, see http:/zfin.org, ZFIN
ID: ZDB-FIG-050630-6067, 128, 6110, 2433, 7081). In
this study, the blocked expression approach coupled with
overexpression experiments was used to investigate the
function of DHFR. The MOs was used to block the trans-
lation of DHFR mRNA followed by knockdown of
DHFR. MOs have been investigated in many studies as
an effective means to inhibit gene function in embryos.
The evidence suggests that MOs provide a relatively
simple, promising approach and rapid method to study
gene function in vivo. The MOs used to knock down
DHFR in this study were designed and synthesized by
Gene Tools. They can effectively stop DHFR translation.
The co-injection of MOs with DHFR—GFP construct
demonstrated that DHFR MOs inhibited the production of
the DHFR—-GFP fusion protein, indicating that DHFR
MOs could efficiently knock down the DHFR.

The DHFR knockdown embryos showed disrupted
epibolic movements and abnormal AP development at
10 h.p.f., and the overall malformations appeared with
embryonic maturity. DHFR overexpression could rescue
these malformations. These results indicated that DHFR
had an important role in embryonic development in the
very early stages. The phenotypes of DHFR knockdown
embryos in early stages were described in detail and were
expected to provide important clues to further investiga-
tions about how DHFR takes part in the early embryonic
development.

DHFR is essential for the metabolism and growth of
cells. DHFR inhibition may result in DNA instability and
the reduced cell proliferation. We detected apoptosis and
cell proliferation using TUNEL assay, which is a method
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for detecting DNA breakage by labeling the terminal end
of nucleic acids, and immunohistochemistry with the PH3
antibody staining protocol. Histone H3 (mitosis marker) is
specific for phosphorylated histone H3 (17 kDa) and has
been reported to detect mitotic cells in Caenorhabditis
elegans and Drosophila embryos by immunohistochemis-
try. In this study, reduced cell proliferation and excessive
apoptosis were detected in DHFR knockdown embryos at
the early stages of development. Overexpressing DHFR
mRNA alone was performed and the increased proliferation
was detected, which support the conclusion that DHFR can
promote proliferation.

Multiple malformations of the heart and OFT were gen-
erated in DHFR knockdown embryos. The ventricle and
atrium had abnormal morphogenesis and an abnormal pos-
ition, the abnormal heart had weak systole, and heart rate
and VSF were clearly reduced. The abnormal OFT was
also detected by wusing fluorescent microangiography.
Zebrafish VMHC stands for the ventricular myosin heavy
chain gene, and AMHC stands for the atrium myosin heavy
chain gene; both genes have important roles in the differen-
tiation and function of ventricular and auricular myocardio-
cytes [19]. VMHC and AMHC were used as the specific
markers to label the ventricle and atrium. In DHFR knock-
down embryos, although the expressions of VMHC and
AMHC appeared normal, the results of VMHC + AMHC in
situ hybridization showed delayed development of the
heart, cardiac dystopia to the right side, and abnormal
cardiac looping. These abnormal developments became
progressively more severe with increasing doses of DHFR
MOs. DHFR overexpression rescued the abnormal cardiac
phenotypes of DHFR knockdown embryos. These results
demonstrated that DHFR had important roles in the heart
and OFT developments. To further investigate DHFR func-
tions during the developmental process of the heart and
OFT, the expression of genes which are important for
cardiac development or participate in the Hedgehog
pathway were detected by in situ hybridization and
real-time PCR.

NKX2.5 is the conserved transcription factor and a
central component of the transcription factor network that
guides cardiac development [12,20] and is essential for
normal heart morphogenesis, myogenesis, and function
[21]. Mutations of NKX2.5 are associated with congenital
heart diseases in humans [22]. MEF2C belongs to the
MEF2 family, which is the muscle-enriched transcription
factor that bounds to an A/T-rich DNA sequence in the
control regions of numerous muscle-specific genes and is
essential for differentiation of cardiac muscle [13,23].
MEF2 dysfunction causes dilated cardiomyopathy, length-
ening of myocytes, and disrupted regulation of cardiac
energy metabolism during cardiac development. 7BX/ and
TBX20 are members of the T-box family of transcriptional

regulators, and have been implicated in the regulation of
heart development in several vertebrate species. 7BX]/ is
the major gene underlying del22q11.2 or the DiGeorge
syndrome in humans. It is required for the formation of
OFT and is also necessary for asymmetric cardiac morpho-
genesis [14,24-26]. Loss of TBX20 results in defects in
heart formation, including OFT hypoplasia and decreased
expression of NKX2.5 and MEF2C [15,27,28]. In zebrafish,
the earliest expression of NKX2.5 in heart primordia was
detected at one to four somites (10.33 h.p.f.) (http:/zfin.
org, ZFIN ID: ZDB-FIG-090218-993). MEF2C and TBX20
were first expressed in the heart primordial at 14—19
somites (16 h.p.f) (http:/zfin.org, ZFIN ID:
ZDB-FIG-060710-739, ZDB-FIG-050630—-7479) which
was later than NKX2.5. By 51 h.p.f.,, TBXI expression
could be seen in cardiac OFT. NKX2.5 therefore partici-
pates in the early stage, MEF2C and TBX20 are involved
in the middle stage, and 7BX! take part in the later period
of cardiac development.

The Hedgehog pathway is crucial for normal OFT de-
velopment [16,29]. In the absence of Shh, the cardiac
phenotype results from arch artery and OFT patterning
defects [30]. Hedgehog signaling is also required for the
induction of left-side determinants. Left—right asymmetry
of the heart and visceral organs in vertebrates is regu-
lated by the Hedgehog pathway. In the mouse embryo,
the Hedgehog pathway is required to prevent left deter-
minants from being expressed on the right. In zebrafish,
Hedgehog signals influence the development of multiple
organ asymmetries [31].

Due to the central roles of NKX2.5, MEF2C, TBXI,
TBX20, and the Hedgehog pathway in heart formation,
OFT development and left—right asymmetry of heart, the
expressional levels of these genes were detected in DHFR
knockdown embryos. We found that in DHFR knockdown
embryos, decreased expression of NKX2.5, MEF2C, TBXI,
TBX20, and Ptc-1 was detected.

To prove that DHFR has positive effects on the expres-
sion of NKX2.5, MEF2C, TBXI1, TBX20, and Ptc-1, and to
confirm that DHFR can promote cell proliferation and
inhibit apoptosis, the DHFR overexpression experiment
was designed. DHFR—GFP mRNA was synthesized
in vitro. The strong green fluorescence, observed in the
DHFR—GFP mRNA-injected group, indicated that the
expressions of DHFR and GFP in vivo. DHFR mRNA was
synthesized and microinjected with the same technologies.
In the DHFR mRNA-injected group, the expression of
DHFR which was detected by in situ hybridization was
increased. The above results confirmed the success of
DHFR overexpression. Our results revealed that in DHFR
knockdown embryos, DHFR overexpression partly reduced
the expressions of NKX2.5, MEF2C, TBXI, TBX20 and
Ptc-1, and improved the expression of Foxa2. We also
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found that DHFR overexpression accelerated proliferation
and reduced apoptosis. These results indicated that DHFR
not only had a positive effect on the expressions of
NKX2.5, MEF2C, TBX1, TBX20, and Ptc-1, but could also
promote cell proliferation and inhibit apoptosis.

Altogether, DHFR played crucial roles in the early
embryonic development and the formation of heart and
OFT, and could affect the expression of NKX2.5, MEF2C,
TBX20, and TBXI. DHFR was also important for
Hedgehog signaling, cell proliferation, and apoptosis.

Although this study provided some clues for the further
investigation on the function of DHFR in embryonic and
cardiac development, in light that the very significant ab-
normal formation of epiboly and body axis were observed
at early stages, whether these events could be primary and
cardiac malformations be secondary injury needs further
study.
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