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Abstract
Wolf–Hirschhorn syndrome candidate 1 (WHSC1) is a histone 3 lysine 36 (H3K36) specific methyltransferase that
is frequently deleted in Wolf–Hirschhorn syndrome (WHS). Whsc1 is also found mutated in a subgroup of B-cell
derived malignant diseases by genomic translocation or point mutation, both of which resulted in hyperactivity of
WHSC1 mediated H3K36 methylation and uncontrolled cell proliferation, suggesting that whsc1 functions as an
oncogene. However, here we provided evidences to show that whsc1 also has tumor suppressor functions. We
used zebrafish as an in vivo model and generated homozygous whsc1 mutant lines via clustered regularly
interspaced short palindromic repeats-associated protein Cas9 (CRISPR/Cas9) technology. Then western-blot (WB)
and immunofluorescence (IF) were performed to analysis the expression level of H3K36Me2 and H3K36Me3, and
we identified the diseased tissue via hematoxylin–eosin (HE) staining, IF staining or immunohistochemistry (IHC).
Whsc1 lose-of-function led to significant decrease in di- and tri-methylation of H3K36. A series of WHS related
phenotypes were found in whsc1−/− zebrafish, including growth retardation, neural development defects and
heart failure. In addition, loss of function of whsc1 led to defects in the development of swim bladder, possibly
through the dis-regulation of key genes in swim bladder organogenesis and inhibition of progenitor cell
differentiation, which was correlated with its expression in this organ during embryonic development. At later
stage, these whsc1−/− zebrafishes are inclined to grow tumors in the swim bladder. Our work suggested that
whsc1 may function as a tumor suppressor by governing progenitor cell differentiation.
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Introduction
Epigenetics encompasses a wide range of heritable changes in gene
expression without any alteration in DNA sequence, which includes
DNA methylation, histone modification, nucleosome positioning etc
[1,2]. As the core components of nucleosome, histone proteins are
subject to post-transcriptional covalent modifications which happen
on specific residues at both their globular domains and unstructured
N-terminal tails, including methylation, acetylation, ubiquitylation,
sumoylation and phosphorylation. These histone modifications
regulate a wide range of processes, including RNA transcription,
DNA repair [3,4], DNA replication [5] and chromosome conden-
sation [6].

WHSC1, also known as multiple myeloma SET protein (MMSET) or
nuclear receptor-binding SET domain-protein 2 (NSD2), is a SET domain
histone methyltransferase, responsible for the methylation of H3K36.
WHSC1protein contains proline-tryptophan-tryptophan-proline (PWWP),
high-mobility group (HMG box) and plant homeodomain (PHD)
domains [7]. In human, WHS is characterized by a number of key
features, including prominent forehead with widely spaced eyes,
strabismus, mental retardation and growth retardation, andwhsc1 is the
only gene deleted in all the described cases and thus is believed to be
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responsible formajor phenotypes of this syndrome [8–10]. In consistent
with this notion, whsc1−/− mice showed growth retardation and
congenital cardiovascular defects [7]. Whsc1 is also found mutated by
genomic translocation or by point mutation in a subgroup of B-cell
derived malignancies [11–13]. Through translocation, whsc1 gene is
linked with strong B-cell specific enhancers from IgH locus which
results in WHSC1 overexpression. Point mutation at amino acid 1099
(E1099K) inWHSC1 enhances its methyltransferase activity and leads
to altered global H3K36 methylation [14].
Hyperactivated WHSC1 has been shown to promote cell-cycle

progression, clonogenicity and tumorigenesis in B-cell melanoma and
leukemia, suggesting that whsc1 functions as an oncogene [15].
Recently,WHSC1 has been found highly expressed and correlated with
poor outcomes in a large variety of human solid tumors [16]. Like in
malignant B-cells, overexpression of WHSC1 protein was demonstrat-
ed to be responsible for cell survival and proliferation in cells from solid
tumors [17]. Thus these data suggested that whsc1 functions as an
oncogene and thus is a potential target for cancer therapy.
In this study, we used zebrafish as an in vivo model to study the

function of whsc1. We used CRISPR/Cas9 system to introduce indel
mutations in whsc1 gene and disrupt its function. We identified two
independent frame-shift lines, both of which exhibited several features
of WHS. We found that a large number of whsc1−/− fishes failed to
develop functional swim bladder, a homologue organ to mammalian
lung, possibly due to the disability of progenitor cell differentiation,
which is correlated with its high expression in this organ. At junior and
adult stages, whsc1−/− zebrafishes are inclined to grow tumors from
swim bladder. Thus, our work suggested that whsc1 may function as a
tumor suppressor by governing cell differentiation.

Materials and Methods

Zebrafish Care
All the zebrafishes used in our experiment were AB line.

Zebrafishes were raised and maintained according to Kimmel et al.
[18]. Embryos were cultured in tank at 28.5 °C, and water was
carefully changed every three days. Adult zebrafishes were maintained
in the tank with an automatic fish housing system (ESEN). 3–5
months old healthy-female and male fishes, which were separately
maintained, were chosen for mating once a week. The embryos used
for observing were treated with PTU before 48 h (hour).

Cas9 Target Site Design and Cas9/sgRNA Synthesis
An online tool ZIFIT Targeter (http://zifit.partners.org/zifit/

Introduction.aspx) was used to design the CRISPR/Cas9 targeting
sites, and the restriction endonuclease cleavage sites were analyzed by
an online tool NEBcutter 2.0 (http://nc2.neb.com/NEBcutter2/).
sgRNA templates were generated from pT7-gRNA vector via PCR
using primers NSD2-cas1F and gRNA-R(Table 1). Cas9 expression
vector pCS2-Cas9 was linearized with NotI digestion. Cas9 mRNA
and sgRNA were transcribed using the mMESSAGE mMACHINE
T7 ULTRA kit and MEGAshortscript™ T7 Transcription Kit
respectively (Ambion). RNAs were purified by LiCl precipitation
and re-dissolved in RNase-free water. The RNA quality and
concentration were analyzed by electrophoresis and nucleic acid
spectrometer, respectively.

Microinjection of Zebrafish Embryos
One-cell stage embryos were collected for microinjection by using

an electronically regulated air-pressure micro-injector (Harvard
Apparatus, NY, PL1–90). Cas9 mRNA (~50 pg) and sgRNA
(~100 pg) were co-injected into embryos at one-cell stage.

DNA Isolation and Mutant Analysis
Genomic DNA was extracted by using the alkaline lysis method. In

brief, 48 h zebrafish larvae (about 5) or tail fins cut from adult fishes
were collected into PCR tubes, treated with 30 μl alkaline lysis buffer
(50 mM NaOH) at 95 °C for 10 min, then 1/10 volume
neutralization buffer (1 M Tris–HCl, pH 8.0) was added to
neutralize the alkaline. The target site was amplified with NSD2-F
and NSD2-R primers (Table 1), and then was analyzed with
restriction enzyme digestion and Sanger sequencing.

Screening of Homozygous Mutant Zebrafish Lines
The F0 zebrafishes injected with Cas9/sgRNA were outcrossed

with wild-type ones, presence of germ line transmitted indels was
performed as described above. F1 fishes were raised to adult for indels
screening. The heterozygous F1 zebrafishes with the same mutations
were selected to mate, and the F2 embryos were raised to adult for
screening homozygous mutant zebrafishes.

mRNA Isolation and Real-Time PCR(RT-PCR) Analysis
Total RNA was extracted from zebrafish embryos using TRIzol

reagent (Invitrogen) and cDNA was synthesized using PrimeScript™
RT reagent Kit with gDNA Eraser (Takara). RT-PCR was performed
with SsoAdvanced SYBR Green Supermix (Bio-Rad) by using a
Bio-Rad CFX96 Real-Time system(primers were listed in Table 1).

Western Blots
Approximately 30 embryos at 48 hpf (hour post fertilization) were

lysed in RIPA (Beyotime Institute of Biotechnology, China) in the
presence of cocktail inibitor (Invitrogen). The lysate was sonicated for
10 rounds of 3 seconds at 50% power, then the samples were mixed
with 5× Laemmli sample buffer and boiled for 5 minutes. WB was
carried out according to standard procedure using following antibodies:
H3K36Me2 (Abcam), H3K36Me3 (Abcam), H3 (Protech) and
β-actin (Protech).

Histology Analysis
Euthanized fishes were fixed with 4% paraformaldehyde overnight

at room temperature. For younger zebrafishes (less than 1 month old),
the fixed samples were washed in water for 2 h, followed by
dehydration in gradient alcohol 70% (2× 20 minutes), 80% (30
minutes), 95% (2× 20 minutes), 100% (2× 30 minutes), and xylene
(30 minutes), Paraffin I (30 minutes), Paraffin II (30 minutes),
Paraffins III (15 minutes), then the samples were embedded in fresh
paraffin. For zebrafishes older than 1 month, the fixed samples were
decalcified by EDTA for at least two weeks and washed in water
overnight. Embedded samples were sectioned (5 μm) transversally or
sagittally. After deparaffinized and rehydrated, the slides were used for
hematoxylin–eosin staining (HE) or immune-staining.

Immunofluorescence
Embryos or slides were washed with PBS for 3 times, each time 10

minutes, and blocked with blocking buffer (PBS containing 0.5%
triton-100 and 10% goat serum) for 1 h at room temperature. Next,
the samples were incubated with diluted primary antibody in PBST
plus 1% goat serum overnight at 4 °C with gentle agitation. Then
samples were washed with PBST for 3 times and were treated with
diluted secondary antibodies for 2 h at room temperature. After
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washing, samples were treated with DAPI solution and were viewed
under a fluorescence microscope (Leica Mikrosysteme Vertrieb
GmbH, Bensheim, Germany).

Whole Mount in Situ Hybridization(WISH)
Antisense probes for whsc1, fbp2, ctgfa was in vitro transcribed with

a DIG labeling kit in the presence of digoxigenin (Roche). Template
for in vitro transcription was amplified with specific primers
(HyNSD2-F, HyNSD2-R, Hyfbp2-F, Hyfbp2-R, Hyctgfa-F and
Hyctgfa-R in Table 1). WISH were performed aspreviously described
[19]. Hybridized transcripts were recognized in situ with antidigox-
igenin antibodies and visualized with NBT/BCIP solutions. Then the
embryos were imaged under a microscope (Leica) with an attached
camera.

Results

Generation of whsc1 Null Zebrafish by Using CRISPR/Cas9
To study the function of whsc1 during the development of

zebrafish, we used CRISPR/Cas9 technology to generate whsc1
knockout zebrafish. We first analyzed the genomic sequence of
zebrafish whsc1, and designed a Cas9 sgRNA targeting the second
PWWP domain of WHSC1, which is a conserved region and found
in all vertebrate WHSC1 proteins (Figure 1, A and B). The whsc1
sgRNA and Cas9 mRNA were co-injected into the one-cell stage of
zebrafish zygote, resulting in about 50% indels in its target site, as
evidenced by restriction enzyme digestion analysis (data not shown).
The injected embryos were raised to adulthood and screened for the
Table 1. Primers Used in the Article

Primer name Seqeuence (5′-3′)

RT-NSD2-F CCCACCAACCACGCAAATA
RT-NSD2-R AACGCTTCCCTGATCAGACA
HyNSD2-F TGCAGAAGCAGAATCAGACAC
HyNSD2-R CAGTTCAAGAACGCACTACACAC
NSD2-cas1F TAATACGACTCACTATAGGAAGCA

AGTACCAGCAGACGTTTTAGAGC
TAGAAATAGC

gRNA-R GTGGCACCGAGTCGGTGCTTTTT
NSD2-F CTGCAGAGATCCGTCATCCC
NSD2-R TTCGTGAGCCTCTTTTGCCT
RT-tcf3a-F TGACAGAAATGACTCCGGCT
RT-tcf3a-R GCATCAGAAGCTGCGATGTT
RT-tcf3b-F ACCAGGCCGTCAATGTCATA
RT-tcf3b-R AGGTCACTTCTTCCAGGAGC
RT-fz2-F CCTGCTGCTGTTTCAACTGT
RT-fz2-R GAAAAGCAAGTCTGGGGAGC
RT-fz7b-F ACTTTGCACCAATGACACCC
RT-fz7b-R CGTTGTTTCCCCTTGGTTGT
RT-hoxc6a-F CAGAAGAAGAGGTCGCCAGA
RT-hoxc6a-R TTCCATTTCATGCGCCGATT
RT-hoxc8a-F GGGCAATGAAGACGGTGAAG
RT-hoxc8a-R ATTGGCGCGTCTTCTCTTTC
RT-lef1-F TCCTCTGGGTTGGTTCTCAC
RT-lef1-R CTCCTGCTCCTTTCTCTGCT
RT-Sox2-F GCATGTCCTATTCGCAGCAA
RT-Sox2-R CGCTCTGGTAATGTTGGGAC
RT-Wnt5b-F CTCGTGCAGCTTGAAAACCT
RT-Wnt5b-R ACCAGATCTTCACCTGTCGG
RT-Hoxc4a-F GCACCGTCAACTCTAGTTACAATG
RT-Hoxc4a-R GTTTGGCAGCCTATGGTCTTT
Hyfbp2-F AGTGTCTGTCTTTGGAGCTGG
Hyfbp2-R CAGAGACCATCGACCCAACA
Hyctgfa-F GCCACTTGTGTGTTTGGTGG
Hyctgfa-R ATCAGTGACATTGGGCGTCA
presence of germ-line transmitted whsc1 mutation. Briefly, they were
out-crossed with wild-type fishes and the offsprings were genotyped
by PCR, restrict digestion and DNA sequencing. Three independent
adult F0 zebrafishes were identified that harbor germ-line transmitted
whsc1 mutation. Among these F1 fishes, two lines were kept for
further research, with one harboring 2 bp deletion in exon 15
(referred as whsc1M1) and the other harboring 38 bp deletion within
the border of exon 15 and intron 15 (referred as whsc1M2) (Figure 1,
C and D).

As WHSC1 is a H3K36-specific methyltransferase,we then
performed WB to determine if the levels of H3K36Me2 and
H3K36Me3 were reduced in the two mutation lines. As shown in
Figure 1E, level of H3K36Me2 was significantly reduced in both
whsc1 homozygous lines, and H3K36Me3 was slightly reduced.
The reduced H3K36Me2 expression was further confirmed by
immunofluorescence staining (Figure 1F). These results suggested
that whsc1 is critical for bi-methylation of H3K36 during embryonic
development, which is consistent with previous observations in
mammals, and demonstrated that whsc1 has been knocked out
successfully.

whsc1−/− Zebrafish Displayed Phenotypes Similar to WHS
Whsc1−/− embryos did not show any obvious developmental

defects before the 20-somites stage. However, at the stage of
25-somites to 30 h, the diencephalic ventricle in whsc1−/− zebrafish
was apparently larger than that in wild-type embryos. Zebrafish
diencephalic ventricle is a homologue of mammalian third ventricle,
enlargement of which is frequently observed in WHS patients [20]
(Figure 2A). Compared to age-matched wild-type embryos, whsc1−/−

embryos showed reduced body length and less pigmentation (Figure 3A),
suggesting that whsc1mutation caused developmental delay, one of the
key features of WHS. After hatching, whsc1−/− larvae showed obvious
movement disorder. When stimulated by beating the fish tank,
wild-type larvae responded quickly and swam away from the beating
point, while most of whsc1−/− larvae preferred to stay at the bottom of
the tank (data not shown). Therefore, we speculated that whsc1
loss-of-function might affect the development of neural system. We
out-crossedwhsc1−/− zebrafish with Hb9-GFP transgenic zebrafish that
express GFP in motor neurons. We found that whsc1mutation did not
affect the differentiation ofmotor neurons because allwhsc1−/− embryos
express GFP signal in their spinal cord. However, the number of motor
neurons was significantly reduced in whsc1−/− embryos. And the
out-growth ofmotor neuron axons were slightly delayed (Figure 2B). At
adult stage, a portion of (Figure 2E) whsc1−/− zebrafishes showed
significantly enlarged pericardiums (Figure 2C), which was accompa-
nied by ventricular dilatation and loss of cardiac muscle (Figure 2D).
These phenotypes were comparable to WHS.

whsc1−/− Affected the Development of Zebrafish Swim Bladder
In addition to these phenotypes, we also observed that a large

portion of whsc1−/− embryos had defects in their swim bladder
(Figure 3B). In wild-type zebrafishes, swim bladder began to inflate at
about 4 dpf (day post fertilization), as shown in Figure 3B, 47.2%
(58/123) wild-type larvae showed inflated swim bladder, while no
obvious inflation in whsc1−/− larvae. At 6 and 7 dpf, 95.9% of
wild-type zebrafishes showed inflated swim bladder, while only 20%
M1 larvae (n = 125) and 74.2% M2 larvae (n = 132) showed
apparent inflation, but much smaller than wild-type larvae. And the
bladder of the mutant larvae without any inflation in the early 7 days



Figure 1. Generation ofwhsc1mutant zebrafish with Crispr/Cas9 technology. (A) A diagram showing the structure of WHSC1 protein. (B)
design of sgRNA against whsc1 gene. This sgRNA site targets the 15th exon. Target sequence was shown with blue letters, and PAM
region was shown in red. Green box marked the reorganization site of BSTX1 enzyme that lies within sgRNA target site, loss of which
indicated the presence of indels. (C) Restriction enzyme analysis of the presence of indel mutations in two independent mutant lines. (D)
Sanger sequencing results of thewhsc1mutant lines. Arrows indicated the locations of indels. (E) WB analysis of the levels of H3K36Me2
and H3K36Me3 in whsc1 wild-type and mutant embryos. (F) Immunofluorescence analysis of H3K36Me2 level in whsc1 wild-type and
mutant embryos. Photos of wildytpe and whsc1 mutant embryos were taken under same exposure time.
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couldn’t inflate anymore and most of them died out in the following
two weeks.
To characterize the swim bladder of whsc1−/− larvae, we performed

tissue section and whole-mount in situ hybridization (WISH)
analyses. Tissue section analysis showed that the swim bladders of 4
dpf and 5 dpf wild-type larvae were formed with three layers, which
were the outer mesothelium, the mesenchymal smooth muscle layer
and inner epithelial layer (Figure 3C). However, the bladders of
mutation larvae lost the normal three-layer structure and developed
into a cell mass with increased cellularity. Cells within the bladder
showed abnormal shape with increased cytoplasmic content,
indicating that cell differentiation and arrangement were defective.
WISH analysis with two early swim bladder markers, fbp2 and ctgfa,
showed that whsc1 mutation did not affect both genes, suggesting
that differentiation of endoderm into swim bladder progenitors is not
affected in whsc1−/− larvae (Figure 3D). And the immunofluorescence
analysis showed that the expression level of H3K36Me2 in mutant
larvae was lower than that in wild-type ones. These results indicated
that whsc1 is responsible for further differentiation of swim bladder
progenitor cells into terminally differentiated functional cells.

Expression of whsc1 mRNA
To investigate the whsc1 expression pattern during early embryonic

development, embryos at different stages were collected for RT-PCR
and WISH analysis. As shown in Figure 4A, whsc1 mRNA was
detected by RT-PCR in all stages studied, suggesting that it is
expressed both maternally and zygotically during zebrafish embryonic
development. WISH analysis (Figure 4B) revealed that whsc1 mRNA
was ubiquitously distributed at blastula and gastrula stages. At 20
somites stage to pharyngulation stage (36 hpf), whsc1 mRNA was
mainly detected in neural tissue. Then, at 48 hpf, its level in neural
tissue became very weak. At 72 and 96 hpf, whsc1mRNA was mainly
observed in endoderm derived tissues, such as the swim bladder and
gut. To confirm the expression domain of whsc1 in swim bladder, we
stained two additional swim bladder markers, fbp2 and ctgfa, in
parallel (Figure 4C). These results suggested that the expression



Figure 2. WHS related phenotypes in whsc1−/− zebrafish. (A) Brain morphology in whsc1−/− and wild-type embryos. Arrow heads point
to the diencephalic ventricle (homologue of mammalian third ventricle). (B) Motor neuron development in whsc1−/− and wild-type
embryos. Note that the number of motor neurons in whsc1−/− mutant larva was significantly less than that in wild-type ones. (C)
whsc1−/− adult zebrafish showed heart enlargement. (D) Tissue section analysis of the heart of wild-type or mutant adult fishes. Arrows
point to the hearts. (E) Statistics of heart enlargement in these two mutation lines.
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pattern of whsc1 was highly correlated with its developmental
function.

Swim Bladder of whsc1−/− Zebrafish Grew Tumors
At 1 month old, a portion of whsc1−/− zebrafishes grew

abnormal swells in their abdomen and eventually led to anabrosis in
their skins, while no such swells were found in wild-type fishes
(Figure 5, A and B). To determine if these swells were indeed tumors,
we performed tissue section analysis on a panel of fishes with swells
and anabrosis. Histologically, these swells were composed of cells that
showed key features of tumor cells such as condensed chromatins, and
prominent nucleoli. And these cells showed significant invasiveness
(Figure 5C; Supplementary Figure S1). We further analyzed a panel
of adult fishes by tissue section and found 18.2% of them (n = 11)
grow tumors. Continuous sections revealed that those tumor cells
were originated from swim bladder, which showed abnormal
morphology, and were not occupied with air, but with tumor cells
and extra-cellular matrix (Figure 5D).

IHC staining revealed that these tumor cells were E-cadherin
positive, suggesting that they were originated from epithelial cells
(Figure 6A). We also stained the tumors with swim bladder specific
markers, fbp2 and ctgfa, and found tumor cells were fbp2 positive but
ctgfa negative (Figure 6A). Importantly, these tumor cells showed
strong staining of proliferating cell nuclear antigen (PCNA), which is
a specific marker of proliferating cells (Figure 6B). Taken together,
these data demonstrated that the swells found in whsc1−/− zebrafishes
were indeed tumors.

whsc1−/− Zebrafish Exhibited Abnormal Expression of Genes
Involved in Swim Bladder Formation

To further investigate the molecular mechanism of swim bladder
defects, we examined if the whsc1 loss-of-function could affect the
expression of genes that are critical for swim bladder development. By
using quantitative-PCR(qPCR), we analyzed the expression of a panel
of genes that are essential for foregut differentiation and early swim
bladder formation, including fz2, fz7b, lef1, sox2, tcf3a, tcf3b,
wnt5b, hoxc4a, hoxc6a and hoxc8a [21,22]. We found that the
expression of tcf3b, a key suppressor of wnt signaling pathway, was
dramatically increased in whsc1−/− zebrafishes at 48 hpf. The
expression of fz2, hoxc6a, tcf3b and wnt5b was much higher in
whsc1−/− zebrafishes than that in wild-type ones (Figure 7).
Coincidently, abnormal expression of hoxc6a [23–25] and wnt5b
[26–28] have been shown to be related with cancers.

Discussion
Histone methylation is one of the major epigenetic mechanisms that
occurs at specific amino acids of the histone proteins [29,30]. It plays
fundamental roles in gene regulation and cell differentiation by



Figure 3. whsc1−/− zebrafishes had developmental defects in swim bladder. (A) In the early development, compared to age-matched
wild-type embryos, whsc1−/− embryos showed reduced body length and less pigmentation. (B) The left part shows that swim bladder
inflation defects in whsc1−/− zebrafish. Arrow heads point to the swim bladders. Note that wild-type larva had already inflation, while
whsc1−/− larva had not, suggesting their swim bladders were either developed abnormally or not functional. And the right part is the
statistics of inflation of swim bladder inwhsc1−/− zebrafish and wild-type zebrafish. (C) HE staining and immunofluorescence analysis of
the swim bladder inwhsc1−/− zebrafish andwild-type zebrafish at 4 dpf and 5 dpf. Arrow heads pointed to the bladder and arrows pointed
to the gut. In the HE staining of zebrafish larvae at 4 and 5 dpf (left andmiddle panels), bladders in wild-type larvae had formed a three layer
structure that was filled with air. However, bladders in whsc1 mutants were still cell masses and failed to develop three layers.
Immunofluorescence staining of the H3K36me2 revealed that whsc1−/− larvae expressed significantly lower level of H3K36me2 than
wild-type larvae did. (D) WISH analysis of swim bladder markers fbp2 and ctgfa in whsc1−/− zebrafish and wild-type zebrafish at 4 dpf.
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forming synergistic signaling platforms within specific genomic loci,
which are recognized by specific receptors, regulating transcription
and chromatin remodeling [31]. Depending on which amino acids in
the histone is modified and how many methyl groups are added,
histone methylation can either increase or decrease the transcription
of target genes [32,33]. Several histone methyltranferases were found
mutated in inherited diseases. For example, whsc1, encoding a protein
in charge of H3K36 methylation, had been found deleted in all cases
of WHS. Whsc1, also named nsd2, belongs to NSD family that
includes nsd1, nsd2 and nsd3. Mutations in nsd1 are related to
another inherited disease, Sotos syndrome. WHSC1 protein mainly
catalyzes bi-methylation of H3K36, which is usually associated with
actively transcribed regions and has been proposed to provide
landmarks for continuing transcription. We showed that zebrafishes
with whsc1 mutation developed several key features of WHS,
including growth retardation, motor neuron proliferation and heart
failure. Together with the observations in mice, our data confirmed
that deletion of whsc1 gene is the major cause of WHS. Besides these
phenotypes, we noticed that a large number of whsc1−/− fishes failed
to develop functional swim bladder, a homologue organ to mammalian
lung. In agreement with this, we detected high level ofwhsc1 expression
in swim bladder, especially in the anterior part. Defective swim bladder
development is also observed in other zebrafish mutants, which were
concluded to be secondary to developmental delay or other phenotypes.
As mentioned above, whsc1−/− embryos had obvious developmental
delay characterized by less pigmentation and reduced body length,



Figure 4.whsc1 expression pattern during early embryonic development. (A) Quantitative PCR analysis ofwhsc1mRNA levels in embryos
at various developmental stages. Relative ratio (fold changes) obtained from 1-cell stage embryos was set to 1. (B) Whole mount in situ
hybridization analysis of whsc1 mRNA expression pattern in embryos at various developmental stages. B1-B2 were lateral view; B3-B4
were lateral view with dorsal to the right; B7, B9, B11 and B16 were dorsal view with head to the left; the rest were lateral view with head
to the left. Note thatwhsc1was expressed specifically in the swim bladder and gut (B14–15). Arrowheads point to the bladder and arrows
point to the gut. (C) WISH analysis of swim bladder markers fbp2 and ctgfa. C1–2 and C4–5 were shown in lateral view with head to the
left; C3 and C6 were shown in dorsal view with head to the left.
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therefore developmental delay may in part responsible for the swim
bladder phenotypes in whsc1 mutant.

At junior and adult stage, whsc1−/− fishes are inclined to develop
tumors, which were demonstrated to be originated from their swim
bladders. It is not surprising that mutations in epigenetic factors lead
to tumorigenesis, because epigenetic mechanisms had long been
recognized as fundamental driving force during genesis and
progression of cancer cells. Accumulating evidences showed that the



Figure 5. whsc1 mutant zebrafish developed swim bladder lesions. (A) One-month-old whsc1−/− zebrafishes developed skin lesions.
Arrow pointed to the lesion. (B) The Statistics of wild-type and whsc1 mutant fishes with lesions. (C) HE staining of swim bladder in
one-month-old wild-type and whsc1 mutant zebrafishes (cross-section). Tissues were serially sectioned from head to tail, and sections
containing swim bladders (wild-type fishes) or skin lesions (mutant fishes) were HE stained for analysis. (D) HE analysis of swim bladder in
three-month-old zebrafish (vertical section). Note that wild-type fish had normal and functional swim bladder, while whsc1mutant fishes
had no obvious swim bladder. The position of swim bladder in whsc1 mutant was occupied with cell masses that seemed to have no cell
polarity.
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malignant transformation of normal cells requires an extensive
epigenomic reconfiguration [34–36]. Being one of the major
epigenetic mechanisms, histone modifications were often found
dysregulated in cancer cells, which led to uncontrolled gene
expression and cell proliferation. In prostate and ovarian tumors, a
decreased expression of H3K9 acetylation (H3K9Ac) was correlated
with high histological grading and poor clinical outcomes [37–39].
However, in hepatocellular carcinomas and gastric adenocarcinoma,
an increase in H3K9Ac levels and decrease in H3K9Me3 were
associated with poor prognosis, suggesting that uncontrolled levels of
histone modifications can either promote or inhibit cancerous
phenotypes depending on specific tissues [40].

Abnormal histone modifications were resulted from either
mutation or mis-expression of histone modifiers or their regulators.
Whsc1 is frequently overexpressed in many solid tumors in
comparison to the corresponding normal tissues. In addition, in
several subtypes of B-cell derived lymphoma and leukemia, whsc1 is
mutated by genome translocation or point mutation, leading to
WHSC1 hyper-activation [12,41,42]. Both of these conditions led to
up-regulation of H3K36 methylation and uncontrolled expression of



Figure 6. IHC staining of the zebrafish swim bladder tumor. (A) IHC staining of E-cadherin, fbp2 and ctgfa in tumor tissues of whsc1
mutant zebrafishes. (B) IHC staining of the PCNA expression in normal zebrafish swim bladder and tumor tissues ofwhsc1mutant fishes.
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downstream target genes. In vivo experiments, artificial overexpres-
sion or knock down of whsc1 could reduce malignant phenotypes.
These data suggested that WHSC1 is an oncoprotein, at least in
certain types of malignant cells. However, our work showed that
fishes with whsc1 loss-of-function are inclined to grow tumor from
swim bladder. We showed that whsc1 loss-of-function caused
significant reduction in the levels of bi- and tri-methylation of
H3K36 and led to developmental defects of swim bladder, which was
possibly due to differentiation defects of progenitor cells. It is well
known that disability of progenitor cell to differentiate is one of the
most common driving forces in tumorigenesis [43–51]. A good
example is the acute promyeloid leukemia, in which PML/RARα
fusion protein generated by genome translocation (t15:17) signifi-
cantly inhibits promyelocytes from differentiating past the promye-
loid stage and leads to uncontrolled proliferation of leukemia cells
[51]. Thus, based on our observations, it is reasonable to propose that
whsc1 can also function as a tumor suppressor in certain conditions by
permitting cell differentiations. In agreement with these results, we
also found whsc1 is recurrently mutated in human lung adenocar-
cinomas through analyzing Cancer Cell Line Encyclopedia (CCLE)
database (n = 67, Supplemental Figure S2).

Conclusion
In summary, we created a whsc1 knockout zebrafish model and
discovered an unexpected function of whsc1 in swim bladder
development. We showed that whsc1 loss-of-function in zebrafish
embryos led to significant down-regulation of bi-methylation of
H3K36, dysregulation of gene expression and defects in
differentiation of swim bladder progenitor cells, which eventually
resulted in tumorigenesis. Thus, our work suggested that whsc1
may function as a tumor suppressor by governing progenitor cells
differentiation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neo.2017.05.001.
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Figure 7. whsc1−/− zebrafish exhibited disordered expression of genes involved in swim bladder formation. mRNA levels of indicated
genes were normalized to b-actin. Relative ratios (fold changes) obtained from wild-type embryos were set to 1. Note that expression of
several key genes in swim bladder development and wnt signaling pathway, including tcf3b/3a, wnt5b and fz2, was significantly
up-regulated.
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