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ABSTRACT

The presence of intermuscular.bones (LBS)-ean directly affect the economic value of aquaculture
fish. Although genome editing can create IB-free fish by knocking out key IB-related genes, such
as runx2b, the associated DNA s€quence alterations raise food safety and health concerns, limiting
its breeding applications. In/this study, we used the CRISPR/dCas9 mediated epigenome-editing
technology targetingithe runx2b promoter in zebrafish to alter DNA methylation patterns without
changing.the DNArsequence. Our results showed that higher runx2b promoter methylation patterns
significantly inhibited eGFP mRNA expression levels in the recombinant plasmid. Using the
CRISPR/dCas9-Dnmt7 system to enhance methylation of the zebrafish runx2b promoter, we
observed a significant decrease in runx2b mRNA expression levels in the FO generation. The IBs
in the 11" - 16™ muscle segments of the adult FO fish were significantly shorter compared with the
controls. Inbreeding of fish was used to produce F1 and F2 offspring that retained these high
promoter methylation levels, along with the persistent runx2b expression suppression and IB

development inhibition. Transcriptome sequencing analysis suggested that increasing runx2b
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promoter methylation levels may synergistically induce additional epigenetic modifications,
potentially affecting the PPAR signaling pathway and FoxO transcription factor regulation, which
appears to inhibit osteoblast proliferation and differentiation. Overall, this study demonstrates an
innovative application of epigenetic editing technology for aquaculture breeding. By precisely
regulating the expression patterns of key genes for economically important traits while preserving
genomic DNA integrity, this approach provides a theoretical foundation and technical support for

improving fish economic traits.

Keywords: CRISPR/dCas9; runx2b; DNA Methylation; Intermusculat Bone;Zebrafish

INTRODUCTION

Intermuscular bones (IBs), small hard bones embedded within fish myosepta, are classified into
three types by their attachment location onusthe! fish body: epineural bones on the dorsal side,
epicentral bones in the middle, and epipleural.bones on the abdominal side (Danos & Ward, 2012).
IB characteristics being difficult to réemiove negatively impact consumer acceptance and economic
value in aquaculture because of progessing difficulties and potential health hazards to the throat or
digestive organs (Erik, 2020)} Consequently, breeding IB-free strains has practical significance for
the aquaculture induStry, aiming to enhance product value and safety.

Over the past decade, extensive research has focused on elucidating the molecular mechanisms
underlying IB"deyelopment in fish by conducting genetic selection to breed new strains with few or
no IBs. Traditional efforts to reduce IBs via genetic selection have recently been augmented by
CRISPR/Cas9-mediated knockout of key genes, such as runx2b and bmp6, resulting in the
successful generation of IB-free strains in zebrafish (Nie et al., 2022; Xu et al., 2022), blunt snout
bream (Megalobrama amblycephala) (Dong et al., 2023), and crucian carp (Carassius auratus) (Gan
et al., 2023; Kuang et al., 2023). This method offers an efficient strategy for directed genetic
improvement in aquaculture. However, while effective, this strategy relies on permanent DNA
sequence alterations, raising unresolved biosafety and ecological concerns that hinder commercial

adoption and regulatory approval (Okoli et al., 2022; Wang et al., 2024). Therefore, novel genetic
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breeding frameworks that enable the precise regulation of key economic trait genes without altering
genomic DNA sequences are urgently needed to overcome the inherent limitations of transgenic and
genome-editing approaches in aquatic animal breeding research.

Epigenetic modifications, including DNA methylation, histone modifications, and non-coding
RNA-mediated regulation, offer a promising alternative to modulate gene expression patterns
without altering DNA sequences (Allis & Jenuwein, 2016; Harvey et al., .2018). As the most
extensively studied epigenetic modification, DNA methylation, catalyzed jby-methyltransferases
(DNMTs), dynamically regulates chromatin structure and transcriptional activity (Jin et al., 2011;
Zhong et al., 2021), thereby driving phenotypic trait differentiation (Nilsson.etal., 2021; Podgorniak
et al.,, 2022). To harness such mechanisms, CRISPR/catalytically deadCas9 (dCas9) systems
facilitate targeted epigenetic editing by fusing dCas9 to'effeetor domains, such as DNMTs and TETs
(Liuetal., 2018; Park et al., 2022), thereby enablingreversible, Sequence-preserving gene regulation
(Sadakierska-Chudy et al., 2015). Notably, recent studies’have shown that epigenetic marks and their
associated phenotypes induced by DNA=methylation.€diting undergo stable transgenerational
inheritance in mice (Yuta et al., 2023).

We have focused on runx2b;; avkey regulatory gene governing IB development through
controlling mesenchymal stein cell differentiation into osteoblast precursors in vivo and driving
osteoblast-to-osteoeyte . transformation via multiple signaling pathways (Flores et al., 2004).
Knocking out this gene completely ablates IBs, while preserving core muscle nutrient profiles,
includingsmost-amine.acids and fatty acids (Nie et al., 2022). Importantly, runx2 (homologous to
zebrafishirunx2b)expression levels are negatively correlated with the methylation level of CpG sites
in the distal P} promoter in human osteoarthritis chondrocytes (Takahashi et al., 2017). These
findings suggest that targeted hypermethylation of the runx2b promoter could suppress IB
development while preserving genomic integrity.

Building on these insights, our laboratory pioneered a targeted DNA methylation editing system
by fusing dCas9 with the catalytic domains of Dnmt7 and Tet2 from zebrafish for site-specific
methylation and demethylation in the zebrafish genome (Liang et al., 2023a). In this study, we

demonstrated that CRISPR/dCas9-Dnmt7 mediated methylation of the runx2b promoter can reduce
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85  IBs in zebrafish. We further evaluated the inheritance of the edited epigenetic marks and decoded

86  the molecular cascade links among epigenetic modifications, gene expression, and phenotypic traits,

87  which can be used to generate IB-reduced fish through non-GMO strategies. Theoretically, this work

88 advances aquatic breeding theory by elucidating the epigenetic regulation of development.

89  Practically, it establishes core technologies for trait-directed aquatic animals in breeding, with the

90 ultimate goal of producing premium aquaculture products while preserving genomic integrity.

91

92  MATERIALS AND METHODS

93  Zebrafish maintenance

94 All zebrafish (AB strain, wild-type) used in this study were taised in‘the zebrafish facility at

95  South China Normal University. The protocol was approvedby the Animal Care and Use Committee

96  of South China Normal University (approval number=SCNU:SES-2021-026). The fish facility was

97  equipped with a standard recirculating water/ system, maintaining a 14-/10-hour light/dark

98  photocycle and water temperature of 28 +4°€, The fish were fed newly hatched brine shrimp twice

99  daily, and all other husbandry conditiong and procedures wete conducted in accordance with relevant
100  international regulations.
101  Plasmid construction
102 To construct the pCS2 " -prunx2b-eGFP recombinant plasmid, the pCS2*-eGFP backbone was
103 linearized by Sall/Hindlll /deuble digestion to remove the CMV IE94 promoter, followed by
104  purification of*the digested vector. The runx2b gene location information was obtained from the
105  Ensembl'database (https://asia.ensembl.org/Danio_rerio/Info/Index), with a ~1500 bp upstream
106  sequence rich in CpG sites predicted to be the promoter region. This promoter fragment was
107  amplified from 48 hours post-fertilization (hpf) genomic DNA using primers containing Sa/l/HindIll
108  restriction sites (F: 5-ACGCGTCGACTGTATTGTTTAAAACCTGCCCC-3; R: 5'-
109 CCCAAGCTTGCCACTTTCGCTCCCAAATT-3"). The PCR product was purified, ligated into the
110  pMD™19-T simple vector (TaKaRa, Japan), and sequence-verified by Sanger sequencing. The
111 recombinant plasmid was then digested with Sa/l/HindIll to harvest the runx2b promoter fragment

112 with sticky ends, which was subsequently ligated into the linearized pCS2"-eGFP backbone.
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113 Single guide RNA (sgRNA) production

114 Two sgRNAs were designed based on the location of PAM sequences for DNA methylation
115  editing strain construction, both of which were located in the runx2b promoter region. A third sgRNA
116  was designed to construct a knockout strains targeting the second exon of runx2b. All target sites
117  were evaluated with CRISPOR (Concordet & Haeussler, 2018) to confirm that no off-target site
118  were identified with mismatches of less than 5. All sgRNAs used in this study.wete synthesized by
119  Qingke Biotechnology Co., Ltd. (Beijing, China). The sgRNA sequences are'shewn.in“Iable S1.
120 mRNA synthesis and microinjection

121 The dCas9-Dnmt7 mRNA was in vitro transcribed from lingarized” pT3TS-dCas9-Dnmt7
122 plasmid templates (Supplementary Figure S1) using the T3 mMESSAGE mMACHINE® Kit
123 (Invitrogen, USA) and purified using the RNeasy® Mini Kit (QIAGEN, Germany). For the DNA
124 methylation editing strain (F0), one-cell stage zebrafish embryos/were injected with 2 nL of a
125  mixture containing dCas9-Dnmt7 mRNA (400mng/fiL) and sgRNA (200 ng/uL). The uninjected wild-
126  type zebrafish was used as the control greup.(F0). The F1 generation was obtained by inbreeding
127  the FO adults. And the F2 generation was inbred by the F l.generation.

128 For the gene knockout strain (F0), émbryos were injected with 2 nL of a complex (5 uM)
129  containing Cas9 protein (NEB, USA)/and sgRNA. Injected founders (FO) were outcrossed to AB to
130 obtain F1. F1 fin clips wete genotyped by PCR using the primers flanking the target site to identify
131  frameshift allelesi The/ jprimer pair wused for genotyping 1is: runx2b-fwd: 5’-
132 CGGTGTECGGITGAAGATGAAT -3’ and runx2b-rev: 5’- ACGCAACAGGTAGCGTTTTA -3°.
133 Heterozygous.F 1 were incrossed to establish F2 for experiments.

134 Real-time quantitative PCR (RT-qPCR)

135 The TRNzol reagent (TTANGEN, China) was used to extract total RNA. RNA concentrations
136  were quantified using the NanoDrop One (Thermo Fisher Scientific, USA). cDNA was synthesized
137  using a StarScript Pro All-in-one RT Mix with gDNA Remover kit (GenStar, China) for RT-qPCR.
138  RT-qPCR analysis was performed on a CFX96 real-time PCR system (Bio-Rad, USA) using Hieff™
139  qPCR SYBR® Green Master Mix (Yeasen Biotech, China). Experiments were conducted in triplicate

140  with 30 embryos or five tissue samples per replicate. Zebrafish gapdh served as the reference gene,
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2"48Ct method. The relevant primer sequences are listed in Table

141  and data were analyzed using the
142 S2.

143 Multiplex Bisulfite Sequencing PCR (BSP)

144 At 48 hpf, injected embryos were collected for genomic DNA extraction using a genome DNA
145  extraction kit. Total DNA was extracted from three pools of ten randomly collected embryos. The
146 EZ DNA Methylation-Lightning™ kit (Zymo Research, USA) was used to ‘perform bisulfite
147  treatment on plasmids or DNA, converting unmethylated cytosines (C)/to~uracil, (U), while
148  methylated cytosines remained unchanged. For the detection of plasmids}. specific BSP primers
149  (Table S3) were designed to amplify the CpG island region of the runy2b.prometer. Bisulfite-treated
150  DNA was amplified using BSP primers (Table S4). Multiplex BSP integrates multiplex PCR and
151  methylation-specific high-throughput sequencing to simultaneously detect methylation levels across
152  multiple gene regions. Sequencing was performed-by. MethylGene Tech Co., Ltd. (Guangzhou,
153  China). High-quality reads were aligned to the'ré¢ference genome (GRCz11) for CpG methylation
154  quantification.

155  Whole-mount in situ hybridization/(WISH)

156 The coding sequence ofZebrafish runx2b was cloned into the T-zero vector using primers
157  runx2b-probeF (5'-TCTAGAATTCACAAACCCACCGCAAG-3") and runx2b-probeR (5'-
158 TAATACGACTCACTATACACTCETCCACTTCCGTCAG-3"), which incorporated a flanking
159  Xbal restriction site and T7 promoter. Linearized plasmid templates were then used to synthesize
160  Digoxigenin-labeledantisense RNA probes using T7 RNA polymerase (TaKaRa, Japan) and DIG
161  RNA labelingmixturé (Roche, USA). Whole-mount ISH was performed on 48 hpf larvae following
162  established protocols (Chitramuthu & Bennett, 2013; Thisse & Thisse, 2008). Finally, the specimens
163  were mounted in glycerol and imaged using a stereomicroscope (SZ-0850T, AOSVI, China)
164  equipped with a digital CCD camera.

165  Transcriptome analysis

166 Total RNA was extracted from 40 dpf (days post-fertilization) zebrafish caudal peduncles using
167  TRNzol reagent. Total RNA was extracted from three pools of five randomly collected caudal

168  peduncles. Samples were submitted to IGE Biotech Co., Ltd. (Guangzhou, China) for RNA

& Zoological
et Research




169  sequencing (RNA-seq). The transcriptome analysis procedures were performed as previously
170 described (Li et al., 2024; Liang et al., 2023b). Briefly, RNA integrity was verified using an Agilent
171 2100 Bioanalyzer (Agilent Technologies, USA). Subsequently, mRNA was enriched using mRNA
172 Capture Beads, fragmented, reverse transcribed into cDNA, and purified with DNA Clean Beads.
173 The purified cDNA was subjected to end repair, A-tailing, and ligation to Illumina adapters. The
174  ligated products were PCR-amplified, purified using DNA Clean Beads, and “sequenced on an
175  Tllumina PE150 (Pair-end 150 bp) platform. Finally, the sequencing data were.filtered, using fastp
176  (v.0.23.4)(Chen et al., 2018) for quality control, yielding clean reads. The clean reads were mapped
177  to the reference genome (ASM2018471v1) using Hisat2 (Kim/et“al, 2015), to calculate the
178  expression level of each gene. Statistically significantly differentially expressed genes (DEGs) were
179  identified using DESeq2 (Love et al., 2014), with funetional annotation and enrichment analysis
180  performed using the Gene Ontology (GO)(Consortium, 2015),-and’Kyoto Encyclopedia of Genes
181  and Genomes (KEGG) methods.

182 2.9 Alizarin Red S bone staining

183 Adult zebrafish skin and scales were diss€cted with forceps and fixed for > 3 days in either 95%
184  ethanol or 4% paraformaldehyde. Samples underwent pre-transparency in 1% KOH for 2 hours,
185  followed by immersion in|af Alizarin Red S staining solution (saturated Alizarin Red S: 0.5%
186 KOH=1:9) for 6 hetrs. A graded glycerol series was then applied sequentially until the muscle
187  became transparent‘and the/IBs were clearly visible. Processed zebrafish are placed in glycerol for
188  photegraphy. The number6f intermuscular bones is counted, and their lengths are measured using
189  Imagel software.

190  Statistical analysis

191 The data are presented as the mean = SEM (Standard Error of the Mean). Statistical analysis
192  was performed by one-way analysis of variance (ANOVA), with P < 0.05 indicating statistical
193 significance.

194
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195 RESULTS

196  Increased runx2b promoter methylation suppressed runx2b expression levels

197 To explore the impact of runx2b promoter methylation on gene expression patterns in zebrafish,
198  we replaced the CMV IE94 promoter in the pCS2"-eGFP plasmid with the zebrafish runx2b
199  promoter, generating the pCS2 -prunx2b-eGFP plasmid (Figure 1A; Supplementary Figure S2). The
200  plasmid was transformed into DMT competent cells or Trans10 competent “cells to produce
201  differentially methylated templates. The amplified fragment's location, which 1s«indicated.in Figure
202 1B, contained a total of 23 CpG sites. The plasmids from DMT cells (D plasmid) showed an average
203  methylation level of 11.3% across these sites, while those from Transl0 cells (I plasmid) exhibited
204  significantly higher methylation at 41.3% (Figure 1C).

205 Both the D and T plasmids were diluted to 30 ng/L and microinjected separately into one-cell
206  stage zebrafish embryos. At 48 hpf, eGFP mRNA=expression levels from the T plasmid were
207  significantly reduced compared with those from the D plasmid (Figure 1D). Quantitative analysis
208  further confirmed a significantly lower relative éGFP fluorescence intensity in T plasmid-injected
209  embryos compared with D plasmidsinjectéd’ embryosat 48 hpf (Figure 1E). Fluorescence
210  microscopy revealed distinct eGFP protein €Xpression patterns: D plasmid-injected embryos showed
211  widespread expression (eyes, forebrain, spinal cord), while T plasmid-injected embryos exhibited
212 primarily ocular expression (Eigure-F). Control embryos injected with promoter-deleted pCS2°-
213 eGFP showed no detectable fluorescence. These results demonstrate that increased runx2b promoter
214  methylation 1mpCS2-prunx2b-eGFP can significantly reduce eGFP mRNA levels, consequently
215  diminishing eGFP protein levels and restricting its spatial distribution. This suggests that elevating
216 runx2b promoter methylation via DNA methylation tools may similarly suppress runx2b expression
217  levels in zebrafish, potentially reducing related protein production and inducing phenotypic
218  alterations.

219 1B length reduction through runx2b promoter methylation in F0

220 To investigate whether targeted methylation of the runx2b promoter can reduce runx2b
221  expression levels and alter the IB phenotype, we employed the CRISPR/dCas9-Dnmt7 system in

222 zebrafish (Liang et al.,, 2023a). We targeted the runx2b promoter in zebrafish using the
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223 CRISPR/dCas9-Dnmt7 system for DNA methylation. Two sgRNAs were designed to target the CpG
224 islands at positions -268 bp (gl) and -419 bp (g2) upstream of the runx2b start codon (Figure 2A;
225  Supplementary Figure S3). At 48 hpf, RT-qPCR revealed significantly reduced runx2b mRNA
226  expression levels across all experimental groups (gl, g2, gl+g2 groups; Figure 2B), confirming
227  effective transcriptional regulation by both sgRNAs. The gl and gl+g2 groups showed stronger
228  suppression than g2 alone. No significant difference in runx2b inhibition was obsetrved between the
229 gl and gl+g2 groups, with marginally lower expression in gl, suggesting-that,_there was no
230  synergistic effect from dual targeting. Diminished runx2b expression levels in the gl embryos were
231  further corroborated by whole-mount ISH at 48 hpf (Supplementaty. Figure S4). Surprisingly,
232 sustained runx2b suppression in the tail muscle (0.4-fold-vs. controls;” Figure 2C) confirmed
233 transcriptional inhibition during the peak IB developmiental stage at-40 dpf (Yao et al., 2015). We
234 further analyzed the methylation levels within the #unx2b CpG=island (Figure 2D), and found that
235  the average promoter methylation level in the*FQ generation zebrafish was significantly elevated
236  compared with controls at 48 hpf (Figure=2E), confirming efficient targeted methylation by the
237  CRISPR/dCas9-Dnmt7 system. While' mostindividual €pG sites showed marginally increased
238  methylation, these differenceswere notistatistically significant (Figure 2F). To assess the phenotypic
239  consequences, gl group embryos were reared to adulthood. Alizarin Red S staining revealed that the
240 1B lengths on both sides of the.epinedral bones in the 11%-16™ muscle segments were significantly
241  shorter, decreasing by 26.9%,38.8%, 35.8%, 38.1%, 34.4%, and 23.3%, respectively (Figure 2G,
242 H). Howeyer, the number.of IBs remained almost unchanged (Figure 21). This suggests that targeted
243  methylation of the #unx2b promoter via CRISPR/dCas9-Dnmt7 significantly reduces runx2b
244  expression and shortens IB length without altering IB number in FO.

245  The runx2b promoter methylation-induced effects were retained in offspring

246 To investigate the heritable effects of runx2b promoter methylation on gene expression and 1B
247  phenotypes in zebrafish, we incrossed the FO strains (g1, g2, and gl+g2 groups) to generate the F1
248  generation. At 48 hpf, the F1 embryos exhibited significantly reduced runx2b mRNA expression
249  levels (Figure 3A). Consistent with the trends observed in FO, the gl group showed the strongest

250  suppression (0.16-fold), followed by the gl+g2 (0.36-fold) and g2 (0.59-fold) groups. Given its
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251 maximal efficacy, we selected the gl lineage to produce F2 offspring. The F2 strains similarly
252 showed significant runx2b downregulation at 48 hpf (Figure 3B). And the corresponding protein
253 levels decreased in all generations at 5 dpf (Supplementary Figure S5). Furthermore, whole-mount
254 ISH results at 48 hpf confirmed that runx2b expression was restricted to the eyes, ethmoid plate, and
255  pharyngeal arches in both F1 and F2, with reduced signal compared with the controls (Figure 3C).
256  Relative runx2b suppression persisted at 40 dpf (Figure 3D).

257 DNA methylation analysis revealed hypermethylation at most sites in Fi;*with_significant
258 increases at nine positions located at -696 bp, -677 bp, -584 bp, -579 bp, -568 bp, -537 bp, -531 bp,
259  -511 bp, and-77 bp (Figure 3E), which led to significantly elevatéd average runx2b promoter
260  methylation levels in F1/F2 without an incremental trend (Figure 3F). While most sites also showed
261  increased methylation levels in F2, with significant eléyatign at -584. bp and -537 bp, the increase
262  was less pronounced compared with F1 (Figure 3E)=Alizarin"Red’S staining of adult F1 and F2
263  revealed normal skeletal development, but significantlyishortened epineural bones in the 111-16%
264  muscle segments, with a 17.5% to 38.0%.reduction in F1 and 11.9% to 26.5% reduction in F2 (Figure
265  3G; Supplementary Figure S6). The IB eounts remained-unchanged (Supplementary Figure S7).
266  Collectively, these results demonstrate Stable’transgenerational inheritance of CRISPR/dCas9-
267  Dnmt7-induced runx2b suppression and the associated IB shortening without incremental
268  methylation accumulation|

269  Variable IB reduction across runx2b knockout strains

270 To directly., compare~the functional consequences of epigenetic runx2b suppression versus
271  conventional génetic’knockout, we established three distinct homozygous runx2b knockout strains
272 using CRISPR/€as9. These strains harbored varied second-exon mutations: a 2-bp deletion (-2 bp),
273 1-bp insertion (+1 bp), and 7-bp insertion (+7 bp) (Figure 4A; Supplementary Figure S8). All
274  mutations induced frameshifts that introduced premature stop codons, yielding truncated proteins of
275 106 aa (-2 bp), 107 aa (+1 bp), and 109 aa (+7 bp), representing ~370 aa truncations relative to wild-
276  type Runx2b (477 aa). SWISS-MODEL predictions revealed substantial structural deviations from
277  the wild-type protein, though notably, the +1 bp and +7 bp mutants exhibited similar folding patterns

278  (Figure 4B). Alizarin Red S staining demonstrated partial-to-complete IB loss in runx2b mutants
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279  despite normal overall skeletal morphology (Figure 4C). Quantitative analysis revealed significantly
280  reduced IB counts across all homozygous runx2b mutants, with mean values of 64.33 (-2 bp), 46
281  (+1 bp), and complete absence (+7 bp) (Figure 4D). These results demonstrate that IB elimination
282  was not universally achieved across all runx2b knockout strains, revealing inherent mutational
283  heterogeneity in genetically modified lines.

284  Transcriptome analysis of methylation-edited strains across generations

285 To elucidate how runx2b promoter methylation can regulate gene expression-and IB,phenotypes
286  during development, we performed RNA-seq on tail muscle samples from 40-dpf zebrafish across
287  generations: wild-type (CTL) and methylation-modified strains (FO, EA, F2).Differential expression
288  analysis using DESeq?2 revealed progressively increasing DEGs in sugcessiveé generations (Figure
289  5A; Supplementary Figure S9). Venn analysis identified 40/conserved DEGs across all methylated
290  generations (Figure 5B). Hierarchical clustering—of..these shared DEGs showed pronounced
291  expression divergence from the controls, which intensified in later generations (Figure 5C).
292  Biological replicates demonstrated consistent.expressionsprofiles, confirming data robustness.

293 KEGG pathway analysis revealed .4 consistentydisruption of skeletal development across
294  generations, with peak enrichment in‘E1, suchsas the FoxO and peroxisome proliferator-activated
295  receptor (PPAR) signaling pathways (Figure 5D). GO analysis of the conserved DEGs across the FO,
296  F1, and F2 methylation-modified strains identified 59 shared enriched terms (Supplementary Figure
297  S10), with predominant invelvement in intracellular signaling (Biological Process), ubiquitin
298  ligase/transferase and-glyeosyltransferase activities (Molecular Function), and collagen-containing
299  extracellular .matrix® (Cellular Component). Collectively, these findings demonstrate that
300 CRISPR/dCas9<Dnmt7-mediated runx2b promoter methylation can disrupt skeletal development-
301  associated mechanisms by altering ubiquitin ligase and glycosyltransferase-regulated gene
302  expression pathways in zebrafish.

303

304 DISCUSSION

305 Promoter methylation represents a conserved epigenetic mechanism for gene regulation,

306 typically silencing transcription through impaired transcription factor binding and chromatin
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307 remodeling (Bouyahya et al., 2022). Numerous studies have demonstrated a significant negative
308  correlation between promoter methylation and gene expression levels. For example, in colorectal,
309  breast, and lung carcinomas, tumor suppressor genes are frequently hypermethylated, leading to
310  transcriptional silencing (Barrett et al., 2022). However, in rare cases, promoter methylation may
311  paradoxically enhance gene expression patterns, a phenomenon termed paradoxical gene activation
312 (Smith et al., 2020). The runx2b belongs to the runx family and is an ortholog of 7unx2 (Pinto et al.,
313 2005). Prior to the present work, runx2b promoter methylation had only'been=correlated with
314 reduced expression levels in human osteoarthritis (Takahashi et al., 2017), with no €vidence in
315  teleost. Under natural physiological conditions, elevated runx2h prfomotet-methylation inhibits
316  transcription and suppresses protein expression in zebrafishy=as validated“by in vivo recombinant
317  plasmid assays (Figure 1). To investigate this mechanism, wg'targeted-the zebrafish runx2b promoter
318 using a CRISPR/dCas9-Dnmt7 fusion system for site-specific'methylation. Subsequent RT-qPCR
319  and whole-mount ISH experiments revealed significantly reduced runx2b mRNA expression levels
320  and altered spatial distribution patterns.

321 Previous studies have demonstrated that‘epigenctic interventions applied to the FO generation
322 may increase instability and stochastieity due.t0 heightened sensitivity during early development,
323  potentially preventing compléte transmission to the F1 and F2 generations (Lecoutre et al., 2019).
324  To assess the heritability potential of DNA methylation-induced runx2b suppression, we quantified
325  methylation levels and gene expression patterns in the FO, F1, and F2 generations. Our results
326  demenstrated “direct*and.transgenerational heritability of this epigenetic silencing mechanism in
327  zebrafishyIn EO adults, we observed significantly shortened epineural bones in the 11%-16" muscle
328  segments, representing the successful induction of IB abnormalities in fish via epigenome editing.
329  This aberrant phenotype persisted in both F1 and F2 offspring, confirming transgenerational
330 inheritance of methylation-mediated runx2b silencing. This approach provides a novel foundational
331  technology for aquatic animal breeding (Figure SE). Notably, no dose-dependent relationship was
332 observed between runx2b promoter methylation levels and IB shortening, likely because wild-type
333 zebrafish exhibit > 85% baseline methylation at most promoter sites (Figure 2E, F), limiting further

334  modification potential. Unlike mammals and medaka, the global genomic methylation in zebrafish
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335  stays at a high level across the lifetime without a dramatic reprogramming process, neither in early
336  stage embryo, nor in primordial germ cell specification (Jiang et al., 2013; Ortega-Recalde et al.,
337  2019). The underpinning mechanism and contribution of DNA methylation in gene expression
338  regulation should be thoroughly studied. Therefore, future studies should investigate dose-response
339  dynamics using gene promoters with lower baseline methylation patterns. In addition to DNA
340  methylation, histone modifications are also important forms of epigenetics. Studies have reported
341 that histone modification editing can regulate the expression of target genes (Fukushima et al., 2019).
342 Therefore, combining DNA methylation editing with histone modification editing will'lbe a key focus
343  of future research.

344 Previous studies have demonstrated that Runx?2 is essential for osteoblast differentiation and
345  skeletal formation, functioning not only as an upstream. transcriptional regulator of the osteoblast-
346  specific transcription factor sp7, but also as a key.medulator of bene-related signaling pathways,
347  including the BMP, Wnt, Hedgehog, Notch, and MAPK pathways (Jonason et al., 2009). Crucially,
348  zebrafish IB development relies on TGF=f/BMP-médiated osteoblast differentiation from tendon
349  progenitor cells (Nie et al., 2022). In psteoblasts, the Wnt/B-catenin signaling pathway enhances the
350  expression of osteogenic genes, such as Rumx2which facilitates osteoblast differentiation and bone
351  formation (Gao et al., 2023). To elucidate the transgenerational mechanism by which runx2b
352  promoter methylation can suppress#IB development in zebrafish, we performed a comparative
353  transcriptomic analysis across FO, F1, F2, and the wild-type controls. The methylated strains
354  exhibitedyprogressively.in€reasing numbers of DEGs over generations. KEGG analysis revealed
355  consistent enrichment of the PPAR and FoxO signaling pathways in all three generations. In bone
356  marrow mesenchymal stem cells, PPARy activation modulates osteoblast differentiation and bone
357  formation (Akune et al., 2004). Furthermore, the FoxO signaling pathway, another commonly
358 enriched pathway, regulates bone formation through FoxO transcription factors by suppressing
359 PPARc, modulating osteogenic markers and osteocalcin, and interacting with the Wnt/B-catenin
360  pathway (Siqueira et al., 2011). Therefore, we propose that zebrafish runx2b promoter methylation
361  can suppress osteogenesis via PPAR/FoxO-mediated inhibition of osteogenic gene expression,

362  culminating in aberrant IB development through impaired osteoblast proliferation.
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363 Epigenetic regulation, which encompasses DNA methylation, histone modifications, and non-
364  coding RNAs, synergistically modulates gene expression across transcriptional, chromatin, and
365  post-transcriptional tiers (Tao et al., 2015). GO analysis revealed that the DEGs were enriched in
366  various molecular functions, such as ubiquitin-protein ligase activity and ubiquitin-protein
367 transferase activity, as well as cellular components, like the collagen-containing extracellular matrix.
368  Ubiquitin-protein ligases and transferases primarily participate in histone ubiquitination (Liselot et
369 al, 2024), while the collagen-rich extracellular matrix interacts with osteoblasts*te promote their
370  proliferation and differentiation (Jacobson et al., 2024). These enriched GO, terms stggest that
371  runx2b promoter methylation may synergistically induce histone Aibiquitination modifications,
372 contributing to runx2b protein degradation, collectively suppressing ost€ogenesis and abrogating 1B
373  development.

374 CRISPR/Cas9-mediated runx2b knockout generated thre¢-homozygous mutant strains. Adult
375  zebrafish exhibited distinct IB phenotypes, inswhich the'-2 bp mutant had an average IB reduction
376 0of 23.7%, the +1 bp mutant had a 45.4% reduction,in the.JB number, and the +7 bp mutant exhibited
377  complete IB loss. These findings indicate that different zebrafish runx2b mutant types have varying
378 1B growth conditions. Notably, runx2b promoter methylation attenuated, but did not abolish, 1B
379  formation, contrasting with knockout efficacy. This attenuated methylation efficacy relative to
380  knockout arises from twolmeehanistic constraints: 1) wild-type zebrafish exhibit a high baseline
381  methylation at runx2b promoter CpG sites, minimizing further suppression potential, and 2)
382  methylation partiallyrepresses runx2b expression levels, permitting residual Runx2b protein
383  production,” whereas‘knockout ablates the functional protein via frameshift mutations. Because
384  runx2b is indispensable for IB morphogenesis, complete protein elimination underpins the superior
385  efficacy of the knockout. However, there are still many unanswered questions regarding the
386  epigenetic regulatory mechanisms. For instance, it remains unclear which sites are the key sites
387  required for methylation regulation. Therefore, several issues require further investigation: first, the
388 identification and analysis of key epigenetic regulatory elements in the genome; second, exploring

389  the interplay between genome-wide methylation modifications and histone modifications, which
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CONCLUSION

In summary, our study represents the application of the CRISPR/dCas9-Dnmt7-mediated
promoter methylation editing technology to suppress expression of runx2b, a key gene regulating
IB development, thereby affecting its normal growth. Notably, the inhibitory effects were shown to
be direct and transgenerational heritable. Mechanistically, runx2b promoter hypermethylation can
initiate transcriptional silencing, compounded by histone ubiquitination-mediated.. Runx2b
degradation and PPAR/FoxO-dependent inhibition of osteoblast proliferation/differentiation,
ultimately impairing normal IB development. By leveraging such ¢pigenetie modifications for trait
engineering, we have established a safer, adaptable genome-editing paradigm with transformative

potential for aquaculture breeding.
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Figure 1 Increased methylation of the 7unx2b promoter sappresses,eGFR.expression in zebrafish. (A) Construction
of the pCS2*-prunx2b-eGFP plasmid. (B) Schematic ‘'of CpG sites within the runx2b promoter. (C) Changes in
runx2b promoter methylation levels induced-by=transformation into different competent cells. Each sample
represents a pooled clone analyzed by bisulfite sequeneing*PCR (BSP), with 12 replicates shown; each row of
circles depicts the methylation statusrfrom one.BSP.clone. (D)*Relative expression of eGFP mRNA at 48 hpf in
zebrafish. (E) Relative eGFP fluoreScence intensity at 48 hpf in zebrafish. (F) Expression of eGFP fluorescent

protein in zebrafish embryos following injection of different plasmids. The white arrows indicate sites of eGFP

expression; scale bar 0. Lmm. *P-<0.05; **P < 0.01
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Figure 3 Heritable effects of runx2b promoter methylation. (A), (B) Relative runx2b expression at 48 hpf in the
F1 generation (A) and F2 generation (B). (C) Whole-mount in situ hybridization of runx2b in offspring embryos
at 48 hpf. The red arrows indicate runx2b mRNA expression sites; scale bar = 0.5 mm. (D) Relative runx2b
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570  Figure 5 Transcriptomic profiling of differentially expressed genes (DEGs) in runx2b-methylated lineages across
571  generations. (A) Column charts showing the number of DEGs per generation. Thresholds: [logFC| > 1, P-value <
572 0.05. (B) Venn diagram of generation-specific DEGs relative to the control. (C) Expression heatmap of the

573  conserved DEGs across all generations. (D) KEGG pathways commonly enriched in the methylated generations.
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574  (E) Schematic Representation of the Inheritance Patterns in Methylated Lineages Across Generations.
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