npj | regenerative medicine Brief communication

Published in partnership with the Australian Regenerative Medicine Institute

https://doi.org/10.1038/s41536-025-00417-y

Genetic compensation response
contributes to Pleurodeles waltl limb
regeneration
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Binxu Yin'?30<, Changhao Yu??, Yang Liu'?, Hao Cai*®, Wencheng Wu', Tingting Ye?, Lei Wang',
Lujia Xiao', Yi Zhu', Huaijuan Guo', Kun Zhang'0< & Heng Wang®

Hippo-Yap/Taz pathway is essential for tissue regeneration in multiple species. However, we found that in the
highly regenerative salamanders, Yap knockout does not compromise the limb regeneration due to genetic
compensation response (GCR). Specifically, the mutated Yap locus derived non-sense mRNA, which was
recognized by UPF3A to instruct compensatory Taz induction. Blocking Yap mRNA or protein indeed inhibits

regeneration. GCR could be utilized to maintain the robustness of limb regeneration.

Genetic compensation response (GCR) is a biological phenomenon that
contributes to the genetic robustness of an organism, ensuring its fitness and
viability when encountering deleterious genetic mutations or variations.
GCR helps to explain the paradox observed in animal development where a
pronounced phenotype is seen after mRNA or protein knockdown (KD),
but no phenotype after DNA knockout (KO), largely due to the compen-
satory effects of homologous genes'™. Whether this biological paradox also
occurs during animal regeneration remains unknown. To address this
question, we utilized the salamander limb regeneration model, since sala-
manders are the only vertebrates that can repeatedly and perfectly regen-
erate entire limbs throughout life.

The Hippo-Yap/Taz signaling cascade is evolutionarily conserved
from Drosophila to humans, and perturbations in this pathway frequently
result in defects in tissue development and regeneration’. However, in our
previously established YAP knockout salamanders, we observed normal
limb regeneration upon amputation. This finding contrasts with the limb
regeneration defects reported in the Yap knockdown assays’, prompting us
to investigate whether the GCR could be responsible for this discrepancy. In
the present study, we performed various loss-of-function assays targeting
components of the Hippo-Yap/Taz pathway and the GCR process in sala-
manders to assess the involvement of GCR in limb regeneration.

We utilized previously established Yap mutants’ to compare limb
regeneration between KO and wild-type (WT) Iberian ribbed newts
(Pleurodeles waltl). The mutants were created using CRISPR-Cas9 and
maintained in both heterozygous and homozygous forms. A two-base pair
deletion in exon 4 caused a frameshift in a reading frame that results in a
truncated protein with a premature termination codon (PTC) (Fig. S1). To
assess regenerative capacity, we performed amputations at the wrist level in
both KO and WT animals (Fig. la). Inmunostaining showed that YAP

protein was highly expressed in the regenerating limbs in WT but was
completely absent in KO animals (Fig. S2a), which confirm the high YAP
activity during blastema formation®. Surprisingly, we found that the
regeneration phenotypes of KO limbs appeared normal compared to WT,
with no discernible differences in blastema formation or patterning
throughout (Fig. 1b). Given that KO animals were smaller in size and the
limbs were shorter prior to amputation’, we measured the length of the
regrowing limbs and compared it to the contralateral uninjured limb of the
same animal (regenerating/uninjured ratio) to determine the regeneration
efficiency. Although the absolute limb length was shorter in the KO animals
at 28dpa (days post amputation) and 42 dpa (Fig. S2b), the relative
regenerating efficiency was nearly identical compare to the WT animals
(Fig. 1c). The cell proliferation analysis by EdU assay also showed no dif-
ference in the proportion of proliferating cells between the KO and WT
animals (Fig. 1d). In addition, the expression levels of classical YAP/TAZ
target genes, including CCND, CCNE, CTGF, Cyr61 and Amotl2, remained
unchanged upon Yap knockout (Fig. S2c). Hence, the morphological
observations, regeneration efficiency, and cell proliferation rates were all
similar between KO and WT animals, suggesting the KO of Yap does not
impair limb regeneration. This finding is particularly striking given the
established role of YAP in tissue regeneration across multiple species” "' and
even in different tissue within the same species’. Therefore, to further
investigate the role of YAP in salamander limb regeneration, we employed
alternative loss-of-function approaches, such as mRNA or protein
inhibition.

We first employed the morpholino oligonucleotides (MO) to inhibit
YAP protein translation by binding to the start codon of Yap mRNA in WT
animals (Fig. S3a). Similar to the KO animals, the YAP protein was dra-
matically reduced upon MO treatment (Fig. S3b). However, in contrast to
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the normal limb regeneration in the KO animals, the MO-Yap-treated
animals exhibited severely disrupted limb regeneration (Figs. 1b, S3c),
characterized by delayed blastema formation (14-28 dpa) and failed pat-
terning (42-60 dpa). Detailed analysis in MO-Yap limb sections revealed a
significant reduction in cell proliferation (Fig. S3d) and compromised car-
tilage re-formation (Fig. S3e). In addition, the expression of YAP/TAZ target
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genes, including CCND, CCNE, CTGF, Cyr61, and Amotl2, was all sig-
nificantly downregulated (Fig. S3f). To further investigate the role of YAP
protein in limb regeneration, we treated WT animals with verteporfin, a
small molecule known to promote cytoplasmic retention and degradation of
YAP". Verteporfin administration effectively blocked YAP nuclei accu-
mulation and promoted YAP protein degradation (Fig. S4a). The
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Fig. 1 | Genetic compensatory response contributed to limb regeneration.

a Experimental scheme of limb regeneration in WT and YAP-KO juvenile newts.
b Representative pictures demonstrate that the limb regeneration process and
morphology are normal in YAP-KO animals (left). Please note the limb regeneration
defects at 42 dpa in the Yap-MO treated WT animals (right). ¢ The Yap-KO and WT
animals showed the same limb regeneration ratio. The length of the regrowing limbs
was compared to the contralateral uninjured limb of the same animal (regenerating/
uninjured) to determine the relative regeneration efficiency. d EdU staining of WT
and YAP-KO regenerating limbs at 21 dpa (left) and quantification of cell pro-
liferation (right). e The Taz expression was induced in YAP-KO, but not in the YAP

knockdown animals, including chemical inhibitor verteporfin and Yap-morpholino
groups. f The transcriptome analysis demonstrated that YAP/TAZ common target
genes were largely unchanged. g The transcriptome analysis demonstrated that
TAZ-specific target genes were upregulated in YAP-KO limbs. h The transcriptome
analysis demonstrated that YAP-specific target genes were downregulated in YAP-
KO limbs. i GO analysis of TAZ-specific upregulated genes and YAP-specific
downregulated genes showed that many biological functions were overlapped. Scale
bar in (b): 1 mm. Scale bar in (d): 500 pm. Data are mean + SEM. n = 6 animals in
(b-e). *p <0.05, **p < 0.01, ns not significant, by t-test.
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Fig. 2 | Activation of Taz by nonsense Yap mRNA via Upf3a contributes to
normal limb regeneration in YAP-KO animals. a Experimental scheme of Taz
inhibition during limb regeneration in YAP-KO animals. b Representative pictures
(left) showing that blocking Taz in YAP-KO animals disrupts limb regeneration as
evidenced by failed patterning at 60 dpa. The limb length was significantly shorter
than control at different time points (right). Please see Fig. S5¢ for the detailed limb
morphology over the entire regeneration period. # = 6. ¢ The expression levels of Yap
mRNA in WT, Yap nonsense mRNA in YAP-KO, YAP-KO + ASO-Con, and YAP-
KO + ASO-Yap animals. d Experimental scheme of nonsense Yap mRNA depletion
by ASO in YAP-KO animals. e EQU staining of ASO-Con and ASO-Yap regener-
ating limbs at 14 dpa in YAP-KO animals (left) and quantification of cell pro-
liferation (right). f Representative pictures (left) show that nonsense Yap mRNA
elimination in YAP-KO animals disrupts limb regeneration and results in patterning

defects. The limb outgrowth length was significantly shorter than control (right).
The limb length in Fig. 2f, and Fig. S8c was measured at multiple time points over the
entire regeneration period. n = 6. g Experimental scheme of Upf3a inhibition in
YAP-KO animals. h EdU staining of MO-Con and MO-Upf3a regenerating limbs at
14 dpa in YAP-KO animals (left) and quantification of cell proliferation (right).

i Representative pictures (left) show that Upf3a inhibition in YAP-KO animals leads
to limb regeneration description and patterning defects. The limb outgrowth length
in the MO-Upf3a group was significantly shorter than control at different time
points during regeneration (right). Please see Fig. S9¢ for the detailed limb analysis at
multiple time points over the entire regeneration period. n = 6. Scale bar in (b), (f),
and (i): 1 mm. Scale bar in (e) and (h): 500 pm. Data are mean + SEM. #n = 6 animals
in (b), (¢), (e), (f), (h), and (i). *p < 0.05, **p < 0.01, ns not significant, by ¢-test.

verteporfin-treated WT animals exhibited severe defects in limb regenera-
tion, including delayed blastema formation and a complete absence of
patterning even at 60 dpa (Fig. $4b). The cell proliferation (Fig. S4c), car-
tilage formation (Fig. S4d), and target gene expression (Fig. S4e) were all
markedly inhibited. Therefore, these results confirmed the essential function
of YAP protein during limb regeneration®"’, as demonstrated by both Yap
mRNA KD and YAP protein inhibition.

The disruption of limb regeneration in YAP-KD but not YAP-KO
animals prompted us to hypothesize that the GCR could be responsible for

this discrepancy. Indeed, we found the expression of the other Hippo
pathway effector Taz was significantly induced in the regenerating limbs of
YAP-KO animals, but not in any of the WT or knockdown groups (WT,
WT + KD, WT + verteporfin) (Fig. le). Gene expression analysis revealed
that during limb regeneration, TAZ-specific target genes were upregulated
in YAP-KO compared to WT animals (Fig. 1g) while YAP-specific genes
were downregulated (Fig. 1h). In contrast, the YAP/TAZ common target
genes remain largely unchanged (Fig. 1f). Notably, the TAZ-specific target
genes were rapidly induced during the early stage of regeneration (1-7 dpa)
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(Fig. 1g). Interestingly, the top enriched signaling pathways in both “YAP-
specific genes downregulated in KO” and “TAZ-specific genes upregulated
in KO” were predominantly associated with cell proliferation and tissue
repair process (Fig. 1i). It indicates that the TAZ-specific gene activation
compensates for the loss of YAP-specific gene function and could mitigate
the deleterious effects caused by the loss of YAP during limb regeneration.
These results suggest that the unimpaired limb regeneration in YAP-KO
animals is associated with compensatory upregulation of TAZ.

Next, to directly test the occurrence of GCR and the compensatory role
of TAZ during limb regeneration, we blocked TAZ function through MO to
investigate whether TAZ is necessary for successful limb regeneration in
YAP-KO animals. We amputated the YAP-KO limbs and then injected
MO-Con and MO-Taz into the regenerating limbs, respectively (Fig. 2a).
RT-PCR confirmed that MO-Taz efficiently inhibited the splicing of Taz
mRNA and thereby blocked the protein translation (Fig. S5a). We validated
the efficiency of TAZ inhibition by examining its downstream target genes
and found that the expression of YAP/TAZ target genes was all significantly
downregulated (Fig. S5b), indicating that TAZ activity was effectively sup-
pressed. As a result, we found the limb regeneration was severely impaired
upon MO-Taz treatment as evidenced by the significantly shorter limb
outgrowth and failed patterning in the MO-Taz group compared to controls
(Figs. 2b, S5¢). The cell proliferation (Fig. S5d) and new cartilage formation
(Fig. S5e) were both inhibited. These results suggest that the induction of
TAZ is essential to compensate for the loss of YAP to ensure successful limb
regeneration in YAP-KO animals.

The phenomenon of knockdown/knockout inconsistency has been
reported to occur in about 80% of genes during zebrafish development, and
the compensatory upregulation of homologous gene(s) could rescue the loss
of the mutated gene to maintain normal development'*. Different molecular
mechanisms are involved in the specific induction of the homologous gene,
including the Upfl-mediated nonsense mRNA decay (NMD)* and Upf3a-
mediated premature termination codon (PTC) recognition™. We found that
the amount of Yap mRNA was comparable between the KO and WT animals
(Fig. 2¢), suggesting that the nonsense mRNA generated in KO animals was
not efficiently degraded. Furthermore, expression analysis revealed no
upregulation of any Upf family genes in the regenerative blastemas of WT
animals (Fig. $6), indicating that the Upf pathway is not broadly activated by
limb regeneration itself. However, we found significant upregulation of
Upf3a, but not Upf1, Upf2, or Upf3b, in the regenerating limbs of YAP-KO
animals (Fig. S7). It indicates that Upf3a-mediated recognition of PTC-
containing transcripts, but not the Upf1/Upf2/Upf3b-mediated degradation
of nonsense mRNA, could be the major trigger for GCR activation during
limb regeneration. We tested this hypothesis by either eliminating the PTC-
containing nonsense mRNA or inhibiting UPF3A function.

First, we tested whether the presence of PTC-containing nonsense
mRNA was necessary for the successful limb regeneration in YAP-KO
animals by using antisense oligonucleotides (ASO) to eliminate the mutated
Yap mRNA. The YAP-KO regenerating limbs were injected with ASO-Yap
and ASO-Con, respectively (Fig. 2d), and RT-qPCR confirmed the deple-
tion of the mutant mRNA molecules by ASO-Yap (Fig. 2c). We also checked
the expression of PTC-recognizing Upf3a following the reduction of non-
sense mRNA. Interestingly, unlike the upregulation of Upf3a observed in the
presence of abundant nonsense mRNA, Upf3a remained unchanged after
ASO-mediated depletion of Yap nonsense mRNA (Fig. S8a). Hence, it
seems that the expression of Upf3a is correlated with the quantity of PTC-
containing nonsense mRNA, and a threshold level of nonsense mRNA
transcripts may be required for the proper induction and operation of
Upf3a. Further analysis revealed that upon depletion of Yap nonsense
mRNA, the expression of Taz and representative YAP/TAZ target genes was
significantly suppressed (Fig. S8b). Correspondingly, ASO-Yap treatment
severely impaired cell proliferation (Fig. 2e), blastema formation, and limb
patterning in YAP-KO animals (Fig. 2f, Fig. S8c). These results suggest that
the presence of Yap nonsense mRNA in YAP-KO animals is crucial for
triggering GCR to increase the transcription of Taz to support limb
regeneration.

Among the RNA surveillance Upf family members, only Upf3a was
significantly upregulated in the YAP-KO animals (Fig. S7). Upf3a has been
reported to specifically activate expression of homologous genes in organ
development through epigenetic mechanisms™. We used MO to block Upf3a
to determine whether UPF3A was responsible for the compensatory
expression of Taz during limb regeneration in YAP-KO animals (Fig. 2g). We
found that MO-Upf3a efficiently inhibited the exon-intron splicing of Upf3a
(Fig. S9a) and thereby prevented the proper translation of Upf3a. RT-qPCR
showed that the expression levels of Taz and YAP/TAZ downstream target
genes were all significantly downregulated, indicating that inhibition of Upf3a
blocked the activation of GCR and Taz expression (Fig. S9b). Consequently,
the MO-Upf3a treated animals showed disrupted cell proliferation (Fig. 2h),
delayed blastema formation, and patterning defects during limb regeneration
(Figs. 2i, S9¢). Taken together, these results suggest that both the presence of
nonsense Yap mRNA and the functional UPF3A are necessary for the acti-
vation of Taz to ensure normal limb regeneration in YAP-KO animals. Our
data suggest that UPF3A-mediated PTC recognition is the major mechanism
of GCR during limb regeneration (Fig. S10). In light of these results, we
further hypothesize that GCR-mediated regulatory interference may extend
to additional genes involved in tissue regeneration. To rigorously evaluate
gene function and regenerative outcomes, the application of multiple inde-
pendent loss-of-function strategies is recommended.

Previous studies suggest that animals utilize GCR to cope with harmful
germline genetic mutations in order to ensure the successful development
and survival of the individual. The current study in salamanders demon-
strates another aspect of genetic robustness of the organism under adverse
conditions, such as injury: the GCR is utilized to ensure the successful limb
regeneration to regain functional limbs, which was vitally important for the
mobility and viability of the animal (Fig. S11). Further studies are needed to
determine whether this potent “regeneration GCR” was exclusive to the
highly regenerative salamanders or could be intentionally stimulated in
other species to boost tissue repair and regeneration.

Methods

Ethics statement

All procedures were carried out in accordance with the Institutional Animal
Care and Use Committee of Shandong Agricultural University (ethics
approval No.: 2018-0125).

Animal husbandry, limb amputation, and chemical administration
Iberian ribbed newts, Pleurodeles waltl, were maintained in filtered tap water
at 22-24 °C under natural light cycles. The juvenile WT and YAP-KO (F2)
animals were about 4 months old (Approximately 1 month after meta-
morphosis). Prior to surgery, juvenile newts were anesthetized with 0.2%
tricaine (Sigma, A5040)". All amputations are carried out at the wrist of the
limb. For EdU-labeling, animals were injected intraperitoneally with 50 mg/
kg 12 h before tissue collection'’. Verteporfin (TOPSCIENCE, T3112) was
administered intraperitoneally at 20 mg/kg in newts to inhibit YAP nuclear
translocation.

Morpholino and antisense oligonucleotide injection

The morpholinos (MO) were provided by Gene Tools (Oregon, USA). All
MOs were conjugated with green fluorescent modifications. For newt limbs,
100 nL (125 uM) MOs were injected (once every 7 days) into the regener-
ating limb through glass microcapillaries and PV830 PicoPump, followed by
electroporation. Antisense oligonucleotides (ASO) were used to degrade the
nonsense Yap mRNA, and all ASO were provided by RiboBio (Guangzhou,
China). All ASOs were labeled with red fluorescent modifications. For newt
limbs, 100 nL (125 uM) ASOs were injected (once every 7 days) into the
limb with glass microcapillaries and PV830 PicoPump. The MOs and ASOs
used in this study are listed in Supplementary Table 1.

Quantitative qPCR and RT-PCR
Approximately 2 mm length of limb tissue was collected from uninjured/
injured WT and YAP-KO limbs at 0 dpa and 4 dpa, respectively. The
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removed tissue was placed in a petri dish, poured with PBS to remove the
blood cells. Total RN A was extracted by using Trizol reagent (Simgen). The
cDNA was synthesized by using NovoScript Plus All-in-one 1st Strand
cDNA Synthesis SuperMix (gDNA Purge) (Novoprotein). qRCR assay was
performed by using a Hieff PCR SYBR Green MIX (Yeasen, 11201ES08)
on a BIO-RAD CFX384 real-time PCR system. The mixture was incubated
at 50 °C for 15 min, 75 °C for 5 min. The qPCR conditions were: initial
denaturation at 95 °C for 5 min, followed by 39 cycles of 95 °C for 20 s, 60 °C
for 20's, and 72 °C for 20 s. RT-PCR was used to test the efficiency of MO.
The relative amount of Yap (nonsense mRNA), Taz, CCND, CCNE, CTGF,
Cyr61, and Amotl2 mRNA was normalized to the amount of actin,
respectively. The 27**“ method was used for the evaluation of relative
quantification of target gene expression. All primers used in this study are
listed in Supplementary Table 2.

Tissue sectioning, immunofluorescence, and EdU staining
Frozen sections (6-8 um) were thawed at room temperature and fixed in
4% formaldehyde for 5 min. The sections were then blocked with 10% goat
serum in 0.1% Triton-X for 30 min at room temperature. The tissue
sections were incubated with primary antibodies overnight at 4 °Cand the
corresponding secondary antibodies conjugated to Alexa Fluor 488 or 555
(Invitrogen) for 1 h. The sections were washed in PBS three times between
different treatments. Primary antibodies used are as follows: anti-YAP
(Cell Signaling Technology-D8HI1X, 1:100), anti-Collagen 2 (DSHB,
1:20), anti-MF20-488 (eBioscience, 1:500). EAU staining was performed
by incubating the sections with 100 mmol/L Tris, 1 mmol/L CuSO4,
10 mmol/L fluorescent azide, and 100 mmol/L ascorbic acid for 30 min"".
Once all washing steps were completed, the coverslips were counter-
stained with 50 ng/mL 4/, 6-diamidino-2-phenylindole (DAPI). A con-
focal fluorescence microscope (Zeiss LSM710) was used to examine and
image the sections.

RNA-seq analysis

For quality control of RNA-seq data, we used Trimmomatic (version 0.39) to
remove low-quality sequences and STAR (version 2.7.11b) to perform read
alignment by mapping reads to the reference genome aPleWall.hap1 (https://
ftp.ncbi.nlm.nih.gov/genomes/all/GCF/031/143/425/GCF031143425.1_aPle
Wall.hap1.20221129/). The number of aligned reads was quantified using
HTSeq (version 2.0.5) together with the gene annotation document
GCF031143425.1aPleWall.hap1.20221129genomic.gtf. The read counts
were converted to TPM values. We calculated the relative expression of genes
in the YAP-KO group using the TPM values of genes in the WT group as a
benchmark. Finally, the multi-gene line plot was completed using the R
programming language (version 4.4.1) and the ggplot2 package. The gene and
protein nomenclature were standardized'®. For basic analyses, including PCA
and Correlation analysis, see Fig. S12a—o0. YAP-specific target genes, TAZ-
specific target genes, and YAP/TAZ co-target genes were selected according
to http://chip-atlas.org". We retrieve the YAP and TAZ peaks located within
+1 kb of the transcription start site (TSS) to identify high-confidence YAP
and TAZ target genes. The two gene sets were overlapped to identify YAP-
specific, TAZ-specific, and YAP/TAZ co-target genes. We compare the gene
expression in YAP-KO to WT to select the most differentially expressed genes
for GO analysis.

Data analysis

The animal experiments were not randomized. No statistical method
was used to predetermine sample size. No samples were excluded from
the statistical analysis. All limb samples were from at least 3 different
individuals with either left or right limb amputated. For image analysis,
each limb sample was assayed with at least three different sections, with
one view on each section. The exact biological repeats (animals) were
indicated in each figure legend. Data are presented as the mean +
standard error of the mean (SEM). Statistical differences were analyzed
by Student’s t-test. Statistical analyses were performed using GraphPad
Prism v8.0.

Data availability
The RNA-seq datasets generated and analyzed during the current study are
available from the NCBI database PRJNA1223625.

Received: 14 February 2025; Accepted: 19 May 2025;
Published online: 31 May 2025
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