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Abstract

Background Animal regeneration is the natural process of replacing or restoring damaged or missing cells, tissues,
organs, and even entire body to full function. Studies in mammals have revealed that many organs lose regenerative
ability soon after birth when thyroid hormone (T3) level is high. This suggests that T3 play an important role in organ
regeneration. Intriguingly, plasma T3 level peaks during amphibian metamorphosis, which is very similar to postem-
bryonic development in humans. In addition, many organs, such as heart and tail, also lose their regenerative ability
during metamorphosis. These make frogs as a good model to address how the organs gradually lose their regenera-
tive ability during development and what roles T3 may play in this. Early tail regeneration studies have been done
mainly in the tetraploid Xenopus laevis (X. laevis), which is difficult for gene knockout studies. Here we use the highly
related but diploid anuran X. tropicalis to investigate the role of T3 signaling in tail regeneration with gene knockout
approaches.

Results We discovered that X. tropicalis tadpoles could regenerate their tail from premetamorphic stages up to

the climax stage 59 then lose regenerative capacity as tail resorption begins, just like what observed for X. laevis. To
test the hypothesis that T3-induced metamorphic program inhibits tail regeneration, we used TR double knockout
(TRDKO) tadpoles lacking both TRa and TR, the only two receptor genes in vertebrates, for tail regeneration studies.
Our results showed that TRs were not necessary for tail regeneration at all stages. However, unlike wild type tadpoles,
TRDKO tadpoles retained regenerative capacity at the climax stages 60/61, likely in part by increasing apoptosis at the
early regenerative period and enhancing subsequent cell proliferation. In addition, TRDKO animals had higher levels
of amputation-induced expression of many genes implicated to be important for tail regeneration, compared to the
non-regenerative wild type tadpoles at stage 61. Finally, the high level of apoptosis in the remaining uncut portion of
the tail as wild type tadpoles undergo tail resorption after stage 61 appeared to also contribute to the loss of regen-
erative ability.

Conclusions Our findings for the first time revealed an evolutionary conservation in the loss of tail regenera-

tion capacity at metamorphic climax between X laevis and X. tropicalis. Our studies with molecular and genetic
approaches demonstrated that TR-mediated, T3-induced gene regulation program is responsible not only for tail
resorption but also for the loss of tail regeneration capacity. Further studies by using the model should uncover how
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T3 modulates the regenerative outcome and offer potential new avenues for regenerative medicines toward human

patients.

Keywords Tail regeneration, Metamorphosis, Thyroid hormone, Postembryonic development, Xenopus laevis,

Xenopus tropicalis

Introduction

In adult mammals, most organs/tissues have extremely
limited regenerative capacity and only a small number of
organs/tissues, such as liver and distal digits, are capable
of regeneration upon damage [1-4]. On the other hand,
lower vertebrates such as fish, and amphibians have
much greater capabilities to regenerate multiple tissues,
including heart, tail and limb [5-9]. These organisms
with highly regenerative capacity offer great opportuni-
ties to determine the mechanisms leading to regenerative
failure in higher vertebrate and ultimately provide thera-
pies for human.

Notably, studies on organ/tissue regeneration have
been broadly focused on lower vertebrate species (e.g.,
zebrafish, urodele) with high regenerative abilities and
mice with limited regenerative abilities [7, 10-15]. Anu-
rans such as Xenopus laevis (X. laevis) and Xenopus
tropicalis (X. tropicalis) fill the gap between fish/urode-
les and mice for understanding the evolutionary transi-
tion in regenerative abilities [9, 16]. In addition, X. laevis
has been considered as a powerful model to investigate
the mechanisms that underlie the changes of organs from
being regenerative to non-regenerative during the life-
time of one organism.

Multiple Xenopus organs, including, tail, limb, and
heart, exhibit stage-dependent regeneration during
development, gradually losing the regenerative ability
during metamorphosis, which is controlled by thyroid
hormone (T3) via T3 receptor (TR)-mediated transcrip-
tional regulation of target genes [16—21]. This suggests
that T3 may play an important role in regulating organ/
tissue regeneration during Xenopus development. Simi-
larly, some human organs, such as the heart, also lose
their regenerative ability soon after birth when T3 level
is high, but it is difficult to study mammalian postem-
bryonic development as the neonates depend on mater-
nal supply for development and survival [22]. Thus,
anurans like Xenopus can serve as a model to investi-
gate how organs gradually lose their regenerative abil-
ity during development and what roles T3 plays during
regeneration.

In addition, Xenopus tail can serve as an excellent
model to explore the mechanism of regeneration for
several reasons. First, the tail consists of many axial and
paraxial tissues that are also present in human organs,
making it useful for studying regeneration mechanisms

for many tissues such as muscle, spinal cord, and vein.
Second, it has remarkable regenerative abilities and
completes regenerative process fast, within 2 weeks fol-
lowing amputation. Third, it has both regenerative and
non-regenerative period during development [8, 23, 24],
offering an opportunity to study how regeneration is reg-
ulated during development. Previous studies have shown
that tail regeneration proceeds through three essential
periods: the formation of specialized wound epidermis,
blastema bud formation and subsequent patterning and
outgrowth via cell proliferation [9, 25-27]. A number of
genes/pathways and cellular activities have been found
to be involved during these different periods, including
reactive oxygen species (ROS), apoptosis, leptin, matrix
metalloproteinases (MMPs), Wnt/FGF pathways, mTOR,
and cellular metabolism [24-26, 28—32].

Previous studies have observed that X. [aevis tadpoles
can regenerate their tail from larval stages to premeta-
morphic stages and then gradually lose the regenera-
tive capacity at metamorphic climax [17]. However,
only a limited number of stages during metamorphosis
were used [9], making is unclear when exactly the tad-
pole loses the ability to regenerate its tail during meta-
morphosis. Here, we first compared tail regeneration in
both X. laevis and X. tropicalis at various stages during
metamorphosis and found that both X. laevis and X.
tropicalis tadpoles lost their ability for tail regeneration
at the climax stages 60/61, just before rapid tail resorp-
tion taking place at stage 62 (as reflected by the reduction
in tail length), suggesting that T3-induced metamorphic
program inhibits tail regeneration. By using wild type and
TR double knockout (TRDKO) X. tropicalis tadpoles for
tail regeneration studies, we found surprisingly that TRs
are not necessary for tail regeneration throughout devel-
opment. Instead, removing both TRs enabled TRDKO
tadpoles to retain tail regenerative capacity at the climax
stages 60/61. Our analyses suggest that TR-mediated,
T3-induced gene regulation program is responsible not
only for tail resorption but also for the loss of tail regen-
eration capacity at metamorphosis climax.

Results

TRs are not requited for tail regeneration during Xenopus
development

Before investigating the role of TR in tail regenera-
tion by using TR knockout tadpoles, we determined if
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tail regeneration is similar between X. tropicalis and X.
laevis. Early studies have shown that there is a nutri-
tion dependent divergence between the two species in
tail regeneration around the tadpole feeding stage (stage
45), the so-called tail regeneration refractory period in
Xenopus laevis [27, 31]. On the other hand, when we
analyzed tail regeneration after the refractory period,
between stage 48 and stage 59 (an early metamorphic
stage), we observed that the tail had a robust regenera-
tive ability and completed the entire regenerative process
within 1 week after amputation between premetamor-
phic stage 48 and early metamorphic climax stage 59 in
both X. laevis and X. tropicalis (Fig. 1A, Additional file 1:
Fig. S1, and data not shown). For example, at stage 59, X.
tropicalis tail was able to complete wound healing and
form the special wound epidermis at the amputation
site around 1 day post-amputation (Fig. 1A). By 3 days
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post-amputation, regeneration bud was well formed
(Fig. 1A), and regeneration was nearly complete 5 days
post-amputation (Fig. 1A). Stage 59 X. laevis tadpoles
behaved similarly, although taking 7 days to fully regen-
erate (likely due to the lower rearing temperature for X.
laevis tadpoles (Additional file 1: Fig. S1A). On the other
hand, at stages 60 and 61, both X. laevis (Additional
file 1: Fig. S1) and X. tropicalis (Fig. 1) tadpoles failed to
regenerate the tail 7 days and 5 days, respectively, after
amputation. Interestingly, we observed that in X. tropica-
lis, the tail was able to complete wound healing and form
the wound epidermis 1 day after amputation at stages
60/61 (Fig. 1A) and form a regeneration bud by 2-3 days
post-amputation (Fig. 1A). However, the subsequent
patterning and outgrowth of the regeneration bud were
blocked or inhibited and even the limited regeneration
observed around 3—-4 days post-amputation was resorbed

4 5
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generated tail length (mm

go
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Fig. 1 Knocking out both TRa and TRB (TRDKO) enable tail regeneration at metamorphic climax stage 61 in Xenopus tropicalis. A Morphological
changes during tail regeneration show that tail is able to fully regenerate up to stage 60 but fails to complete the process at the climax stage 61 of
metamorphosis in wild type tadpoles while TRDKO tadpoles retain ability to regenerate the tail completely even at stage 61. The white dash lines
and white arrowheads indicate amputation site and regenerated portion of the tail, respectively. Right panels are regions in white dashed boxes in
left panel at a higher magnification. Scale bar (shown only in Panel x): 1 mm. B Percent of animals have tail regeneration at indicated stages 7 days
post-amputation. Note that 100% tadpoles of both wild type X. tropicalis and X. laevis, and TRDKO could regenerate the tail when amputated at all
stages between 48 and 59, including stage 48-49, stage 51, stage 54, stage 56, stage 58 and stage 59. At stage 61, 100% of the TRDKO tadpoles
could regenerate but none of wild type X. tropicalis and X. laevis animals had significant regenerated tail 7 days after amputation at stages 60-61.
The data were shown as mean values of at least 3 replicates with SE. **P <0.01, ns: no significant. C Quantitative analysis of the length of the
regenerated tail reveals that both wild type and TRDKO can regenerate the tail at early metamorphic stage 56 while wild type tail fails to complete
tail regeneration at stage 61, unlike the TRDKO tail at stage 61. The length of the regenerated portion of the tail was measured from at least 3

tadpoles at stage 56 or 61 and presented as mean =% SE, ns, no significant



Wang et al. Cell & Bioscience (2023) 13:40

subsequently, suggesting that T3 may also induce resorp-
tion of the regenerated tissue at such stages (Fig. 1A). A
similar observation was made for X. laevis tadpoles at
stage 61 (Additional file 1: Fig. S1).

To investigate if TRs affect tail regeneration, we exam-
ined tail regeneration in TRDKO X. tropicalis animals
that lacked any functional TR. The results showed that
TRDKO could also fully regenerate the tail after ampu-
tation at all stages analyzed, from stage 48 to stage 59
(Fig. 1B, C, and data not shown). To quantify the regen-
erative capacities of wild type and TRDKO tadpoles, we
determined the percent of animals that could regenerate
the tail 7 days after amputation in wild type X. laevis and
X. tropicalis tadpoles as well as TRDKO X. tropicalis tad-
poles according to [27] and found that 100% of the ani-
mals of both species or genotypes could regenerate the
tail when amputated at stages 48—59 (Fig. 1B). In addi-
tion, we measured the length of the regenerated tail at
different time points after amputation and found no sig-
nificant difference between two genotypes at stage 56 at
each time point (Fig. 1C). These findings suggest that tail
regeneration can occur from premetamorphic stages up
to the early metamorphic climax stage 59 in both X. lae-
vis and X. tropicalis and that TRs are not necessary for
tail regeneration in X. tropicalis.

TRDKO enables tail regeneration at the climax stages
60-61

We have shown previously that TRDKO X. tropicalis
tadpoles are developmentally stalled for up to 2 weeks at
around stage 61 before eventual death, whereas wild type
tadpoles at stage 61 can complete tail resorption within
a week [33-35]. This suggests that TRDKO blocks the
tail degeneration program, which may in turn enable tail
regeneration at stage 61. To test this, we carried out tail
regeneration studies on TRDKO tadpoles at stage 61 and
observed that TRDKO tadpoles had essentially complete
tail regeneration after amputation at stage 61 (Fig. 1A).
Furthermore, 100% of the TRDKO tadpoles could regen-
erate the tail at stage 61 compared to 0% of wild type
stage 61 tadpoles of X. tropicalis and X. laevis (Fig. 1B).
Additionally, quantification of the length of the regener-
ated tail during the regeneration period showed that wild
type and TRDKO tadpoles amputated at stage 61 had a
similarly length of the regenerated tail during the first
3 days post-amputation (Fig. 1C). However, by 4 days
post-amputation, the regenerated tail of the wild type
tadpoles was resorbed significantly and was not meas-
urable subsequently (Fig. 1C). In contrast, the length of
the regenerated tail of the TRDKO tadpoles continued
to grow or remain steady after 4 days post-amputation,
with a morphology of essentially complete regeneration
by 7 days post-amputation (Fig. 1C).
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Tail regeneration involves three essential periods: the
formation of specialized wound epidermis, blastema bud
formation and subsequent patterning and outgrowth
via cell proliferation. To investigate which periods are
responsible for the inhibition of tail regeneration by the
T3-induced program during metamorphosis in the wild
type animals, histological analyses were carried out at
different time point after tail amputation of stage 61 wild
type and TRDKO tadpoles. The results revealed that both
wild type and TRDKO tail could initiate regeneration,
with complete wound healing and formation of the spe-
cial wound epidermis and blastema by 48 h post-amputa-
tion (Fig. 2A, Additional file 1: Fig. S2). Subsequently, the
wild type and TRDKO tadpoles diverged. In the wild type
animals, there was a loss of regenerative tissue during
patterning and outgrowth period by 72 h or 3 days post-
amputation (Fig. 2B). On the other hand, patterning and
outgrowth continued between 48 and 72 h post-ampu-
tation in the TRDKO tadpoles (Fig. 2B). In fact, by 72 h
post-amputation, notochord precursor cells accumulated
to create a compact cell mass (notochord tip) adjacent to
the edge of the amputated notochord sheath and the spi-
nal cord to form a neural ampulla in the regenerating part
of tail in TRDKO but not in wild type tadpoles (Fig. 2B).
Thus, removing TRs prevents the loss of tail regenerative
capacity at the climax of metamorphosis.

TRDKO increases amputation-induced apoptosis

in the earlier period of regeneration as well as subsequent
cell proliferation in outgrowth period

To assess how wild type tail failed to complete the regen-
eration after amputation at stage 61, we first investigated
the apoptosis and cell proliferation after amputation in
both wild type and TRDKO tadpoles given that these
processes are indispensable for tail regeneration during
the first (formation of specialized wound epidermis) and
third (patterning and outgrowth) period, respectively [29,
31]. Using TUNEL staining of the sagittal section at 6 h
post-amputation, we found that the majority of apoptotic
cells were near the amputation site in both wild type and
TRDKO tail (Fig. 3A). Quantitative analysis showed that
the number of apoptotic cells was significantly higher in
TRDKO tail compared to that in wild type tail (Fig. 3B).
In addition, RT-qPCR analysis showed that the expres-
sion of 3 apoptotic genes, caspase 9, bax and fas, in the
regenerated portion of tail was significantly induced
at 6 h after amputation in both wild type and TRDKO
tail (Additional file 1: Fig. S3A, B), and two of them had
slightly higher folds of induction in TRDKO tail (Addi-
tional file 1: Fig. S3C), consistent with higher levels of
apoptosis in the TRDKO animals. Similarly, EdU-labe-
ling proliferating cells [36] at 48 (Fig. 4) and 72 h (Fig. 5)
post-amputation showed that TRDKO tadpoles had
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Fig. 2 Wild type tadpoles at stage 61 can initiate regeneration after amputation but fails to complete the process. Sagittal sections of tail at
different time points after amputation at stage 61 were stained with hematoxylin and eosin. Note that both wild type and TRDKO tail could finish
wound healing, form wound epidermis and blastema at 6 h, 24 h and 48 h after amputation, respectively (A). At 72 h post-amputation, the tail bud
patterning was absent in wild type tadpole, while TRDKO animal had normal regenerated structures, e.g., patterning to form notochord tip and
apical ampulla (the termini of the spinal cord) (B). nc, notochord; m, muscle; sp, spinal cord; nt, notochord tip; na, neural ampulla. The black dash
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Fig. 3 TRDKO tadpoles have more amputation-induced apoptosis at 6 h post-amputation at stage 61. A TUNEL labeling (green) was carried out
on sagittal sections of the tail at 6 h post-amputation, counterstained with Hoechst 33342 (blue), to detect apoptotic cells. Note that apoptotic
cells appeared around the amputation site in both wild type and TRDKO. The white dash lines indicate amputation site. Scale bar: 300 um. B
Quantification of apoptotic cells. The TUNEL positive cells (green) were counted with ImageJ software and normalized against the total Hoechst

positive cells (blue). The data are presented as mean = SE (n=3). **P <0.01

significantly more proliferating cells in newly regener-
ated portion of the tail compared to that in wild type
tadpoles. Interestingly, proliferating cells relative to the
total cell number in the newly regenerated portion of the
tail actually increased between 48 and 72 h post-ampu-
tation in TRDKO tadpoles, but decreased in wild type
tadpoles (compared Figs. 5C to 4C). When we analyzed
the expression of two cell cycle genes, cdkl and cdca$,

at 0, 24 and 72 h after amputation, we found that they
were upregulated by 24 h in both wild type and TRDKO
(Additional file 1: Fig. S4). However, in wild type animals,
their expression then decreased by 72 h while in TRDKO
animals, the expression increased further (Additional
file 1: Fig. S4), again consistent with the cell proliferation
data. Furthermore, there were abundant apoptotic cells
in the uncut portion of the tail of wild type tadpoles at 48
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Fig. 4 TRDKO tadpoles have more cell proliferation in the regenerated portion of the tail with no or fewer apoptotic cells in the uncut portion of
the tail at 48 h post-amputation at stage 61 compared to the wild type animals. A EdU (red) labeling of proliferating cells was carried out on sagittal
sections of tail at 48 h post-amputation, counterstained with TUNEL (green) for apoptotic cells and Hoechst 33342 (blue) for DNA, respectively.
White arrow heads point to representative labeled cells. The regenerated portion of the tail is encircled with dotted lines. Scale bar: 50 pm. B A
higher magnification of area in the white dashed boxes in A. White arrow heads point to representative labeled proliferating cells. Scale bar: 50 um.
C Quantification of proliferating cells in the regenerated portion of the tail (areas encircled in A) of both wild type and TRDKO tadpoles. The EdU
positive cells (red) were counted with ImageJ software and normalized against the total Hoechst positive cells (blue) and presented as mean = SE

(n=3),*P<0.05

and 72 h post-amputation due to natural tail resorption
as the tadpole developed further from stage 61 (Figs. 4Ac,
5Aa). In contrast, such apoptotic cells were absent in the
uncut portion of the tail of TRDKO tadpoles as TRDKO
inhibited tail resorption (Figs. 4Ag, 5Ab). These results
are consistent with our morphological observations and
histology data and suggest that the increased apoptosis
at early regenerative period and subsequent cell prolif-
eration after amputation in the TRDKO tadpoles help to
enable tail regeneration at stage 61. They further argue
that T3-induced, TR-mediated tail resorption program
inhibits tail regeneration.

TRDKO enhances amputation-induced expression genes
known to be involved in regeneration at the climax

of metamorphosis

We next investigated whether TRDKO affects the
expression of genes known to be involved in tail regen-
eration by using RT-qPCR analyses of tail tissue at dif-
ferent time points after amputation at stage 61. We

first analyzed three inflammatory genes, i/1b, il8 and
il1r2, known to be regulated during regeneration, and
found that all were upregulated by 6 h after amputa-
tion in both wild type and TRDKO tail (Additional
file 1: Fig. S5). We then analyzed 6 known reparative
myeloid genes: matrix metalloproteinase 1 (mmpl),
mmp7, mmpl3, mmpl3l, mmp25, and mpo (myeloper-
oxidase) [30]. All of them were found to be upregulated
at 6 h post-amputation in both wild type and TRDKO
tail. However, the fold induction by amputation was
much higher in the TRDKO tadpoles for 4 of the 6
genes, mmp1 (20.5-fold vs 7.4-fold), mmp13l (65.8-fold
vs 3.4-fold), mmp13 (10.0-fold vs 2.9-fold) and mmp25
(7.2-fold vs 2.3-fold), compared to that in wild type
tadpoles (Fig. 6A). We next assessed the expression of
2 genes known to be among the most significantly reg-
ulated genes after tail amputation and likely involved
in the regeneration of different tissues/organs, sug-
gesting that they are the conserved markers that be
more useful for our experiment: the upregulated gene
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Fig. 5 The wild type animals lose cell proliferation in the regenerating region at 72 h post-amputation while the regenerating tail of the TRDKO
tadpoles continue to have high levels of cell proliferation. A EdU (red) labeling of proliferating cells was carried out on sagittal sections of tail at 72 h
post-amputation, counterstained with TUNEL (green) for apoptotic cells and Hoechst 3342 (blue) for DNA, respectively. The white dash lines indicate
amputation sites and the white arrowheads point to labeled cells. Scale bar: 100 um. B A higher magnification of area in the white dashed boxes

in A. White arrow heads point to labeled proliferating cells. Scale bar: 100 um. C Quantification of proliferating cells in the regenerated portion of
the tail of wild type and TRDKO tadpoles. The EdU positive cells (red) were counted with ImageJ software and normalized against the total Hoechst

positive cells (blue) and presented as mean £ SE (n=3), **P <0.01

leptin and downregulated gene cyp26a [24]. We found
that leptin was induced to peak level at 6 h post-ampu-
tation and the expression level then dropped to lower
levels at 24 and 72 h in both wild type and TRDKO tail
(Fig. 6B). Here again, TRDKO led to a much stronger
induction of leptin at 6 h post-amputation compared
to wild type animals. On the other hand, cyp26a was
downregulated similar in the TRDKO and wild type
tail (Fig. 6B).

Finally, we analyzed the expression of 4 genes likely
involved in the patterning and outgrowth of the regen-
erated tail, including wnt3a, wnt5a, fgfl0 and fgf8
[17], at 72 h post-amputation in both wild type and
TRDKO tadpoles. We found that the expression lev-
els of Wnt and FGF genes (wnt3a, wnt5a, fgfl0 and
f2f8) in wild type tail were significantly lower than
those in TRDKO tail at 72 hpa (Fig. 6C). These data
indicate that TRDKO enhanced amputation-induction
of the expression of many genes important for differ-
ent periods of tail regeneration to allow the tadpole
to retain tail regenerative capacity at the climax of
metamorphosis.

Discussion

Tissue regeneration is critical for organ function and
long-term survival of different organisms. The ability
for tissue regeneration generally decreases from lower
to higher organisms and from immature/neonatal/
larval to mature/adult organs, with mammalian adult
organs having perhaps the lowest ability to regener-
ate. Postembryonic development in mammals or the
equivalent period, i.e., metamorphosis, in amphibians
is accompanied by a drastic reduction of the ability of
many organs to regenerate. T3 is known to be criti-
cal for postembryonic development in vertebrates and
thus may play a role in regulating the regenerative abil-
ity of vertebrate organs during development. Here, our
study using genetic and developmental approaches
is the first to demonstrate that TR is not required for
tail regeneration throughout Xenopus development
but T3-induced, TR-mediated tail resorption pro-
gram inhibits tail generation. Our findings suggest that
T3-induced adult organ development or larval tissue
degeneration is responsible for the reduction or loss of
organ regenerative ability during development.
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Fig. 6 Atthe non-regenerative stage 61, wild type tadpoles have reduced upregulation of genes known to be induced during tail regeneration
compared to TRDKO tadpoles. A The expression of reparative myeloid genes at 0 h and 6 h after amputation in wild type tail and TRDKO tail. The
expression was determined by RT-gPCR and normalized to that of rp/8. Note that all genes: mmp1 (matrix metalloproteinases 1), mmp13l, mmp25,
mpo (myeloperoxidase), and mmp7, were upregulated during early stage of regeneration in both wild type and TRDKO tail after amputation but
TRDKO enhanced the induction of mmp1, mmp13l, mmp13, mmp25 compared to wild type tadpoles. B TRDKO enhances the upregulation of
leptin but not cyp26al during tail regeneration after amputation at stage 61. Notably, leptin has reported the highest significant upregulation

in the 6 h vs 0 h comparison while cyp26a possesses the greatest significant decreased in the 6 h vs 0 h comparison during tail regeneration in
Xenopus. CTRDKO leads to higher levels of expression of Wnt and FGF genes during the patterning and outgrowth period of tail regeneration, 72 h
post-amputation at stage 61. All gene expression data were presented as mean =+ SE, **P <0.01

Our studies here first provided morphological evi-
dence that the tail gradually loses the regenerative
ability at metamorphic climax stages 60—61 in both X.
laevis and X. tropicalis, similar to that reported for car-
diac regeneration in X. laevis [16]. In addition, a num-
ber of other organs, such as the limb, spinal cord, lens,
and brain also lose or reduce their regenerative abil-
ity during metamorphosis [37-40]. Interestingly, the
loss of regenerative ability in all these organs, includ-
ing the tail, coincides with the metamorphic changes
in these organs, i.e., developing into their adult forms
(de novo formation of the limb, resorption of the tail,
and remodeling of other organs) during metamorpho-
sis. Since all metamorphic changes are controlled by
T3 through transcriptional regulation of target genes
by TRs [21, 41-46], T3-signaling through T3 is likely
important in regulating the regenerative ability of these
organs during development. Indeed, our findings in
TRDKO tadpoles revealed that blocking T3 signaling
by removing TR at the climax of metamorphosis when
tail resorption normally occurs prevented the loss of
tail regenerative ability [33].

Interestingly and perhaps surprisingly, TRDKO tad-
poles prior to the stages of tail resorption could regen-
erate the tail. Thus, TRs are themselves not required for
tail regeneration. Instead, it is the metamorphic program,
which, in the case of the tail, is induced by T3 via TR at
the climax of metamorphosis, that inhibits tail regenera-
tion. In this regard, it is worth noting that limb regenera-
tion can also occur in TRDKO tadpoles but is inhibited
as limb metamorphosis occurs even in TRDKO tad-
poles (data not shown). Since TR functions as repres-
sors of T3-inducible genes as unliganded receptor, e.g.,
during premetamorphosis when T3 level is low, and as
activators of these same genes when liganded, e.g., dur-
ing metamorphosis when T3 level is high. De-repression
of the genes due to TRDKO is sufficient for adult organ
development during metamorphosis [33] and thus, it is
not be surprising that limbs also lose regenerative ability
in TRDKO tadpoles since it can undergo metamorpho-
sis in TRDKO tadpoles. In this regard, it is worth not-
ing that heart regenerative ability is also regulated by T3
during postembryonic development in both Xenopus and
mouse [16, 47], likely due to T3-dependent maturation
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of the heart during Xenopus metamorphosis or mouse
postembryonic development [48]. Thus, it is likely that
the development program responsible for the maturation
of individual organs/tissues causes the loss of regenera-
tive ability in these organs/tissues.

At cellular and molecular levels, the regeneration of
TRDKO tail after amputation at the climax of metamor-
phosis resembles that of wild type tail after amputation
during premetamorphosis. Previous studies have shown
that early during regeneration, apoptosis plays an impor-
tant role in determining the regenerative ability in many
organisms by facilitating the release of signaling mole-
cules, such as Wnt and prostaglandin E2, etc., and affects
subsequent cell proliferation and tissue patterning [26,
29, 49-51]. Our results indicate that wild type tadpoles at
climax stage 61 can initiate the regenerative process but
with a lower level of apoptosis, suggesting the reduced
or incomplete imitation of regeneration compared to
TRDKO tadpoles at climax stage 61. It has been reported
that the induction of apoptosis after injury requires mito-
gen-activated protein kinase (MAPK) pathway [52-54].
Interestingly, we have observed that genes downregulated
in the tail by T3 treatment of wild type tadpoles are sig-
nificantly enriched with genes in MAPK pathway, while
such an enrichment is not observed for TRDKO tadpoles
[55] suggesting that T3 may regulate MAPK pathway via
TR to affect tail regeneration. In addition, we observed
that most of the analyzed reparative myeloid genes were
induced at much lower levels in the wild type tail com-
pared to TRDKO tail 6 h after amputation at stage 61
(Fig. 6A). The myeloid lineage activities have been shown
to be upstream of apoptosis and can affect the apopto-
sis during regeneration [30]. Our findings thus suggest
that T3-signaling may affect myeloid lineage activity to
regulate amputation-induced apoptosis during the early
period of tail regeneration, consistent with earlier reports
that T3 targets macrophages to affect the pro-inflamma-
tory nuclear factor-kB activities, which is required for
successful regeneration [56—59].

In addition, organ/tissue regeneration shares certain
hallmarks of embryonic development, especially during
the patterning and outgrowth period, e.g., both requir-
ing rapid cell proliferation [60-62]. Our results show that
the number of proliferating cells was significantly lower,
especially during the patterning and outgrowth period,
in the regenerating tail of wild type tadpoles compared
with TRDKO tadpoles after amputation at stage 61. In
addition, histological analyses showed that the regenerat-
ing tail in the TRDKO tadpoles at stage 61 had normal
patterning, including the formation of notochord tip,
by 72 h post-amputation, whereas little patterning was
observed for the wild type tadpoles. The wild type, but
not TRDKO, tadpole tail, however, had high levels of
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apoptosis in the uncut portion of the tail at 48 h and 72 h
post-amputation at stage 61 due to the activation of tail
resorption program after stage 61. Thus, cell—cell inter-
action and dynamic cellular behaviors may be critical for
patterning during regeneration by providing a regenera-
tion-permissive environment [63].

A number of studies have analyzed the gene expres-
sion changes during tail regeneration, development, and
resorption [35, 62, 64—66]. A number of genes have been
found to be strongly upregulated after tail amputation.
One of them, leptin, is upregulated early after amputation
to promote organ/tissue regeneration in different animal
species [24, 67—69]. Its upregulation was much lower in
the wild type tail compared to TRDKO tail at 6 h after
amputation at stage 61. Notably, leptin is a nutrition-
ally regulated hormone, and its protein was found to be
localized in the wound epidermis and it could activate
both JAK/STAT3 and MAPK/ERK signaling to affect the
regenerative outcome in limb regeneration in Xenopus
laevis [70]. In addition, previous study has showed that
nutrient state can affect tail regeneration in X. tropicalis
[31], suggesting that T3/TRs may affect tail regeneration
at least in part through leptin signaling. Another gene
of interest, cyp26al, which is involved in retinoic acid
(RA) clearance and is among the most dramatic down-
regulated genes during the wound healing during normal
tail regeneration in Xenopus tropicalis [24,] suggested
this gene regulation is important at least during the ini-
tiate stage of Xenopus tail regeneration. We showed that
in both wild type and TRDKO tadpoles at stage 61, the
gene was regulated in a similar regulation pattern, fur-
ther supporting our conclusion that wild-type tail could
initiate the tail regeneration just like the TRDKO tail at
stage 61. Furthermore, RA signaling, through RAR (RA
receptor)-RXR heterodimers can influence the forma-
tion, proliferation, and survival of the blastema during
adult zebrafish fin regeneration [71]. This suggests that
the regulation of cyp26al may related to the RA signaling
during tissue/organ regeneration. It would be interest-
ing to investigate whether RXR-RAR heterodimers play a
role in tail regeneration in TRDKO. In addition, Wnt and
FGF pathways are well-known signaling pathways impli-
cated in tail and limb regeneration [26, 72, 73]. We found
that wnt3a, wnt5a, fgf10 and fgf8 were expressed at much
higher levels in the patterning and outgrowth period in
the TRDKO tail compared to wild type tail after amputa-
tion at stage 61. Our data are consistent with the obser-
vation that Wnt and FGF are required for spinal cord
and muscle regeneration in Xenopus tail regeneration
[74, 75], suggesting that T3 regulated genes through TRs
may affect the outgrowth of the regenerating tail through
Wnt and FGF signaling pathways. Altogether, our mor-
phological, histological, and molecular findings support
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a model where T3 regulates gene expression programs
through TRs to induce tail resorption and the tail resorp-
tion program in turn contribute to the inhibition of the
initiation as well as the patterning and outgrowth period
of tail regeneration (Fig. 7).

Conclusions

Our studies here for the first time reveal that devel-
opmental regulation of tail regeneration is conserved
between X. laevis and X. tropicalis except during the
refractory period, around the onset of feeding when
X. laevis cannot but X. tropicalis can regenerate its tail
after amputation [27]. By using total TR knockout in
the diploid X. tropicalis, we have discovered that while
TR is not needed for tail regeneration, TR-mediated,
T3-induced tail resorption program might be respon-
sible for the loss of regenerative ability at/after climax
stages 60/61. Given that other organs/tissues, such as
the heart [16], also lose/decrease their ability to regen-
eration during T3-dependent metamorphosis, it is
likely that T3-dependent maturation of adult organs/
tissues or resorption of the larval organs inhibits tissue/

T3 (plasma)

Metamorphosis
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organ regeneration. This raises the possibility of manip-
ulating hormone signaling to revert tissues/organs to
their neonatal/larval state, such as TRDKO for tad-
pole tail, toward developing regenerative medicines for
human diseases.

Materials and methods

Experimental animals

Wild type X. laevis and X. tropicalis adults were pur-
chased from Nasco or raised in the laboratory. Tad-
poles were staged according to [76]. Sexually mature
X. tropicalis frogs homozygous for TRa knockout and
heterozygous for TRP knockout [(TRa (—/—)p(£)]
were mated to produce TRDKO [(TRa (—/=)p(—/—)]
tadpoles [33]. X. laevis and X. tropicalis embryos/
tadpoles were maintained at 25 °C and 20 °C, respec-
tively. All animal care and treatments were performed
as approved by the Animal Use and Care Committee
of Eunice Kennedy Shriver National Institute of Child
Health and Human Development of the National Insti-
tutes of Health.

Stage 55 58 61 63

RXR

TRE Target genes

-

Target genes

-
G

Stage 61

TRE

Metamorphosis climax

program abolished

66

Initiation of tail
regeneration

v

Patterning/outgrowth
X during tail regeneration

t

Tail resorption
program activated

Tail resorption

Initiation of tail
regeneration

Patterning/outgrowth
during tail regeneration

Fig.7 A model for tail regeneration at stage 61 by T3. In wild type animals at metamorphic climax stage 61, T3 peaks and liganded T3 receptors
(TRs) recruit coactivator complexes to activate gene transcription responsible for tail resorption and inhibit tail regeneration, including inhibition
of the initiation of the regeneration after amputation and preventing subsequent patterning and outgrowth. In TRDKO tadpoles, the activation of
these genes by T3 is absent, thus preventing tail resorption and allowing the tail to retain regenerative ability. RXR, 9-cis-retinoic acid receptor. TRE,
T3 response element. The white dash lines indicate amputation sites. Scale bar: 8.7 mm
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Genotyping

Tadpoles were anesthetized with 0.02% MS222 (TCI,
Tokyo, Japan) and tadpole tail tip (about 5 mm or less)
was clipped and lysed in 20 pL QuickExtract DNA extrac-
tion solution (EPICENTRE Biotechnologies, Madison,
WI, USA) at 65 °C for 20 min. After incubation at 95 °C
for 2 min and centrifugation at 4000 rpm for 10 min, 1 pL
of the resulting DNA solution was immediately used for
genotyping [43]. Briefly, the genotyping for TR wild type
or the 19-base deletion mutant was done by PCR with
forward primer, 5-GGACAACATTAGATCTTTCTT
TCTTTG-3' and reverse primer, 5-CACACCACGCAT
AGCTCATC-3' for 33 cycles of 94 °C for 30 s, 60 °C for
30 s, and 72 °C for 20 s. The PCR products were analyzed
by 3.5% agarose gel electrophoresis to determine the gen-
otype based on the sizes of the products.

EdU labeling

To detect proliferating cells, 10 mg/mL 5-ethynyl-2’-
deoxyuridine (EdU) was injected into tadpoles as pre-
viously reported [36]. Briefly, tadpoles at the indicated
stages were anesthetized in 0.02% MS222 until they stop
moving. Tadpoles at stage 61 were placed on a paper
towel and injected intraperitoneally with 10 pL of 10 mg/
mL EdU using a Hamilton syringe into the abdominal
cavity. 30 min after EdU injection, tadpoles were eutha-
nized, and tissue were harvested.

Amputation procedure

Tadpoles at the indicated stages were first anesthetized in
0.02% MS222 in 0.1X MMR [0.1 M NaCl, 2.0 mM KCI,
1 mM MgSO4, 2 mM CaCl2, 5 mM HEPES (pH 7.8)].
They were transferred to fresh 0.1X MMR before ampu-
tation to remove 30-50%, which ever was less, of the
tail by using a sterile scalpel. The amputated tadpoles
were kept in a tank containing 0.1X MMR and 50 pg/ml
gentamicin for the first 2 days. The amputated X. laevis
and X. tropicalis tadpoles were kept in 20 °C and 25 °C
incubators, respectively, for 7 days with daily change of
50% rearing water without gentamicin starting from
day 3. The percent of animals with regeneration at stage
61 was assessed at 7 days post-amputation with regen-
eration considered to be good or excellent as previously
described [27].

Histological study

Tissues were fixed with 4% paraformaldehyde over-
night, stored in 70% ethanol for up to 2 weeks, embed-
ded in paraffin by using a tissue processor, and sectioned
at 5 um. After deparaffinization, the tissue sections were
stained with hematoxylin and eosin (H&E) staining fol-
lowing the manufacturer’s protocol (Sigma-Aldrich) and
analyzed under a bright-field microscope.
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TUNEL assay and EdU staining

Apoptotic cells were detected by using terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) with fluorescein in situ cell death detection kit
(#11684795910, Roche). Briefly, 5 um paraffin sections
were baked at 60 °C for 30 min followed by deparaffiniza-
tion with xylene and rehydrated through a graded series
of ethanol. Antigen retrieval was performed by micro-
waving the sections (700 W; 2 min) in sodium citrate
buffer (pH 6.0) followed by rinsing in PBS. The sections
were incubated for 30 min in 0.1 M Tris—HCL (pH 7.5)
containing 1.5% bovine serum albumin and 20% normal
bovine serum at room temperature to block non-spe-
cific binding sites, washed in PBS, and incubated with
TUNEL reaction mixture at 37 °C for 1 h. After removing
the TUNEL reaction mixture, sections were washed in
PBS 3 times and followed by detecting proliferating cells
with the Click-iT Plus EQU Alexa Fluor 594 Imaging kit
(#C10339, Invitrogen). Briefly, sections were incubated
with Click-iT® Plus reaction cocktail for 30 min at room
temperature, washed 3 times with TBST (1x TBS and
0.05% Tween-20), and then counter-stained with Hoechst
33342 (1:2000) for 30 min at room temperature before
washing 3 times with TBST. They were then mounted
on glass slides with ProLong Gold antifade regent
(#P36930, Thermo Fisher Scientifc). The fluorescent
pictures for different colors and different sections were
taken under the same settings and then analyzed with
Image] software (National Institutes of Health). Briefly,
after opening the fluorescent images in Image], all images
were changed from RGB color to 8-bit format and Image-
Adjust-Threshold-Apply was used to adjust the images.
Next, by using watershed to separate the compacted cells
by choosing process binary-watershed. Finally, Analyze-
Analyze Particles was selected to count the cell number
automatically. Both the percentage of TUNEL- and EdU-
positive cells were obtained by normalizing against the
total Hoechst 33342 positive cells.

Quantitative reverse-transcription PCR (RT-qPCR)

At O h, 6 h, 24 h and 72 h post-amputation of the tail of
wild type and TRDKO tadpoles at stage 61, the part of
the tail including all regenerated tail plus about 250 um
of the original uncut tail proximal to the site of amputa-
tion was dissected for total RNA isolation with RNeasy®
Mini Kit 250 (QIAGEN). Reverse transcription on
the RNA was carried out with a High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Waltham,
MA). Briefly, total RNA (500 ng) was reversed tran-
scribed into cDNA in a 20 pL reaction including 2 uL of
RT Buffer (x 10 concentrate), 2 uL of RT Random Prim-
ers (x 10 concentrate), 0.8 uL of ANTP mix (100 mM),
and 1 pL of Multiscribe™ Reverse Transcriptase (50 U/
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pL). The mixture was incubated at 25 °C for 10 min, 37 °C
for 120 min, and 85 °C for 5 min. Then, it was diluted
1:10 with Nuclease-free water and 2 pL of the resulting
c¢DNA solution was added to a quantitative PCR mixture
containing 10 pL of 2x SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA), 2 pL of primers
(10 pM, 1 pL Forward primer and 1 puL Reverse primer)
and 6 puL Nuclease-free water. Quantitative reverse-tran-
scription PCR (RT-qPCR) was performed in triplicates
by using Step One Plus Real-Time PCR System (Applied
Biosystems). Expression values were calculated by using
the AACt method with rpl8 used as a control [77], and
the deviation was calculated by using standard error of
the mean (SEM). Primers are shown in Additional file 1:
Table S1.

Statistical analysis

Data are presented as mean=+SE. The significance of
differences between groups was evaluated by Student’s
t-test by using Prism 9 (GraphPad Software, La Jolla, CA,
USA).
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is around the peak level, failed to regenerate (b). Scale bar: Tmm. (B) Quan-
titative analysis of the length of the regenerated tail after amputation at
stage 56, an early metamorphic stage, or at stage 61. Note that regener-
ated tail gradually increased in length after amputation at stage 56, while
the length of the regenerated tail at stage 61 appeared to decrease after
4 days, likely due to tail resorptions. The length of the regenerated portion
of the tail was measured from at least 3 tadpoles at stage 56 or 61 and
presented as mean = SE. **P < 0.01, ns, not significant. Figure S2. Tail can
initiate regeneration in both wild type and TRDKO tadpoles at stage 61.
Frontal sections of wild type (a, b) and TRDKO (c, d) tadpole tail at 24 hours
post-amputation (hpa) and 48 hpa that were stained with hematoxylin
and eosin. Note that both wild type and TRDKO could complete wound
healing and form special wound epidermis and blastema (as indicated

in black arrowheads). Black dash lines indicate amputation site. nc, noto-
chord; m, muscle. Scale bar: 150 um. Figure S3. Analysis of the expression
of apoptotic genes during wound healing in both wild-type (WT) and
TRDKO animals by RT-gPCR. The expression of three apoptotic genes
(caspase 9, bax, and fas) at 0 hr and 6 hr after amputation in wild-type (A)
and TRDKO tail (B). Each bar represents the mean plus S.E. and (*) indicates
a significant difference between 6 hr and 0 hr (P < 0.05). (C) The ratio of
the expression of the same three apoptotic genes at 6 hr to that at 0 hr
for WT and TRDKO tail. Each bar represents the mean plus S.E.and (¥)
indicates a significant difference between the WT and TRDKO tail (P<0.05).
ns indicates no significant difference. Note that the genes were induced
during wound healing in both WT and TRDKO tadpoles, with TRDKO
animals having a higher induction for two of the genes, consistent with
the TUNEL staining results. Figure S4. The regulation of cell cycle genes

at patterning and outgrowth period during tail regeneration in both wild-
type (WT) and TRDKO. The expression of two known cell cycle genes (cdk1
and cdca8) was analyzed by RT-PCR at O hr, 24 hr and 72 hr after amputa-
tion in wild-type (A) and TRDKO tail (B). Each bar represents the mean plus
SE.and (*) indicates a significant difference between 24 hrand 0 hr or

72 hrand 0 hr (P < 0.05). ns indicates no significant difference. Note that
both genes were upregulated at 24 hr in both WT and TRDKO tadpoles.
However, in WT tadpoles, their expression at 72 hr were returned to lower
levels. These were consistent of the EdU staining results. Figure S5. Analy-
sis of the expression of inflammatory genes during wound healing in both
wild-type (WT) and TRDKO animals by RT-gPCR. The expression of three
inflammatory genes (il1b, I8 and il1r2) at 0 hr and 6 hr after amputation

in wild-type (A) and TRDKO tail (B). Each bar represents the mean plus S.E.
and (¥) indicates a significant difference between 6 hr and 0 hr (P < 0.05).
Note that the genes were induced during wound healing in both WT and
TRDKO tadpoles. Table S1. Primers used in RT-qPCR.
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