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OBJECTIVE

The growth arrest of epiphyseal plates is an inevitable complication of radiotherapy in most pediatric 
cancer patients, yet our understanding of the regulatory mechanisms governing the recovery response 
remains limited. This experiment sought to delve into the roles of yes-associated protein (YAP) and 
transcriptional co-activator with PDZ-binding motif (TAZ) transcriptional co-activators, crucial drivers 
of the regenerative process, in this recovery response.

METHODS

In the study, thirty-six 8-week-old male rabbits underwent radiotherapy targeting the left distal femur 
and proximal tibia growth plates, while the right extremity served as an unirradiated control. The rab-
bits were divided into six groups based on post-irradiation time points (1, 7, 10, 14, 17, and 21 days). 
Histomorphological assessments through hematoxylin-eosin staining and immunohistochemical label-
ing of PTHrP, YAP1, and TAZ were conducted on the excised growth plates from both irradiated and 
unirradiated sides.

RESULTS

The initial week post-radiotherapy exhibited arresting effects, including increased apoptosis, reduced 
proliferative activity, and disruption of the columnar structure. Evidence of the recovery response, char-
acterized by regenerative chondrocyte clones, became evident around day 10 and peaked on day 14. 
Subsequently, cellular and structural degeneration prevailed, with a transition to osteogenesis in the 
following days. The radiation notably decreased the nuclear immunopositivity ratio of the three mol-
ecules. While nuclear expression levels of YAP1 and TAZ initially declined within the 1st week, they 
subsequently rebounded sharply, though not reaching control levels.

CONCLUSION

These preliminary findings suggest that YAP1 and TAZ could play a pivotal role as regulators in the 
recovery response of growth plates following irradiation.
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INTRODUCTION

The radiotherapeutic management which is considered 
a critical constituent of pediatric cancer treatment regi-
mens is the main treatment approach for 30–70% of 
children who are treated with curative intent.[1] The 
long-term survival can be achieved in a major part of 
patients who receive radiotherapy. Unfortunately, al-
most all these patients are afflicted with radiotherapy-
related late toxicities. Radiation-related developmental 
defects of epiphyseal growth plates, including short 
stature, angle deformities, and differences in extrem-
ity lengths are some of main concerns in patients who 
have long survival.[2] Depending on the localization of 
tumor or radiotherapy field (craniospinal irradiation, 
etc.), growth plates are frequently exposed to low-dose 
irradiation or sometimes remain directly within high 
dose area. Unluckily, because growth plates are quite 
radiosensitive, arrest of epiphyseal bone growth is in-
escapable even with low doses.

Although the radiosensitivity of growth plates and 
the adverse impact of radiation on epiphyseal growth 
well known for a long time, neither the molecular 
mechanisms have been elicited nor effective protec-
tive or treatment methods have yet to be discovered.
[3–7] In the past, some non-selective radioprotective 
drugs including amifostine, pentoxifylline, misopros-
tol, and selenium were employed to minimize the risk, 
but the effectiveness of these drugs remained limited, 
and the trials were unable to go beyond animal experi-
ments.[4,8–11] As another option, the optimization of 
radiation fields and doses can help alleviate the sever-
ity of damage. For that purpose, the growth plates can 
be excluded from target volumes as much as possible 
without compromising treatment outcome. In case it 
is not possible, the doses on the growth plates can be 
reduced as low as possible, the fractionated regimens 
can be used, or the acceptable homogenous dose dis-
tribution can be delivered.[12] These modifications 
can prevent the progress of angle deformities such as 
kyphosis, lordosis, and scoliosis. Nevertheless, in most 
cases, growth arrest of irradiated plates is not obviated, 
despite limiting exposure to growth plates.

It is well known that RT causes premature termi-
nal differentiation and leads to the early closure of 
growth plates by affecting chondrocyte differentiation.
[3,5,13,14] However, some studies have instantiated 
that the retardation effect of radiation on growth plates 
is temporary and a recovery response in the growth 
plates emerges after 2nd week.[4,6,7,15–17] But, in the 
published literature, the mechanisms that direct the 

recovery response are under-researched. As far as is 
known, the gene expression of chondrocytes shows sig-
nificant changes, particularly in proliferative and hy-
pertrophic chondrocytes, during the early stages of the 
recovery response.[6,7] That gene switch alters growth 
factor activity, such as PTHrP, which is the main control 
factor of chondrocyte differentiation, and modulates 
activity of pathways that regulate bone development, 
cartilage development, ossification, angiogenesis, and 
matrix structure. However, it has not yet been investi-
gated how and which factors lead genetic modulation 
to change as it transitions to the recovery phase.

Hippo signaling pathway is a recently discovered ki-
nase cascade that regulates organ size, cell proliferation 
and differentiation, stem cell fate determination, and 
activity of growth factors.[18] In briefly, the cascade 
takes input from several intracellular and extracellular 
signal sources and controls the phosphorylation-de-
pendent subcellular localization of yes-associated pro-
tein (YAP) and transcriptional co-activator with PDZ-
binding motif (TAZ) transcriptional co-activators. 
When the activity of cascade reduces, YAP and TAZ are 
dephosphorylated and then translocate into the nucleus 
from the cytoplasm. YAP/TAZ which accumulated in 
nucleus binds to transcription factors (mostly TEAD), 
and then, this transcriptional complex modulates the 
transcription activity of various target genes.[19]

At first, hippo-YAP/TAZ signaling pathway had 
been defined as a main regulator of tissue growth and 
organ size. But, over the past two decades, the growing 
body of evidence has shown that the influence of this 
pathway extends beyond this role. In fact, this pathway 
also serves as a master regulator of regenerative and re-
pair processes of tissues.[20,21] A few recent researches 
have revealed the evidence to show that hippo-YAP/
TAZ plays a crucial role in endochondral development, 
as well as its differentiation and regeneration.[22–26] 
According to one of these studies, the morphogenesis 
of cartilage is regulated by YAP activity.[22] While in 
another experimental study, Deng et al.[23] report that 
increased activity of YAP1 promotes the chondrocyte 
proliferation, whereas it inhibits maturation and termi-
nal differentiation of chondrocytes. Additionally, the 
same study has indicated that enhanced YAP activity 
can be to blame of maladaptive repair response in an ex-
perimental fracture model. Although there is currently 
no evidence linking radiation-related damage to growth 
plates with hippo-YAP/TAZ signal activity, studies have 
shown that irradiation can induce this pathway and 
increase YAP/TAZ activity in other tissues. In parotid 
salivary gland, induction of YAP nuclear transloca-
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tion increased the self-renewal capacity of irradiated 
salivary gland stem/progenitor cells.[27] Additionally, 
increased YAP activity following the radiation therapy 
which causes resistance to treatment has been observed 
in glial and breast malignant tumors.[28,29]

After the radiation damage, although there is a 
recovery response as above mentioned, the original 
morphology of growth plate cannot be fully restored 
and the growth rate remains under its healthy levels.
[17] Therefore, the recovery response seems like an 
incomplete repair process resulting in bone growth 
defects rather than a complete restoration of damage. 
Despite this, the recovery response probably deter-
mines the final magnitude of damage in the epiphyseal 
growth plates following radiation exposure. Elucidat-
ing the molecular and genetic regulation of recovery 
response may provide us with the opportunity to re-
duce the damage with selective therapeutic interven-
tions. Considering its pivotal role in endochondral 
development and repair processes, it is not surpris-
ing that the hippo-YAP/TAZ signaling pathway could 
have a prominent role in the recovery response that 
initiates the regeneration process in the growth plate 
damaged by ionizing radiation.

The main purpose of our experiment was to explore 
the role of YAP1/TAZ (the effectors of hippo pathway) 
in recovery response of growth plates following radi-
ation-related damage. Herein, we reported changes in 
the nuclear expression levels of YAP1/TAZ (potential 
master regulators for recovery response) and PTHrP 
during the early period and the recovery phase after 
completion of fractionated radiation therapy. Our find-
ings open a new perspective into the radiotherapy-re-
lated growth plate damage and early recovery response 
which can be orchestrated by YAP1/TAZ.

MATERIALS AND METHODS

Animals and Radiation Treatment
The experiments were performed in thirty-six New 
Zealand white, male rabbits. The age of rabbits was 
about 8 weeks, and their weight was approximately 
1500–2000 gr. The process of research and the ex-
perimental procedures on rabbits were approved by 
the Institutional Local Ethics Committee for Animal 
Experiments (G.Ü.ET-20.043). During the entire ex-
perimental period, the animals were housed in single-
seater cages and were fed ad libitum. A controlled 12-h 
light-dark cycle, temperature, and relative humidity 
were maintained in the room.

The rabbits were immobilized in the prone position 
on a vacuum bag under general anesthesia with intra-
muscular ketamine (45 mg/kg) and xylazine (5 mg/
kg) for radiotherapy simulation and treatment. After 
computed tomography simulation for radiotherapy, 
the distal growth plate of left femur and the proximal 
growth plate of left tibia were contoured as target vol-
ume. A three-dimensional conformal radiotherapy 
plan was created with two opposite fields using 6 MV 
photon energy at source-axis distance of 100 cm. Ad-
ditionally, 10 mm thick bolus materials were used to 
achieve proper dose distribution (Fig. 1a). In compli-
ance with clinically relevant model, a total dose of 17.5 
Gy was administered in five fractions (3.5 Gy/fraction) 
on consecutive days. The targeted left growth plates of 
all animals received radiotherapy and the same growth 
plates of right extremity served as control groups with-
out radiotherapy. The thirty-six rabbits divided into 
six groups (all groups had six rabbits) according to the 
following time. Animals in each group were humanely 
sacrificed at intervals of 1, 7, 10, 14, 17, and 21 days, 
respectively, after the last day of irradiation. After then, 
the growth plates of left and right knees were excised 
and taken to neutral formaldehyde for histological and 
immunohistochemical analysis.

Histological and Immunohistochemical Analysis
The obtained tissues were fixed in a 10% formalde-
hyde solution for a minimum of 72 h. Subsequently, 
the tissue samples were placed in an appropriate solu-
tion for decalcification and left to soak. After achiev-
ing decalcification, all tissues were placed in cassettes 
and washed under running water. To remove water, the 
tissues were passed through increasing alcohol series 
(50%, 70%, 80%, 90%, and 100%). Then, the tissues 
were passed through xylene for clearing and embed-
ded in melted paraffin for sectioning. Sections of 4 
μm thickness were obtained from the prepared par-
affin blocks. Hematoxylin-eosin (H&E) staining and 
immunohistochemical labeling for PTHrP, YAP, and 
TAZ were performed on all samples. Sections of 4 μm 
thickness were obtained from bone tissue blocks in all 
experimental groups. After incubating the sections at 
60°C in an oven for 1 hour, they were deparaffinized by 
immersion in xylene for 3×10 min and then rehydrat-
ed by passing through decreasing alcohol series (100%, 
96%, 80%, and 70%). To remove residual alcohol, the 
sections were passed twice for 1 min each through dis-
tilled water. For antigen retrieval, 1/10 diluted EDTA 
buffer was applied. After the wash step with distilled 
water, endogenous peroxidase activity was blocked by 
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incubating the tissues with 3% hydrogen peroxide for 
10 min. The primary antibody was incubated for 2 h in 
a humid environment, followed by a 30-min incuba-
tion with HRP Polymer Quanto. Careful washing with 
PBS was performed at each step. DAB staining was 
used to visualize positive cells, followed by a 30-s stain-
ing with Harris Hematoxylin and rinsing with running 
water for 2x1 min. The slides were immersed in a mix-
ture of 1% ammonia water for 1 min and rinsed in run-
ning water. After removing excess water, the stained 
slides were cleared by immersion in xylene for 5 min 
and then mounted with Entellan. The obtained sam-
ples were examined using a Leica DM 4000 (Germany) 
computer-assisted imaging system and evaluated by 
capturing images with the Leica-Qwin program.

Statistical Method
The nuclear immunopositivity ratio of YAP1, TAZ, and 
PTHrP was determined by counting 100 cells. For each 
molecule, the mean immunopositivity ratio of control 
growth plates on the 1st day (Group 1) was consid-
ered as the nominal “1” value, and the ratios of other 
days were calculated as fold changes based on this as-

sumption. The Repeated Measures Variance Analysis 
(ANOVA) test was used to assess changes within days 
in control and radiotherapy groups. The pairwise com-
parisons between radiotherapy groups were analyzed 
with Bonferroni correction of the same test. The Wil-
coxon signed-rank test was used the pairwise compari-
sons between radiotherapy group and control group on 
the same day. The Spearman’s rank correlation test was 
performed to determine the strength of correlation be-
tween the changes of YAP, TAZ, and PTHrP. The statis-
tical differences of data were analyzed with SPSS soft-
ware (IBM Corp. Version 28.0.1), and the results are 
presented as mean±standard deviation (SD). A p<0.05 
was considered statistically significant, for all tests.

RESULTS

Histomorphological Results
In the general histomorphological examination per-
formed with hematoxylin and eosin, the zonal histo-
morphological changes in the growth plates exposed 
to radiation therapy were minimal compared to the 

Fig. 1. The representative histomorphological results of the hematoxylin-eosin staining (scale bar: A-C 200 µm, D 50 µm) 
(different zones of the growth plate are outlined by the black line). (a) A normal organized columnar arranged growth 
plate. (b) At day 1, irradiated growth plate. (c) At day 7, irradiated growth plate. (d) The down arrow sign (↓): The cells 
having an increased eosinophilic cytoplasm.

a

c

b

d
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control group at 24 h after fractionated radiotherapy 
(Fig. 1b) The main finding in this day was increased 
apoptosis observed in the proliferative and hyper-
trophic zone areas. Structural changes first occurred in 
the proliferative zone, and the normal columnar struc-
ture of the proliferative zone began to degenerate (Fig. 
1b). On this day, the total length of the growth plate 
was increased in the experimental group compared to 
the control group. However, in the following days, the 
length of the growth plates exposed to radiation irre-
versibly decreased compared to normal growth plates.

The histomorphological changes become frankly 
prominent in the 1st week after radiotherapy (Fig. 1c). 
A significant decrease in proliferative activity of chon-
drocytes was observed in the experimental groups. 
Further increase of radiotherapy-induced apoptosis 
accompanied the proliferative decrease. The lengths of 
hypertrophic and proliferative zones were decreased 
compared to the control group, whereas the relative 

increase in matrix area fraction was shown. Cellular 
structural changes and necrosis also emerged in the 
same zones. These findings progressively increased in 
the following days. On this day, the cells having lacunar 
structures, which are thought to be secondary to in-
creased lysosome content, with eosinophilic cytoplasm 
compared to other chondrocytes, were detected in the 
growth plates exposed to radiation (Fig. 1d). The num-
ber of these cells increased toward the 17th day.

The matrix area fraction of the hypertrophic 
zone, which had shown a significant increase on days 
7 and 10 after radiotherapy, returned to the normal 
growth plate level on the 14th day (Fig. 2a). The ac-
companying increase in the number of chondroblas-
tic cells was noteworthy (Fig. 2b). The emergence of 
chondroblastic cells, along with the increase in cells 
with high lysosomal content, indicates an increase in 
matrix degradation and a decrease in the matrix area 
fraction secondary to this.

a

c

b

d

Fig. 2. The representative histomorphological results of the hematoxylin-eosin staining (scale bar: A, C, D 200 µm, B 50 
µm) (different zones of the growth plate are outlined by the black line.) (a) At day 10, irradiated growth plate. (b) The 
down arrow sign (↓): the cells having an increased eosinophilic cytoplasm, the circle sign (O): capillary formation 
associated with vascular invasion, The gamma sign (γ): chondroblastic cells, The asterisk sign (*): chondrocytes with 
the cytoplasmic vacuolization. (c) At day 14, irradiated growth plate D: At day 21, irradiated growth plate.
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The regenerative chondrocyte colonies, the indica-
tor of recovery response, started to increase from day 
10 and showed the most significant increase on day 14 
(Fig. 2c). Proliferation rate and volumetric growth also 
increased in the RT-exposed plates, secondary to this 
increase. However, despite this increase, growth rate 
and volumetric growth in the growth plates exposed to 
radiation therapy remained consistently lower than the 
control group throughout the entire experiment.

In the 17th and following 21st days, the length of re-
sorption zone increased and the matrix degeneration 
in this zone peaked (Fig. 2d). An increase was observed 
in chondrocytes with the cytoplasmic vacuolization, 
thought to be secondary to lipid accumulation (Fig. 
2b). In the 21st day, the increase in capillary formation 
associated with vascular invasion, which is a sign of 
transition to osteogenesis, became prominent (Fig. 2b 
and d). At the same time, a significant increase in the 
ratio of bone tissue/cartilage tissue was detected. The 
chondrocyte cellularity decreased significantly, and 
necrosis became a major finding accompanying cellu-
lar and structural distortion.

Immunohistochemical Results
In control growth plates, the expression of YAP, TAZ, 
and PTHrP remained relatively stable from the 1st day 
to the 21st day (p values were 0.1, 0.5, and 0.6, respec-
tively). On the other part, irradiation markedly de-
creased the nuclear immunopositivity ratio of three 
molecules in all time points of experiment (p<0.001 for 
all of them) (Fig. 3).

The nuclear expression level of YAP1 regressed in 
1st week and reached its minimum level with 0.46-fold 
change at the 7th day. At this point, it showed a clear re-
covery from the minimum level and continued to rise 
following days. The sharpest rise in expression levels 
of YAP1 was between the 14th day and 17th day (a 55% 
increase, p=0.008) (Table 1). Notwithstanding, the lev-
els of expression in the radiation groups did not attain 
those observed in the control groups. However, by the 
21st day after irradiation, expression levels were statisti-
cally similar between the control and experimental ir-
radiated groups for YAP1. (p=0.09) On the other hand, 
the nuclear expression level of TAZ displayed a similar 
change to what happened in YAP1 (the coefficient of 
correlation was 0.76, p<0.001). However, there was a 
slightly smoother change for TAZ.

The expression of PTHrP was at its minimum 
level with 0.24-fold change on the 1st day differently 
from YAP1 and TAZ. Following the lowest level, the 
expression of molecule showed a gradual increase up 

to the 21st day. The change in the expression levels of 
PTHrP in growth plates exposed to irradiation showed 
a strong correlation with each other (p<0.001 for both 
correlation statistics).

DISCUSSION

Physeal arrest is a devastating complication of ionizing 
radiation in children and often culminates in prema-
ture closure. Despite its importance, the mechanisms 
of damage have been not well established. Only a few 
studies which were conducted by the same group have 
focused on this issue.[4–11,14,15,17,30–38] Their an-
imal models evinced that the damaged growth plate 
with irradiation exhibits an early recovery response. 
However, their great efforts have not provided a 
clear vision for regulatory mechanism of recovery 
response. The hippo-YAP/TAZ signaling pathway 
which is known to play main roles in the regenerative 
process has been not examined in irradiated growth 
plates, before. Here, we suggest that the YAP/TAZ ac-
tivation can be a key regulator and a critical step for 

Fig. 3. The comparative graph of changes in the expres-
sion levels of YAP1, TAZ, and PTHrP between the 
irradiated experimental groups and unirradiated 
control groups (1.0-fold change is the mean value 
of day 1 control group) (the results of repeated 
measures analysis of variance test for the compar-
isons of changes between control and irradiated 
groups: P<0.001 for YAP1, TAZ and PTHrP).

 YAP1: Yes-Associated Protein 1; TAZ: Transcriptional Co-
activator with PDZ-binding Motif; PTHrP: Parathyroid 
Hormon-related Protein.
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recovery response. In our rabbit model, the histomor-
phological results demonstrated that the inhibitory 
effects of irradiation, including apoptosis, decrease 
in proliferative activity, and degeneration of colum-
nar structure were evident during the 1st week. The 
nuclear expression levels of YAP1 and TAZ also dra-
matically reduced during the same period of observa-
tion and reached their lowest point on the 7th day. The 
appearance of regenerative chondrocyte colonies on 
the 10th day of experiment has indicated the initiating 
of recovery response. During the period when clono-
genic proliferation and the recovery response occur, 
nuclear expressions of YAP1 and TAZ also increased 
by approximately two-fold. The remarkable increase 
in nuclear expression of these transcriptional acti-
vators at the early recovery phase affirms our initial 
hypothesis which is that YAP/TAZ is the main regu-
lators for compensatory recovery response. But, this 
regenerative activity in recovery phase fell short of 
complete prevention of the damage.

Radiation destroys the epiphyseal growth plate 
structure and affects adversely endochondral differ-
entiation in skeletal immature patients. The histo-

morphological results of radiation on growth plates 
are well documented in the above-mentioned previ-
ous studies. Our results also showed that the process 
starting with apoptosis of chondrocytes continues 
with the destruction of normal columnar structure 
and eventuates with ossification. The injured growth 
plate responds to the first depressive effect of radia-
tion with a compensatory proliferative activity. The 
emergence of regenerative chondrocyte clones is the 
main sign of this response, which is also called the 
early recovery response. Unfortunately, a knowledge 
gap about molecular and driver mechanisms that lie 
beyond the morphological evidence exists.

In accordance with previous studies, our findings 
revealed that the initial and most noticeable histologi-
cal evidence of recovery response were appearance of 
regenerative chondrocyte colonies and enhanced pro-
liferation rate.[15,17] Unsurprisingly, the increased 
activity of stimulant molecules such as PTHrP, IGF, 
and CTGF for chondrocyte proliferation is a necessary 
step for recovery response.[4,16] PTHrP is the potent 
proliferative molecule for chondrocytes in growth 
plates.[39] Therefore, the potential role of PTHrP in 

Table 1 The relative changes in PTHrP, YAP1, and TAZ nuclear expressions between days in the irradiated growth plates

 PTHrP  YAP1  TAZ

 Fold change p Fold change p Fold change p

Control vs Day 1 0.24 0.004 0.48 0.004 0.65 0.004
Control vs Day 7 0.27 0.004 0.46 0.004 0.55 0.004
Control vs Day 10 0.32 0.004 0.57 0.004 0.56 0.004
Control vs Day 14 0.40 0.004 0.59 0.004 0.56 0.004
Control vs Day 17 0.49 0.004 0.82 0.004 0.88 0.01
Control vs Day 21 0.78 0.004 0.90 0.09 0.90 0.146
Day 1 vs Day 7 1.14 1 0.86 1 0.077 0.008
Day 1 vs Day 10 1.36 1 1.12 1 0.82 0.017
Day 1 vs Day 14 1.79 0.002 1.16 1 0.88 0.343
Day 1 vs Day 17 2.2 <0.001 1.82 <0.001 1.24 <0.001
Day 1 vs Day 21 3.48 <0.001 1.9 <0.001 1.35 0.004
Day 7 vs Day 10 1.19 0.816 1.3 0.659 1.07 1
Day 7 vs Day 14 1.57 0.121 1.36 0.882 1.14 1
Day 7 vs Day 17 1.94 <0.001 2.12 <0.001 1.62 <0.001
Day 7 vs Day 21 3.04 <0.001 2.22 <0.001 1.76 <0.001
Day 10 vs Day 14 1.32 0.501 1.03 1 1.07 1
Day 10 vs Day 17 1.63 0.001 1.63 <0.001 1.52 <0.001
Day 10 vs Day 21 2.56 <0.001 1.71 <0.001 1.65 <0.001
Day 14 vs Day 17 1.24 0.021 1.55 0.008 1.42 <0.001
Day 14 vs Day 21 1.94 <0.001 1.62 0.005 1.54 0.002
Day 17 vs Day 21 1.57 <0.001 1.04 1 1.08 1

Mann–Whitney U-test was employed to compare the irradiated groups with control groups. For other comparisons, repeated-measure analysis of variance with 
Bonferroni correction was utilized. A p-value <0.05 was considered statistically significant. PTHrP: Parathyroid Hormon-related Protein; YAP1: Yes-Associated 
Protein ; TAZ: Transcriptional Co-activator with PDZ-binding Motif
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radiorecovery has been aroused interest.[5,14,40] In a 
study, Damron et al.[4] observed a remarkably con-
sistent correlation between the pattern of changes 
in PTHrP expression levels and histomorphologi-
cal alterations of recovery. According to their report, 
PTHrP expression reached its lowest level at 1 week 
after irradiation, but a notable return in PTHrP ex-
pression has observed at week 2, coinciding with the 
appearance of proliferative clones. In a subsequent 
study conducted by the same research group, the role 
of PTHrP in recovery response to radiation injury has 
been once again examined with and without radiopro-
tectant combinations.[37] Depending on the findings, 
radioprotectants reduced the early drop in PTHrP but 
also blunted the increased of PTHrP at week 2. How-
ever, the proliferation rate assessed by BrdU staining 
has increased in combination radioprotectants group 
despite compensatory PTHrP response at week 2 was 
lost. Damron et al.[37] interpreted these results as fol-
lows: The importance of the PTHrP axis in recovery 
of the growth plate after irradiation is underscored. In 
our study, PTHrP expression reached its lowest level at 
day 1 after irradiation not week 1 in contrast previous 
result. On the other part, recovery response was appar-
ent at week 2 after last dose of radiation in both differ-
ent models. In our study, PTHrP expression levels had 
poor correlation to histomorphological alterations of 
recovery. This discrepancy is probably related to the 
administration of different fractionation models. We 
applied a clinically relevant fractionated model unlike 
Damron et al.’s[4] single dose of 17.5 Gy model. In-
deed, lowest level of PTHrP expression was almost on 
week 1 after the first fraction day in our five fraction-
ated model. Hence, there is a possible explanation for 
this. The reduction in PTHrP expression probably be-
gins with the administration of the first radiation dose, 
and main effect of this reduction is increased apop-
tosis in early period. Whereas the recovery response 
emerges only after radiotherapy is ended regardless 
of fractionation applied and is relatively independent 
from PTHrP activity. In a word, the roles of prolifera-
tive cytokines and growth factors in recovery response 
are probably only regulatory not driving.

The gene expression pattern of growth plate under-
goes a dramatic change when the recovery response 
emerges.[6,7,36,38] Pritchard et al.[7] showed that the 
transcriptional shift occurs in all growth plate zones, 
with the sharpest alteration in reserve zone. This finding 
is quite important in these respects; first, stem cell-like 
progenitor cells are located in reserve zone and second 
reserve zone has a capacity for regeneration of prolif-

erative and hypertrophic zone.[41] More importantly, 
differentially expressed genes were responsible for re-
generation, skeletal development, bone remodeling, 
and ossification. This remarkable alteration implies the 
presence of a major transcriptional regulator for emer-
gence of recovery response. The transcriptional factors 
YAP and TAZ are well known to regulate developmen-
tal, regeneration, differentiation process in various or-
gans.[21,42] Recently, numerous studies have shown 
that YAP/TAZ is crucial for skeletal development and 
endochondral ossification.[22,23,25,26,43,44] And, 
besides, in a study conducted in YAP1 overexpressed 
transgenic mice, Deng et al.[23] demonstrated that 
the healing process after fracture damage is impaired 
due to abnormal differentiation. Considering all this 
knowledge, YAP and TAZ can be potent modulators 
for recovery response after irradiation injury. However, 
this hypothesis has never been examined before.

The main aim of our study was to evaluate the con-
cordance between the change in nuclear YAP/TAZ ex-
pression pattern and histological findings of recovery 
response. The significant decrease in YAP/TAZ expres-
sion during the initial arrest phase, followed by a pro-
nounced increase in YAP/TAZ expression concurrent 
with clonogenic proliferation, provides us with indirect 
evidence that YAP/TAZ may serve as a key regulator 
for the recovery response. The functional and structur-
al restoration of growth plate after radiation injury de-
pends upon the proper functioning of reparative steps.
[45] Herein, optimal recovery response after radia-
tion injury requires three essential regulations consist 
of the following steps: The first of this is modulation 
of stem cell fate, another one is cell proliferation and 
clonal expansion, and the last is the regulation of prop-
er differentiation and extracellular matrix production. 
As stated previously, we have satisfactory evidence for 
the key role of YAP/TAZ in normal endochondral os-
sification process in these contexts as stated previously. 
However, when it comes to endochondral recovery 
upon injury, our ideas regarding YAP and TAZ appear 
to be only speculation, for the moment at least.

The study conducted by Rocchi et al.[27] shed light 
on the significant role of YAP in regeneration upon 
radiation. According to their results, the induction of 
YAP nuclear translocation with inhibition of MST1 
and MST2 in salivary gland cells increased the sur-
vival fraction and proliferation of stem cells and the 
renewal capacity. In our model, the nuclear expression 
of YAP1/TAZ in the irradiated growth plate did not 
reach the normal level in the non-irradiated groups, 
despite the significant increase during recovery phase. 
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Also, regenerative capacity appears to be limited. The 
regenerative and proliferative capacity loss due to early 
vascularization and ossification. Inadequate YAP/TAZ 
activity can account for incomplete recovery response 
and unavoidable growth plate arrest. Having regard to 
the evidence of Rocchi et al.,[27] promotion of YAP or 
TAZ can increase the recovery capacity of the growth 
plate to irradiation and prevent growth arrest. Based 
on our own findings and considering the regenera-
tive functions of YAP/TAZ observed in other organs 
including skin, liver, heart, and salivary gland,[27,42] 
we believe that there is a need for further investigation 
into the involvement of YAP and TAZ in the recovery 
response in growth plate after radiation injury.

Limitations of the Study
Despite we chose clinically relevant model, several 
limitations should be taken into consideration in in-
terpreting the findings of this study. First, and most 
importantly, our evidence is indirect and are based on 
multiple assumptions. Although the initial results of 
this study are encouraging to guide further research, 
the available evidence are still insufficient to establish 
a conclusive clinical and molecular model. Another 
significant shortcoming is that immunohistochemistry 
staining is relatively subjective. We evaluated phos-
phorylated nuclear expression level of YAP and TAZ, 
their transcriptionally active forms. However, to obtain 
more objective results, quantitative assessments such 
as Western blotting and immunofluorescent staining 
are necessary. Additionally, YAP1 and TAZ can have 
zone specific and different roles. Normal distinctive 
zonal structure is disrupted by irradiation. Although 
zonal structures are not clearly observed after radia-
tion, the expressions of YAP/TAZ may differ in the re-
serve zone versus non-reserve zones or in regenerative 
clones compared to non-regenerative cells. In further 
researches, region-specific assessment must be applied.

CONCLUSION

In conclusion, after the initial inhibitory effects of radi-
ation on the growth plate, a recovery response occurs. 
Despite this early regenerative response, neither an ag-
gressive catch-up growth undergoes nor the transition 
toward early ossification be prevented. The alteration 
in YAP and TAZ expression patterns provides a logical 
explanation for both the initial inhibitory effects and 
the subsequent recovery response. Insufficient activity 
of YAP/TAZ could potentially account for the incom-
plete recovery response.
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