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Abstract: Childhood radiation is a risk factor for thyroid cancer that became well known
after the Chernobyl nuclear plant accident. Although these human cases have been exten-
sively studied, the mechanisms underlying childhood susceptibility to radiation-induced
thyroid cancer have yet to be explained. Our previous study showed that neonatal X-
irradiation resulted in long-term alterations in the mRNA expression of thyroid cancer-
related marker genes, which may be a critical mechanism for understanding the higher
radiation sensitivity in young patients. In this study, RNA sequencing (RNA-Seq)-based
gene expression analysis was employed to identify thyroid genes whose mRNA expression
was changed by neonatal irradiation. Male Wistar rats aged 1 week and 4 months were
subjected to cervical X-irradiation at 4 Gy. After 8 weeks, total RNA was extracted from
the thyroid and subjected to RNA-Seq analysis to identify differentially expressed genes
following irradiation. We identified five upregulated genes (i.e., Adm2, Vnnl, Snph, Gria3,
and Cpa4) and one downregulated gene (i.e., Crtacl) explicitly altered by neonatal radiation
exposure. Western blotting confirmed the corresponding changes in CPA4 and CRTAC1
expression. The gene expressions identified were also altered in thyroid tumors induced by
an iodine-deficient diet. These long-term changes in thyroid gene expression caused by
neonatal irradiation may be involved in the increased risk of thyroid carcinogenesis.
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1. Introduction

Radiation exposure at a young age is a risk factor for thyroid carcinogenesis [1,2]. Early
studies of infants treated with X-rays and a cohort study of Japanese atomic bomb survivors
have suggested an association between thyroid cancer and childhood radiation [3,4]. The
risk was acknowledged again following the Chernobyl nuclear plant accident, in which pap-
illary thyroid cancer cases rapidly increased among the exposed children population [5,6].
However, the mechanisms underlying childhood susceptibility to radiation-induced thy-
roid cancer have not yet been clarified. A higher rate of mitosis of thyroid follicular cells
in the neonatal period has been implicated in the high prevalence of thyroid cancer [7,8].
Although the activation of RET and BRAF by either point mutations or chromosomal
rearrangements was frequently found in post-Chernobyl thyroid cancer cases, they are
also common in sporadic papillary thyroid cancer [9,10]. In the laboratory, neonatal rats
exposed to cervical X-irradiation were found to develop thyroid cancer with a significantly
higher incidence than adult animals [11]. We investigated the thyroid of 1-week-old Wistar
rats cervically X-irradiated compared with 8-week-old rats [12,13]. We found that single
neonatal irradiation induced long-term changes in the thyroidal mRNA expression of
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thyroid cancer-related genes, including Mct8, Lat2/4, and Lgals. Interestingly, these gene
expression alterations were also found in thyroid tumors induced by an iodine-deficient
diet (IDD).

We postulated that genes whose expression is preferentially altered by neonatal thyroid
irradiation are related to childhood susceptibility to radiation-induced thyroid cancer. To
identify these genes, 1-week-old and 4-month-old Wistar rats were subjected to sham
exposure or 4 Gy of cervical X-irradiation. After 8 weeks, total RNA was extracted from
the thyroid, and global gene expression analysis using RNA sequencing (RNA Seq) was
performed to determine differentially expressed genes (DEGs).

2. Results
2.1. Body and Thyroid Weights and Serum TT3, TT4, and TSH Levels

Table 1 presents body and thyroid weights at necropsy. After sham or X-irradiation,
body weights steadily increased in all groups. No significant differences were observed
between the sham- and X-irradiated groups in either age. Supplementary Table S1 presents

serum total T3, total T4, and TSH levels at necropsy. Either hormone level did not change
by cervical irradiation at 4 Gy in either age group.

Table 1. Body and thyroid weights of rats.

rs . . Thyroid
Group Treatment I‘llslzt;alllti()(dil ‘I:\;:ialh]:;)?); WZihﬁo(lrﬂ ) Weight
ghts (g ghts (g NS (mg/kg b.w)
1 week old

1w0Gy Sham-X 15+0.3 364 +9.0 18 £0.9 50 +2.7 RNA-se
1w4Gy 4Gy 15+ 0.3 349 +79 15+ 1.0 42 +34 !

4 weeks old
4w0Gy Sham-X 52 +0.9 456 + 21.5 20422 42 +27
4w4Gy 4Gy 53+ 1.8 447 + 8.7 19+1.0 42+22

8 weeks old
8w0Gy Sham-X 301 +34 522 +11.0 22 +3.7 49 +6.0
8w4Gy 4Gy 305+ 24 545 +17.9 28 + 3.0 51 +49

4 months old
4m0Gy Sham-X 575 +17.7 659 +17.5 29 +2.0 43 +28 RNA-se
4m4Gy 4Gy 576 + 13.8 647 +19.7 29 +1.7 45+1.8 q

The numbers of rats were 7 rats/group (1 w and 4 m) and 5 rats/group (4 w and 8 w).

2.2. Identification of DEGs 8 Weeks After Irradiation

Eight samples of total RNAs from the thyroid were sequenced, each two samples
from 1w0Gy, 1w4Gy, 4m0G, and 4m4Gy. The RINs of these samples ranged from 8.7
to 9.1. The paired reads were between 20 M and 24 M, and 96.9% were mapped in all
samples. DEGs were determined using the DEseq2 (Wald/parametric) of the ‘RaNA-Seq’
platform [14] between 1w0Gy and 1w4Gy or between 4m0Gy and 4m4Gy. Genes with
>1.5- and <0.5-fold changes were selected. Figure 1 presents the results as MA plots. By
neonatal irradiation, thirteen upregulated and five downregulated genes were identified,
whereas only three upregulated and one downregulated gene was identified in the rat
thyroid samples irradiated at 4 months of age. The changes in the mRNA expression levels
of these genes were validated using Q-RT-PCR (Table S2). Table 2 presents the validated
genes. Because the increase in Cdknla expression was not neonatal irradiation-specific, it
is concluded that Snph, adm2, Vnnl, Gria3, Cpa4, and Crtacl are genes whose expression is
altered explicitly by neonatal cervical X-irradiation. The RNA-Seq data were deposited in
the Gene Expression Omnibus database under the accession number GSE284022.
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Figure 1. RNA-Seq analysis in the X-irradiated rat thyroid. (a): Schedule of the experiment, (b): MA
plots consisting of 18,982 dots (above) and 18,989 dots (below) representing all mapped genes.
Red dots indicate differentially expressed genes identified by the DEseq2 analysis, as shown in
Supplementary Table S2 (Only Q-RT-PCR-validated gene names were shown).

Table 2. (a): Genes whose thyroidal expressions were altered by cervical irradiation. (b): Identified
genes whose thyroidal expressions were altered by cervical irradiation.

RNA-Seq Q-PCR
Gene Fold Padj Fold Change
(a) at 1 week old
Up-regulated
Cdknla 3.08  0.000 23£014*  Cyclin-dependent kinase inhib 1A
Snph 2.43  0.001 1.9+0.24% Syntaphilin
Adm?2 2.37  0.019 1.9+0.23* Adrenomedullin 2
Vnnl 222 0.011 1.8 +£0.24* Vanin 1
Gria3 2.03  0.000 1.5+ 0.06 ** Glutamine receptor A3
Cpa4 1.69  0.013 1.4 £ 0.09* Carboxypeptidase A4
Down-regulated
Crtacl 0.39 0.009 0.44 £0.03* Cartilage acidic protein 1
(b) at 4 months old
Up-regulated
Cdknla 249  0.000 23+£0.21* Cyclin-dependent kinase inhib 1A
Ephx1 1.60  0.000 1.4 +0.08 ** Epoxide hydrolase 1
Down-regulated
Wdr77 0.33  0.033 0.83 £ 0.03 * WD repeat domain 77

*, ** indicate statistical differences from each control (0 Gy) at p < 0.05 (*) or p < 0.01 (**); n = 2, each, in RNA-Seq,
n =7, each, in Q-PCR analysis.

2.3. Expression of Genes in the Thyroid Exposed to X-Rays at Different Ages

The thyroidal mRNA expression of the identified genes was determined in rats ex-
posed to X-rays at 4 and 8 weeks of age and at 4 months of age: 4w0Gy, 4w4Gy, 8w0Gy,
8w4Gy, 4m0Gy, and 4m4Gy (Table 3). In rats exposed to 4 Gy of X-rays at 4 weeks of age,
only the Snph mRNA level was significantly increased compared with that in the sham
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exposure group, whereas the expression of the other genes did not change. In the 8w4Gy
or 4m4Gy groups, the expression of the identified genes was not changed after irradiation.

Table 3. Relative thyroidal mRNA expressions in X-irradiated rats at different ages.

Gene 1w4Gy 4wGy 8wiGy 4m4Gy
Up-regulated
Snph 1.9+ 0.24* 14+0.12* 1.1+0.11 12+0.19
Adm?2 1.9 £ 0.23 ** 0.93 £0.13 092 £0.26 0.84 £ 0.16
Vnnl 1.8+024* 1.1+£0.18 0.83 £0.20 0.99 £0.17
Gria3 1.5+ 0.06 ** 1.0+£0.12 1.0+ 0.09 0.79 £ 0.09
Cpa4 1.4 4+ 0.09 ** 074 +£0.13 0.92 £0.16 0.85+ 0.1
Down-regulated
Crtacl 0.44 £0.03* 1.07 £ 0.12 0.68 £0.13 0.94 £0.14

*, ** indicate statistical differences from each control (0 Gy) at p <0.05 (*) or p < 0.01 (**). n =7, each,in 1 w and
4 m groups, and n = 5, each, in 4 w and 8 w groups.

2.4. CPA4 and CRATC1 Protein Expression in the X-Irradiated Thyroid

Among the six identified genes, only Cpa4 and Crtacl gene products were detectable
using Western blotting. Figure 2 shows that CPA4 protein expression was elevated by
neonatal X-irradiation, whereas CRTAC1 expression was decreased. In contrast, in the
rat thyroid exposed to X-rays at 4 months of age, the expression of either protein was not
significantly changed after irradiation. The original Western blot images were presented in
Figures S1 and S2.

CPA4 ™= w= CRTAC1 = -e
BACT - - - BACT -— —— e~
*%
< 154 1.5 1 1.5 - 1.5
L
1 4 1 9 1 4 % 1 4
0.5 0.5 1 05 ’J—‘ 0.5 -
0 0 0 0
1W0Gy 1w4Gy 4m0Gy 4m4Gy 1W0Gy 1w4Gy 4m0Gy 4m4Gy

Figure 2. CPA4 and CRTACI1 protein expressions in the thyroid in rats cervically X-irradiated at
1 week and 4 months old. Lysates extracted from the thyroid were examined by Western blot, *,
** indicate significant differences from the control (0 Gy) at p < 0.05 or p < 0.01, respectively. n =5
(Iw0Gy), n = 4 (1w4Gy), n = 4 (4m0Gy), and n = 4 (4m4Gy).

2.5. Radiation Dose-Dependent Changes in mRNA Expression of Identified Genes

Figure 3 shows the mRNA expression of Snph, adm2, Vnnl, Gria3, Cpa4, and Cr-
tacl in the thyroid of rats neonatally exposed to different doses of X-rays ranging from
1.5 to 12 Gy. All gene expressions were changed by neonatal irradiation in a radiation
dose-dependent manner.
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Figure 3. Gene expressions in the thyroid of rats neonatally exposed to various doses of X-rays.
(a): Schedule of the experiment [13], (b): Thyroidal mRNA levels of rats X-irradiated at 0, 1.5, 3, 6, and
12 Gy, *, ** indicate significant differences from the control (0 Gy) at p < 0.05, or p < 0.01, respectively.
n = 6, each group.

2.6. Changes in the Expression of Identified Genes in Thyroid Tumors Induced by IDD Feeding

The expression of identified genes was further examined in the thyroid tumor samples
of our previously reported study [13], in which neonatal rats were cervically exposed to
either sham or 12 Gy of X-rays and were fed IDD for 28 weeks. Figure 4 presents gene
expression relative to the control (sham irradiation/standard diet). At 28 weeks after
neonatal X-irradiation, the increase in Adm2 and Vnnl mRNA levels and the decrease in
Crtacl mRNA expression continued. In thyroid tumors induced by IDD, the expression of
every identified gene was significantly changed. The increase in Vnn1 and the decrease in
Crtacl were further enhanced by the combination of X-irradiation and IDD (1w12Gy + IDD
group). In contrast, the expression of the other genes was similarly higher in the IDD and
1w12Gy + IDD groups than in the 1w12Gy group.
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Figure 4. Gene expressions in the thyroid of rats neonatally X-irradiated (1w12Gy), fed with IDD
(IDD), or both (1w12Gy-IDD). (a): Schedule of the experiment [13], (b): Changes in the identified
gene’s mRNA levels in the thyroid relative to the control, *, ** indicate significant differences from
the control (0 Gy) at p < 0.05 or p < 0.01, respectively. n = 4 (Cntl), n = 3 (1w12Gy), n = 7 (IDD), and

n =8 (Iw12Gy-IDD).

3. Discussion

Although the association between thyroid cancer risk and childhood radiation expo-
sure has been well established, the underlying mechanisms remain unclear. Our previous
investigation suggested that neonatal radiation exposure alters thyroidal gene expression
in the long term and is an essential clue to understanding the susceptibility of young
patients to thyroid cancer. In this study, global gene expression analysis was performed
to identify genes whose expression was altered explicitly by neonatal radiation exposure.
DEGs were detected in the thyroid 8 weeks after neonatal X-irradiation. In contrast, only a
few DEGs were identified in the adult thyroid 8 weeks after X-irradiation. This study suc-
cessfully demonstrated that neonatal radiation exposure preferentially induces long-term
gene expression changes.

In a previous study, we investigated rats cervically exposed to 12 Gy of X-rays during
the neonatal period and found distinctive effects on thyroid histology [12]. At 8 weeks after
neonatal irradiation, thyroid follicle size was significantly reduced with thickening and
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fusion of epithelial cells, whereas no histological changes were observed in the case of adult
exposure to X-rays. Furthermore, 12-Gy neonatal irradiation affected thyroid functions
because Tg protein expression was reduced, although serum TSH levels changed only
temporarily. These findings with 12-Gy exposure may coincide with the epidemiological
data of a Ukrainian cohort, showing an increase in hypothyroidism cases among those
who received high thyroid doses of 5-27-Gy radiation during childhood [15]. However,
the estimated average thyroid doses in child evacuees of the Chernobyl accident ranged
from 1.0 to 3.1, depending on the region [16]. Veiga et al. comprehensively reviewed
thyroid cancer after childhood medical radiation and the atomic bomb, finding that relative
risks increased with 2-4 Gy [17]. Therefore, this study used a more realistic thyroid
dose—4 Gy of cervical X-irradiation—for the global gene expression analysis. A Wistar
rat study demonstrated that thyroid cancer developed at an incidence of 33% 16 months
after irradiation with 4 Gy at 7 weeks of age [18]. Other studies have also reported that
thyroid cancer could be induced by 3 Gy of X-irradiation combined with the administration
of a thyroid peroxidase inhibitor [11,19]. In this study, no differences in body and thyroid
weights or serum TT3, TT4, or TSH levels were observed between 1w0Gy and 1w4Gy, or
between 4m0Gy and 4m4Gy. However, exposure to 12-Gy neonatal radiation evidently
affected the growth rate, as we previously reported [12].

The RNA-Seq analysis, followed by validation using Q-RT-PCR, successfully identified
DEGs between 1w0Gy and 1w4Gy or between 4m0Gy and 4m4Gy (Table 2). Comparing
the results of irradiation at the neonatal period and at 4 months of age, one gene, Cdkn1la,
was common. Therefore, the other six genes in Table 2—Snph, Adm2, Vnnl, Gria3, CPa4, and
Crtacl—were recognized as genes whose expression was specifically altered by neonatal
irradiation. They were further examined in the thyroid of rats irradiated at older ages
(Table 3), which showed that these alterations in mRINA expression were not observed in
those irradiated at 4 weeks of age or older, except for Snph, which was inducible at 4 weeks
of age. The radiation dose-responsive changes in the identified gene expression were
confirmed in independent animal experiments (Figure 4), demonstrating the reproducibility
of the results. It is worth noting that these gene expression changes were still evident even
28 weeks after neonatal irradiation, as shown in Figure 4 (control versus 1w12Gy). Our
Western blot analysis detected only protein products of Cpa4 and Crtacl genes out of the
identified six. Since the mRINA expression levels of these genes were similar, except for
Cpa4 being high, the post-transcriptional mechanisms may differ. Although Wistar rats
have been widely used for thyroid cancer studies, the incidence and morphology of thyroid
tumors vary among different rat strains [20]. Future studies need to examine thyroidal gene
expressions in the other rat strains to understand their attributions to radiation exposure.

Snph encodes synphilin, which was originally identified as a protein that controls
mitochondrial movement in neurons [21]. Although synphilin is primarily expressed in
the brain, it may be related to cancer cell proliferation and metastasis, such as prostate
cancer [22]. Adrenomedullin 2 (ADM2) is a member of the calcitonin superfamily and is
expressed in various organs throughout the body [23]. It is a peptide ligand that binds to
both calcitonin receptor-like receptors and calcitonin receptors to exhibit various effects,
including vasodilation and angiogenic effects. In rats with thyroid hyperplasia induced
by IDD feeding, the expression of AMD2 was found to be markedly increased [24]. They
further showed that TSH directly upregulates the secretion of ADM2 in the thyroid cell line
FRTL-5. A recent investigation of a mouse thyroid cancer model with thyrocyte-specific
activation of BRAFV®F revealed that ADM2 was upregulated in thyroid tumors [25]. This
study showed that the gene expression of Adm2 was increased only by neonatal irradiation
and continued to be upregulated even at 6 months after exposure, suggesting the critical
role of Adm?2 in the development of thyroid cancer by childhood irradiation. Vanin 1
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(VNN1) is a ubiquitously expressed enzyme that degrades pantetheine in cysteamine and
pantothenic acid [26]. Physiologically, it contributes to stress responses. Although studies
have suggested that the expression of Vnnl serves as a biomarker for tumor prognosis, the
roles of VNNI1 in carcinogenesis, if any, are unknown [27]. Glutamine receptor A3 (GRIA3)
regulates a broad spectrum of brain and nervous events [28]. A recent bioinformatics
study found that Gria3 expression is a useful prediction marker of radiation dose in the
kidney [29]. Carboxypeptidase A4 (CPA4) is a Zn-containing metallocarboxypeptidase that
catalyzes carboxy-terminal amino acids. It is a critical regulator of inflammation and is
upregulated in gastric and breast cancers [30,31]. The expression of Cpa4 is higher in human
thyroid cancer than in normal and benign tissues and is associated with poor prognosis
and dedifferentiation [32]. Cpa4 expression is also useful for diagnosing breast cancer [30].
Cartilage acidic protein 1 (CRTAC1), an extracellular matrix protein, could be a tumor
suppressor. In urothelial carcinoma, low CRTAC1 expression is significantly associated with
high tumor stage, vascular invasion, and nodule metastasis [33]. The mRNA expression of
CRTAC1 was lower in lung adenocarcinoma than in normal tissues, and reduced expression
levels were associated with poor prognosis [34]. A cell culture study demonstrated that
CRTACT1 overexpression inhibits cell proliferation, migration, invasion, and epithelial-
mesenchymal transition process of bladder cells by downregulating the expression of the
YY1 protein [35]. Decreased expression following neonatal irradiation may contribute to
the progression of thyroid cancer. Although the possible involvement of the identified
genes in thyroid carcinogenesis is suggested above, the significance of our findings needs
to be vilified in thyroid lesions of human specimens in the future. In addition to the gene’s
cellular function, the systemic effects of the expression changes will need to be investigated.

In rats, thyroid tumor development is strongly associated with serum levels of TSH,
which acts mainly as a tumor promoter. We previously examined a thyroid tumor model
in rats fed with IDD, which exhibited continuously elevated serum TSH levels through
the hypothalamus—pituitary feedback. The incidence of thyroid adenoma reached 75%
in 28 weeks after the combination of neonatal X-irradiation and IDD feeding, whereas
hyperplasia was observed only in the IDD alone group [13]. Surprisingly, the expression of
all identified genes was significantly changed in thyroid hyperplasia induced by IDD alone,
suggesting that neonatal X-irradiation altered the expression of genes commonly induced
by the tumor promotion of TSH. The expression of Vnnl and Crtacl was further enhanced
by neonatal irradiation, which may have contributed to the transition from hyperplasia to
adenoma observed in the 1w12Gy group. Despite the gene expression similarity, serum
TSH was not involved in the present study (Supplementary Table S1). Our previous study
of rats exposed to 8 Gy of X-rays did not show any changes in serum TSH levels during the
18 months of study [36].

In vivo investigations have shown that exposure to ionizing radiation can lead to long-
term gene expression changes [37,38]. A recent comprehensive transcriptomic analysis of
mice exposed to 1 Gy of X-rays demonstrated that the expression of many genes was altered
10 weeks post-exposure, although the expression profiles differed depending on the mouse
strain and target organ [39]. Epigenomic mechanisms likely explain these long-term gene
expression changes [40,41]. Larsson et al. investigated the transcriptomic and proteomic
changes in the thyroid of rats internally exposed to 3'T and successfully identified DEGs at
9 months post-exposure [42]. These alterations in gene expression may be related to the
disruption of thyroid functions and possible thyroid cancer development. We postulated
that alterations in gene expression caused by radiation exposure are significantly different
during the neonatal period from those during the adult period, which may be related to
neonatal susceptibility to thyroid carcinogenesis. In this study, we successfully identified
genes whose expression was altered by only “neonatal irradiation” in the long term.
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4. Materials and Methods
4.1. Animals

Wistar rats were purchased from Jackson Laboratory Japan (Yokohama, Japan) and
used after an acclimatization period of 1 week. The animals were maintained with free
access to a basal diet (MF, Oriental Yeast Co., Tokyo, Japan) and tap water at room tem-
perature of 23.0 £ 2.0 °C, relative humidity of 50.0 & 10.0%, and a 12 h light cycle. To
obtain 5- or 6-day-old rats (designated as 1-week-old), 3-month-old pregnant Wistar rats
(16-18 days of gestation) were purchased, and male pups were selected after delivery.
Four-week-old, eight-week-old, and four-month-old male Wistar rats were used as their
counterparts. Animals were housed two or three in each cage. Rats in different age groups
were randomly divided into two groups. They were exposed to sham or 4 Gy of cervical
X-irradiation, designated as 1w0Gy (n = 7), 1w4Gy (n = 7), 4w0Gy (n =5), 4wdGy (n =5),
8wO0Gy (n = 5), 8w4Gy (n = 5), 4mO0Gy (n = 7), and 4m4Gy (n = 7), respectively. After
approximately 8 weeks, the animals were euthanized by whole blood removal from an
abdominal artery under anesthesia with isoflurane inhalation. Thyroid tissues were dis-
sected and stored in an RNA Save solution (Biological Industries, Cromwell, CT, USA) for
RNA extraction. The experiments were repeated for 1w0Gy (n = 5), Iw4Gy (n = 4), 4m0Gy
(n =4), and 4m4Gy (n = 4) to obtain frozen thyroid tissue samples stored at —80 °C for
protein extraction. The total number of animals was 65. The animal experiments were
approved by the Animal Experiment Committee of Hiroshima University (document #
A21-111, 21 September 2021). This study was conducted according to the Guide for the
Care and Use of Laboratory Animals at Hiroshima University. The study was conducted
according to the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines
(Supplementary File S1).

4.2. Cervical X-Irradiation

The details were described previously [12]. Lead plates of 2 mm in thickness were
used to cover the animals with a gap for the neck region. Irradiation was performed using
the X-ray irradiator MBR-1520R-3 (Hitachi Medical Co., Tokyo, Japan) at a dose rate of
0.9 Gy/min.

4.3. Serum T3, T4, and Thyroid-Stimulating Hormone (TSH)

Total T3 and T4 were determined using enzyme-linked immunosorbent assay kits
from Alpco Diagnostics (Salem, NH, USA). Serum TSH levels were measured using a
radioimmunoassay kit from the National Hormone and Peptide Program (NIDDK, NIH,
Torrance, CA, USA). TSH was radiolabeled using the lactoperoxidase method with Na'?°I
(PerkinElmer, Shelton, CT, USA). Donkey antirabbit serum which was the second antibody,
was purchased from Immundiagnostik AG (Bensheim, Germany).

4.4. RNA-Seq Analysis

Total RNA was isolated from thyroid tissue using Isogen II (Nippon Gene Co., Tokyo,
Japan) according to the manufacturer’s instructions. The 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA) was used to assess the quality of the prepared total RNA
to determine the RIN in each sample from different rats. Two total thyroidal RNA samples
with higher RINs were selected from seven samples, each group of 1w0Gy, 1w4Gy, 4m0Gy,
or 4m4Gy. They were subjected to RNA Seq, which was performed by Bioengineering Lab.
Co., Ltd. (Sagamihara, Japan). In brief, cDNA libraries were prepared using the MGIEasy
RNA Directional Library Prep Set (MGI Tech Co., Ltd., Shenzhen, China) and circularized
using the MGIEasy Circularization Kit (MGI Tech Co.). DNA nanoballs (DNBs) were
produced using a DNBSEQ-G400RS High-Throughput Sequencing Kit (MGI Tech Co.) and
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sequenced using 100 bp paired-end analysis of 20 million reads by DNBSEQ-G400 (MGI
Tech Co.). Genomic mapping was performed using hisat2 (ver. 2.2.1). Reads were counted
using featureCounts (ver. 2.0.0) and normalized as transcripts per million. Comparisons
between 1w0Gy and 1w4Gy and between 4m0Gy and 4m4Gy were performed using DE-
seq2 with the Wald test and fit type of “parametric” (https://ranaseq.eu/, accessed on 10
January 2024).

4.5. Quantitative RT-PCR

cDNA was synthesized by incubating 3-ug of total RNA with 100 U of ReverTra
Ace reverse transcriptase (Toyobo Co., Osaka, Japan) in a mixture of 20 pmol of random
hexamers pdN6 and 5-pmol oligo-dT(15) primers (Takara Bio Inc., Kusatsu, Japan). A
quantitative PCR instrument, StepOnePlus (Applied Biosystems/Life Technologies Co.,
Carlsbad, CA, USA), was used to measure cDNA levels with THUNDERBIRD Next SYBR
g-PCR Mix (Toyobo Co.). Supplementary Table S3 presents the sequences of the specific
primer sets. The DNA sequences of the PCR products were confirmed by Fasmac Co., Ltd.
(Atsugi, Japan). The PCR conditions included an initial denaturation for 2 min, followed
by 40 cycles of 5 s incubation at 95 °C and 35 s incubation at 60 °C. The measured mRNA
levels were normalized against the levels of 3-actin mRNA [13].

4.6. Western Blotting

Thyroid tissues were homogenized in RIPA lysis buffer containing phosphatase in-
hibitors (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Two g of each lysate
were applied to 12.5% SDS-PAGE and transferred to a 0.2-um ClearTrans SP PVDF mem-
brane (Fujifilm Wako Pure Chemical Co., Osaka, Japan). After blocking with Blocking
One (Nacalai Tesque Inc., Kyoto, Japan), the membranes were incubated with anti-CPA4
(NBP2-92372, 1:1000, Novus biologicals, Centennial, CO, USA), anti-CRTAC1 (30251-1-AP,
1:1000, Proteintech Group, Inc., Rosemont, IL, USA), or anti-BActin (3H12, 1:1000, MBL
Co., Nagoya, Japan). They were then washed and incubated with peroxidase-conjugated
antirabbit IgG (1:4000, MBL Co.). The protein bands were visualized using Chemi-Lumi
reagents (Nacalai Tesque Inc.) and images were captured using a CCD camera system,
ImageQuant LAS 4000mini (GE Healthcare Ltd., Buckinghamshire, UK). The band inten-
sities were quantified using Image]J version 1.53a (http://imagej.nih.gov, accessed on 7
June 2024).

4.7. Statistical Analysis

All values are expressed as means + standard errors. Student’s t-test was used
to compare the two groups with Excel 2019 software. Dunnett’s test was applied for
multiple comparisons among the group with the R’s package ‘SimComp” version 3.3
(http://cran.r-project.org, accessed on 15 October 2024).

5. Conclusions

Irradiation causes long-term gene expression changes in the thyroid, particularly
during the neonatal period. The thyroid glands of rats 8 weeks after irradiation were
subjected to comprehensive gene expression analysis. By comparing the results between
neonate and adult irradiation, we successfully identified long-term changes in gene ex-
pression, particularly those after exposure to neonatal irradiation. Because these changes
were common with those observed in thyroid tumors, the identified genes and their altered
expression may be factors associated with childhood susceptibility to irradiation-induced
thyroid cancer.
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