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Abstract 
The thyroid gland consists of follicles lined by thyrocytes, with parafollicular cells, including C-

cells, residing between these follicles (Krinke & Weber, 2012).   C-cell hyperplasia is the increase 

of C-cell proliferation which may progress to medullary thyroid carcinoma (MTC). MTC ac-

counts for 4% of thyroid cancer (Kloos et al., 2009). Although thyrocytes originate from the en-

doderm and C-cells originate from the neural crest, several transcription factors are shared be-

tween these cell lineages (Cote et al., 2015).   Cellular retinoic acid binding protein 1 (CRABP1) 

is highly expressed in the human thyroid gland (The Human Protein Atlas, 2021). Previously, 

CRABP1 was reported to play a crucial role in maintaining thyrocyte function. Knockout of 

CRABP1 (CKO) in mice has been shown to result in smaller thyroid follicles and an increased 

population of non-forming-follicles cells, observations that prompted the present study (Najjar et 

al., 2023). Here, we evaluated several transcription factors and histopathologic features of CKO 

mice. SOX17 and CALCA gene expression in 15-month-old mice are significantly higher in CKO 

mice than wild-type (WT). FOXA2 gene expression in 3-month-old mice is significantly higher 

in CKO than WT. Histopathological examination indicated significantly smaller follicle sizes and 

a greater number of cells in CKO mice compared with WT. These findings suggest a potential 

role for CRABP1 in maintaining thyrocytes and C-cell balance in the thyroid gland. 
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1 Introduction 
The thyroid gland   is a butterfly-shaped gland 

in the neck, which plays an important role in 
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regulating metabolism, growth, and develop-

ment. It secretes thyroid hormones, primarily 

triiodothyronine (T3) and thyroxine (T4). The 

thyroid gland is organized into follicles, 

which are filled with colloids. Colloids serve 

as a storage and production site for thyroid 

hormones. The thyroid follicles’ walls are 

made up of many thyrocytes. These thyro-

cytes are the derivatives of the endoderm 

layer and are considered the functional unit of 

the thyroid gland. In between the thyroid fol-

licles, there are   C-cells, which are a type of 

parafollicular cells. C-cells originate from the 

neural crest and secrete a peptide hormone, 

calcitonin, that decreases the calcium level in 

the blood (Cote et al., 2015a; Kloos et al., 

2009).  

C-cell hyperplasia (CCH) is an increase in 

the number of C-cells in the thyroid gland, of-

ten accompanied by excessive calcitonin se-

cretion. Under normal physiological condi-

tions, CCH can be caused by chronic low cir-

culating calcium, advancing age, and chronic 

thyroiditis; on the other hand, CCH can also 

result from a protooncogene mutation in RET 

that leads to thyroid carcinoma (Perry et al., 

n.d.). In a study by Guyétant et al in 1997, the 

prevalence of CCH was more than twice as 

high in male subjects as in females (Guyétant 

et al., 1997). Under normal conditions, C-

cells occupy less than 0.1% of the total cell 

mass in the thyroid gland, concentrating in the 

middle and upper thirds of the lateral lobes. 

Under normal aging conditions, an age-de-

pendent increase in C-cell number was shown 

in male subjects, whereas there was no obvi-

ous relationship between age and C-cell num-

ber in female subjects (Gibson et al., 1982).  

CCH often leads to medullary thyroid car-

cinoma (MTC) (Guyétant et al., 2003). When 

CCH is caused by a RET protooncogene mu-

tation, it carries an increased risk of develop-

ing MTC. Such condition is considered to be 

an undifferentiated thyroid carcinoma (Cote 

et al., 2015). According to American Thyroid 

Association (ATA) guidelines, CCH is classi-

fied as familial/ inherited or reactive/ physio-

logical (Kloos et al., 2009). MTC develops 

from parafollicular cells and is characterized 

by the excess secretion of calcitonin. A blood 

calcitonin levels over 100 pg/ml is considered 

a positive prognostic value for MTC (Kir-

iakopoulos et al., 2022).  MTC occurs in both 

sporadic and familial forms. According to the 

ATA, the 10-year disease-specific survival 

rate in MTC varies dramatically by stage: 

~100% for stage I, ~93% for stage II, ~71% 

for stage III, and ~21% for stage IV disease. 

Many patients already present with regional 

lymph nodes metastases of the time of diag-

nosis (Kloos et al., 2009; Modigliani et al., 

1998). 

Several   transcription factors are essential 

for the differentiation, maintenance, and 

functional regulation of thyroid tissue. Paired 

Box Gene 8 (PAX8) helps regulate develop-

ment, differentiation, and maintenance of thy-

rocytes. NKX2-1 (TTF1) regulates thyrocyte 

differentiation and functions by driving thy-

roid-stimulating hormone receptor gene tran-

scription. FOXA1 (TTF2) acts earlier in thy-

roid organogenesis and contributes to the 

structural maturation of thyroid follicles. 

SRY-box transcription factor 17 (SOX17) 

marks the endodermal identity. Forkhead Box 

A2 (FOXA2) indicates early thyroid/endoder-

mal lineage integrity. Haematopoietically ex-

pressed homeobox (HHEX) marks the early 

thyroid progenitor activation or maintenance. 

In 2015 Johansson et al. demonstrated   that 

FOXA1   and FOXA2 are co-expressed in 

both C-cell progenitors and differentiated C-

cells, whereas FOXA2   expression is down-

regulated in the thyrocytes lineage (Johans-

son et al., 2015). In contrast, thyrocyte differ-

entiation requires the coordinated activity of 
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TTF1 and PAX8, while TTF1 alone is suffi-

cient for C-cell differentiation (Nilsson & 

Williams, 2016).  

Previous studies have shown that 

CRABP1 plays a crucial role in the develop-

ment and maintenance of the thyroid gland. 

CKO mice have also shown phenotypes of 

primary hypothyroidism, where the thyroid 

gland fails to produce sufficient thyroid hor-

mones, unlike secondary hypothyroidism, 

which originates from the central nervous 

system dysregulation of the thyroid gland. 

Under histopathological examination, CKO 

thyroid gland exhibits small follicles along-

side cells that are not forming follicles (Najjar 

et al., 2023). In an observational study of sev-

eral types of thyroid carcinomas, loss of 

CRABP1 was found in undifferentiated thy-

roid carcinomas like MTC (Celestino et al., 

2018). 

In this study, we evaluate the expression of 

thyrocytes and C-cell transcription factors 

through ages 3 months to 15 months. These 

key transcription factors determine the fate of 

progenitors to differentiate into thyrocytes or 

C-cells. Well-differentiated thyrocytes and C-

Cells maintain PAX8 and FOXA2 expres-

sion, respectively, whereas loss of these tran-

scription factors is linked to undifferentiated 

thyroid tumors and more aggressive pheno-

types (López-Márquez et al., 2021; Pasca Di 

Magliano et al., 2000). Additionally, we as-

sessed the morphological changes observed 

in 15 months old CKO male thyroid glands. 

CCH can be classified as focal or diffuse by 

histopathological examination. Focal C-cell 

clusters, less than five average follicular di-

ameters, or similarly small-sized clusters of C 

cells scattered in interfollicular spaces in a 

specific location in the thyroid gland, on the 

other hand, diffuse CCH occurs in the whole 

thyroid gland. Unlike C-cell adenomas, CCH 

is not associated with compression of the fol-

licular parenchyma.  
 

2 Methods 

2.1 Quantitative Real-Time PCR   

RNA was extracted from thyroid tissue sam-

ples collected from both WT and CKO male 

mice. Tissues were homogenized in TRIzol 

(Thermo Fisher, Waltham, MA, USA, 

Cat#15596026), and the aqueous phase was 

collected to precipitate mRNA, and 2 mg of 

RNA was reverse transcribed to cDNA with a 

reverse transcript kit (Thermo Fisher, 

Cat#4368819). Quantitative real-time PCR 

(qPCR) was performed using the SYBR 

Green PCR Master Mix (Thermo Fisher, 

#K0253) on a real-time PCR machine   

(QuantStudio 3 Real-Time PCR system, Ap-

plied Biosystems Waltham, MA, USA). The 

qPCR   reaction was performed in duplicate 

for each sample. The values were normalized 

to GAPDH and expressed as relative expres-

sion. Primers used are listed in Table 1.  
 

Gene 

Name 

Primer Sequence 

GAPDH Forward: 5′ -CAGAAGACTGTGGATGGCCCCTC-3′ ;         

 Reverse: 5′ -CACGGAAGGCCATGCCAGTGAGC-3′ 

PAX8 Forward: 5′ -TGCTCAGCCTGGCAATGACAAC-3′ ;              

Reverse: 5′ -ACGAAGGTGCTTTCGAGGACCA-3′ 

TTF1 Forward: 5′ -CAGGACACCATGCGGAACAGC-3′ ;                

Reverse: 5′ -GCCATGTTCTTGCTCACGTCCC-3′ 

TTF2 Forward: 5′ -AACAGCATCCGCCACAACCTCA-3′ ;             

Reverse: 5′ -AGGAAGCTGCCGCTTTCGAACA-3′ 

HHEX Forward: 5′ -CGGTCAAGTGAGGTTCTCCAAC-3′;             

Reverse: 5′ -CTCGGCGATTCTGAAACCAGGT-3′ 

SOX17 Forward: 5′ -GCCGATGAACGCCTTTATGGTG-3′;              

Reverse: 5′ -TCTCTGCCAAGGTCAACGCCTT-3′ 

FOXA2 Forward: 5′ -CGAGCACCATTACGCCTTCAAC-3′;                 

Reverse: 5′ -AGTGCATGACCTGTTCGTAGGC-3′ 

CALCA Forward: 5′ -GCACTGGTGCAGGACTATATGC-3′;  

Reverse: 5′ -CTCAGATTCCCACACCGCTTAG-3′ 

CRABP1 Forward: 5′ -ACCTGGAAGATGCGCAGCAGCGAG-3′ ;  

Reverse: 5′ -TAAACTCCTGCATTTGCGTCCGTCC-3′ 

Table 1. Primer Sequences for qPCR. 
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2.2 FIJI ImageJ 

We harvested thyroid glands that were fixed 

in 10% formalin overnight and dehydrated in 

ethanol for paraffin block preparation. Tissue 

sections were cut at 5 µm and stained with he-

matoxylin and eosin stain for histopathologi-

cal evaluation by a board-certified veterinary 

pathologist. We observed the tissue sections 

using a LEICA DMIRB microscope equipped 

with a 20x objective, and representative fields 

were captured for analysis. We conducted all 

image analyses manually in FIJI (ImageJ), 

with the scale of 3.6140 pixels/µm. 

2.3 Statistical analysis 

In qPCR experiment, 4 mice were used for 3-

month-old WT, 5 mice were used for 3-

month-old CKO; 4 mice were used for 6-

month-old WT, 4 mice were used for 6-

month-old CKO; 6 mice were used for 9-

month-old WT, 11 mice were used for 9-

month-old CKO; 7 mice were used for 15-

month-old WT, 5 mice were used for 15-

month-old CKO.   T-test was performed to 

compare groups. In the histopathology analy-

sis, 3 animals per group were used, and 12 

sections were randomly selected to analyze 

the area of interest, and the data represents the 

average of follicle size and total number of 

cells. A t-test was performed.  

 

3 Results 

3.1 Undifferentiated gene expression 

increased in the CKO thyroid gland 

Most of the transcription factors that regulate 

thyrocytes and C-cell differentiation dis-

played a similar growing pattern   in both WT 

and CKO mice with advancing age. The 

FOXA2 gene expression of 3-month-old mice 

was significantly higher in CKO than WT as 

shown in Figure 1A. The upregulation of 

FOXA2 observed is a hallmark for CCH. The 

SOX17 gene expression of 15 -month-old 

mice was significantly higher in CKO than 

that of WT as shown in Figure 1A. Increased 

expression of SOX17 is a hallmark of stem-

ness in cells, preventing precursor cells from 

differentiating into thyrocytes or C-cell pro-

genitors. This suggests that thyrocytes and C-

cells were shifted to a more immature and un-

specialized state. Lastly, calcitonin (CALCA) 

gene expression increased significantly in 15-

month-old CKO mice (Figure 1B). These 

findings suggest   that CKO mice developed 

C-cell hyperplasia at the age of 15 months. 

  

  
Figure 1. (A) Quantitative real-time PCR (qPCR) per-

formed for CKO and WT of 3 months, 6 months, 9 months 

and 15 months old male mice for gene PAX8, TTF1, TTF2, 

FOXA2, HHEX and SOX17. Values are Mean ± SD/ n= 4-

11 Mice /group. Significant increase of FOXA2 expression 

in 3-month-old CKO mice compared to WT at the same age. 

[t (9) =5.122, p=0.0018, df=6.444]. Significant increase of 

SOX17 expression in 15 -month-old CKO mice compared to 

WT at the same age. [ t (12) = 4.479, p=0.0067, df=4.937] 

(B) Thyroid Gland CALCA expression in 15-month-old 

mice of WT and CKO. CALCA tends to be expressed signifi-

cantly higher in CKO than WT. [t (6) =3.882, p=0.0515, 

df=2.205].        
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3.2 Histopathology of CKO thyroid 

gland 

In the thyroid glands of aged WT male mice, 

follicles appear well-differentiated and ex-

hibit mature functions in thyroid hormone 

synthesis and storage. In Figure 2A, the folli-

cles of 15-month-old WT mice are shown to 

be large, lined with small number of undiffer-

entiated cells (red arrows). Whereas in 15-

month-old CKO mice, the follicles appeared 

to be smaller, surrounded by larger number of 

undifferentiated cells (green arrows). Such 

conditions are also supported statistically. As 

shown in Figure 2B, the follicle sizes of 15-

month-old WT are significantly larger than 

those of CKO. The cell number of 15-month-

old WT is significantly smaller than that of 

CKO. 

3.3 CRABP1 expression in aging thy-

roid gland 

Finally, we assessed CRABP1 expression at 

different ages, as shown in Figure 3, and 

found that CRABP1 expression increased 

with age, emphasizing that CRABP1 may 

have a critical role in maintaining the homeo-

stasis of thyrocytes and C-cells.  

 

4 Conclusion 
The present study demonstrates that CKO 

thyroid glands might exhibit a transcription 

factor pattern mimicking CCH. FOXA2 ex-

pression increased at an early stage, while in-

creases in SOX17 and CALCA occurred at an 

advanced age. In addition, reduced follicle 

size and increased cell number in the CKO 

thyroid gland were observed. These findings 

suggest that lack of CRABP1 expression al-

ters the transcription factor network, leading 

to CCH-like conditions as well as follicle de-

generation. This ultimately causes inadequate 

thyrocyte and C-cell differentiation. Further 

investigation is required to understand the 

Figure 3. CRABP1 gene expression increased significantly 

through 6 months old to 15-month-old in WT mice. 

[t(9)=8.731, p<0.01, df=5.436] *p<0.05 considered statisti-

cal significance. 

Figure 2. (A) Hematoxylin and eosin (H&E) - stained thyroid 

gland from CKO and WT of 15-month-old male mice. (B) Thy-

roid gland follicle and cell number of WT and CKO male   

mice at the age of 15 months old. Values are Mean ± SD/ n=3 

Mice /group. Significant changes in CKO follicle sizes com-

pared to WT at the same age. [t (122) =6.099, p<0.0001, 

df=117.3]. Significant changes in CKO cell number were ob-

served compared to WT at the same age. [t (260) =30.1, 

p<0.0001, df=99.56]. *p<0.05 considered scientific signifi-

cant vs WT. 

  



6 

specific mechanisms by which CRABP1 af-

fects C-cell differentiation, causing CCH.    

It is important to distinguish C-cell hyper-

plasia from C-cell hypertrophy. High activity 

of C-cells, or hypertrophy, refers to increased 

calcitonin release without an increase in cell 

number, whereas C-cell hyperplasia is de-

fined by an increased number of C-cells with 

unchanged activity per cell.   The morpholog-

ical and transcriptional changes observed in 

CKO mice are consistent with hyperplasia ra-

ther than hypertrophy, indicating that 

CRABP1 deficiency increases C-cell number 

rather than increases C-cell size.  

TTF1, TTF2, and PAX8 gene expression 

patterns remain the same in both WT and 

CKO. FOXA2 gene expression decreases 

with advancing age in WT and, while CKO 

thyroid gland exhibited a greater decrease in 

FOXA2 expression, this decrease was not sig-

nificant. Increase of FOXA2 at an early age 

(3 months) induces C-cell population, fol-

lowed by a decrease in FOXA2 and an in-

crease in SOX17 expression. This suggests 

that CKO thyroid gland progression to CCH 

could lead to MTC.  

One limitation of this study is that the sam-

ples used for evaluation gene expressions of 

transcription factors were withdrawn from the 

whole thyroid tissue, including both thyro-

cytes and C-cells. This cellular heterogeneity 

leads to increased variability and limits relia-

bility to assess age-related transcriptional 

change. Future investigations may employ 

isolated thyrocytes and C-cells to more pre-

cisely investigate CRABP1 regulation in thy-

roid function. 
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