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ABSTRACT
Only 3% of thyroid cancers are medullary thyroid carcinomas (MTCs), the rest are follicular 
epithelial cell derived non-MTCs (NMTCs). A dysfunctional INK4-CDK4-RB pathway is detected in 
most of NMTCs. DNA repair defects and genome instability are associated with NMTC dediffer
entiation and aggressiveness. Whether inactivation of the INK4-CDK4-RB pathway induces NMTCs 
and how differentiation of NMTC cells is controlled remain elusive. In this study, we generated 
p18Ink4c and Brca1 singly and doubly deficient mice as well as p16Ink4a and Brca1 singly and 
doubly deficient mice. By using these mice and human thyroid carcinoma cell lines, we discovered 
that loss of p18Ink4c, not p16Ink4a, in mice stimulated follicular cell proliferation and induced 
NMTCs. Depletion of Brca1 alone or both p16Ink4a and Brca1 did not induce thyroid tumor. 
Depletion of Brca1 in p18Ink4c null mice results in poorly differentiated and aggressive NMTCs 
with epithelial-mesenchymal transition (EMT) features and enhanced DNA damage. Knockdown of 
BRCA1 in thyroid carcinoma cells activated EMT and promoted tumorigenesis whereas over
expression of BRCA1 inhibited EMT. BRCA1 and EMT marker expression were inversely related in 
human thyroid cancers. Our finding, for the first time, demonstrates that inactivation of INK4- 
CDK4-RB pathway induces NMTCs and that Brca1 deficiency promotes dedifferentiation of NMTC 
cells. These results suggest that BRCA1 and p18INK4C collaboratively suppress thyroid tumorigen
esis and progression and CDK4 inhibitors will be effective for treatment of INK4-inactivated or 
cyclin D-overexpressed thyroid carcinomas.
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Introduction

Thyroid cancer is the most common endocrine 
tumor whose incidence has doubled and mortality 
has increased in the past decade [1,2]. The thyroid 
gland is composed of follicular epithelial cells and 
parafollicular cells. The follicular epithelial cells 
are responsible for iodine uptake and thyroid hor
mone synthesis, and the parafollicular cells pro
duce calcium-regulating hormone calcitonin. 
Accordingly, thyroid tumors are mainly derived 
from either follicular cells or parafollicular cells. 
More than 95% of thyroid tumors originate from 
follicular cells whereas only about 3% of tumors,

referred to as medullary thyroid carcinoma 
(MTC), are derived from parafollicular cells. 
Follicular-cell-derived thyroid carcinomas, i.e. 
non-MTCs (NMTCs), are divided into well- 
differentiated papillary and follicular thyroid car
cinoma, as well as poorly differentiated and undif
ferentiated anaplastic thyroid carcinoma [3,4]. 
Poorly differentiated thyroid carcinoma (PDTC) 
and anaplastic thyroid carcinoma (ATC) are 
highly malignant and metastatic. They likely arise 
by way of a dedifferentiation process from pre- 
existing papillary thyroid carcinoma (PTC) and 
follicular thyroid carcinoma (FTC) [3–5]. Though
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it has been reported that mutations in p53, RAS, 
BRAF, and b-catenin, as well as rearrangement of 
RET, NTRK1, and PPARG play an important role 
in promoting thyroid tumorigenesis and progres
sion [3,4,6,7], how follicular-cell-derived NMTCs 
are developed, and how differentiation of NMTC 
cells are controlled remain largely elusive.

Exposure to ionizing radiation is the only 
well-established risk factor for thyroid cancer 
development [8]. This is likely due to the high 
susceptibility of the follicular cells to radiation 
damage. Radiation induced DNA damage 
enhances genomic instability, which leads to 
follicular cell transformation and is closely asso
ciated with thyroid tumor formation and pro
gression [3,8]. Though both PTCs and FTCs 
belong to “well-differentiated” type of thyroid 
carcinomas, genome is stable in PTC but 
instable in FTC. FTCs are more aggressive than 
PTCs. Interestingly, of PTCs, about half of the 
total cases are classical type PTCs (C-PTCs), 
whereas the follicular variant of PTCs (FV- 
PTCs) comprises 30% of all PTCs. The prognosis 
of the FV-PTCs falls between that of the C-PTCs 
and FTCs [9]. Furthermore, drastically enhanced 
genomic instability has been discovered in 
almost all PDTCs and ATCs [3,4,8]. These find
ings indicate the importance of DNA damage 
repair and genomic stability in regulating folli
cular cell differentiation and tumorigenesis. 
However, it is poorly understood how defective 
DNA damage repair contributes to thyroid 
tumorigenesis. BRCA1 is a tumor suppressor 
directly involved in the repair of DNA double- 
strand breaks and the maintenance of genomic 
stability. Clinically, the functional loss of BRCA1 
by mutation or promoter methylation is asso
ciated with an increased susceptibility to thyroid 
cancer [10–15]. Decreased Brca1 expression is 
associated with DNA repair delay in irradiated 
normal thyroid cells [16]. However, homozygous 
deletion of Brca1 in mice leads to embryonic 
lethality and heterozygous deletion of Brca1 
results in growth defects and premature senes
cence [17] thereby preventing us from directly 
determining its role in thyroid tumor develop
ment. It remains elusive whether and how loss of 
function of BRCA1 contributes to thyroid tumor 
development and progression.

The RB protein, phosphorylated and inactivated 
by CDK4 and CDK6 (CDK4/6), controls the G1-to 
-S transition of the cell cycle. CDK4/6 is activated 
by cyclin D and inhibited by inhibitors of CDK4/6 
(INK4) such as p16INK4A (p16, encoded by 
CDKN2A) and p18INK4C (p18, encoded by 
CDKN2C). Inactivation of the INK4-CDK4/6-RB 
pathway (i.e. loss of INK4 or RB and amplification 
of cyclin D or CDK4/6) is a common event in 
human cancers and most follicular-cell-derived 
thyroid carcinomas, including PTC, FTC, and 
ATC, carry a dysfunctional INK4-CDK4/6-RB 
pathway [3,18–24]. However, in mouse systems, 
knockout of p18 or heterozygous germline deletion 
of Rb induces MTC [25–30] and knockout of other 
INK4 family cell cycle inhibitors including 
p15INK4B, p16, p19INK4D does not induce thyroid 
tumorigenesis [25,31–33]. Though we have pre
viously reported that p18 inhibits follicular cell 
proliferation and collaborates with Men1 and 
Pten to suppress the development of NMTCs 
[26,27], whether inactivation of the INK4-CDK4 
/6-RB pathway induces NMTCs remain largely 
elusive. This question is important because most 
NMTCs, particularly PDTCs and ATCs, are highly 
proliferative and CDK4/6 inhibitors, a newly 
approved drug for breast cancer treatment, may 
also be effective for treatment of INK4 inactivated 
or cyclin D/CDK4 overexpressed NMTCs. 
Interestingly, we noticed that mouse studies inves
tigating the role of loss of function of INK4 or Rb 
were performed in BL/6 or FVB background, 
whereas, the thyroid tumor phenotype differs dras
tically in distinct mouse strains [34–37]. We, 
therefore, hypothesize that inactivation of INK4 
in other mouse strains induces NMTCs which 
recapitulates the role of INK4-CDK4/6-RB path
way in controlling NMTCs.

We and others have reported that BRCA1 defi
ciency activates p16, p18, and RB [17,38–40] and 
that loss of either p16 or p18 rescues the prolif
erative defects and premature senescence induced 
by Brca1 deficiency in epithelial cells [17,38,39]. 
To employ this knowledge in our study, we gen
erated p18 and Brca1 singly and doubly deficient 
mice in either Balb/c or BL/6 background as well 
as p16 and Brca1 singly and doubly deficient mice 
in Balb/c enriched background. By using these 
mice and human thyroid carcinoma cell lines, we
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demonstrated that deletion of p18, not p16, in 
Balb/c background induces well-differentiated 
PTC and FTC (NMTCs). Haploid loss of Brca1 
by heterozygous germline deletion in p18 null, not 
p16 null, mice promotes EMT and dedifferentia
tion of NMTC (PTC and FTC) cells leading to the 
increase of tumor metastasis. We confirmed that 
overexpression of BRCA1 in human ATC cells 
inhibits EMT and knockdown of BRCA1 in 
human PTC cells promotes EMT and 
tumorigenesis.

Materials and methods

Mice, histopathology, and immunostaining

The generation of p18-/- mice in BL/6 background 
(BL/6-p18-/-) and in Balb/c background (Balb/c- 
p18-/-), as well as Brca1+/- and p18-/-; Brca1+/- 

mice in Balb/c background has been previously 
described [27,38,41,42]. The generation of p16-/- 

and p16-/-; Brca1+/- mice has been described [39]. 
p16−/- (in FVB background) and p16-/-;Brca1+/- (in 
Balb/c-FVB mixed background) mice have both 
been backcrossed for five generations with Balb/c 
mice. NOD-Prkdcem26Cd52Il2rgem26Cd22/Nju 
(NCG) mice was purchased from 
GemPharmatech (Nanjing, China). The 
Institutional Animal Care and Use Committee at 
the University of Miami and Shenzhen University 
approved all animal procedures. Seventy three 
WT, eighty p18-/-, forty six Brca1+/- and seventy 
six p18-/-; Brca1+/- mice in Balb/c background, 
nine WT, thirty two p16-/- or p16+/-, seven 
Brca1+/- and twenty five p16-/-; Brca1+/- or p16+/-; 
Brca1+/- mice in Balb/c enriched background, as 
well as thirty five WT and fifty eight p18-/- mice in 
BL/6 background were analyzed. Histopathology 
and immunohistochemistry (IHC) were performed 
as previously described [17,26,27]. To briefly sum
marize, after heat-induced antigen retrieval in 
retrieval buffer (10 mM Tris base, 1 mM EDTA 
solution, 0.05% Tween 20, pH 9.0), tissue sections 
were blocked with normal goat serum in PBS and 
incubated with primary antibodies at 4°C for 12 h. 
Immunocomplexes were detected using the 
Vectastain ABC DAB kit according to the manu
facturer’s instructions (Vector Laboratories) 
[26,27]. The primary antibodies used were as

follows: BRCA1 (ab16780; Abcam; 1:1000), 
Vimentin (VIM, #5741, Cell Signaling, 1:1000), 
PDGFRβ (#3169, Cell Signaling, 1:1000), TWIST 
(#50850, Cell Signaling,1:1000), γH2AX (#2577, 
Cell Signaling), p-PKCα (ab180848, Abcam, 
1:1000), and Calcitonin (MA5–16325, 
ThermoFisher, 1:200), as well as Ki67 (ZM-0166), 
cytokeratin 19 (CK19, ZM-0074), Galectin-3 (ZM- 
0143), Hector Battifora mesothelialcell (HBME1, 
ZM-0386), thyroid transcription factor 1 (TTF1, 
ZM-0270) (Aorui Dongyuan Biotechnology, 
Wuxi, China. Working solution). Antibodies 
obtained from Aorui Dongyuan Biotechnology 
were directly used as a working solution, and the 
others were diluted with 5%BSA. The immunos
tained sections were then examined by microscope 
(Nikon; ECLIPSE, E200), as previously 
described [43].

Cell culture, transfection, and viral infection

Human thyroid cancer cell lines B-CPAP and 
8505C were purchased from Fenghui 
Biotechnology (Hunan, China). B-CPAP cells 
were maintained in RPMI 1640 with 10% fetal 
bovine serum (FBS), and 8505C cells were main
tained in DMEM with 10% FBS. For ectopic 
expression of BRCA1, cells were transfected with 
pBabe-empty or pBabe-HA-BRCA1 (gifts from 
Dr. Yue Xiong at the University of North 
Carolina at Chapel Hill), as we previously described 
[44]. To briefly summarize, 2 × 105 cells were 
seeded into six-well plate and then transfected 
with pBabe-empty or pBabe-HA-BRCA1 (2 μg) by 
Lipofectamine™ 3000 (L30000015, Invitrogen). 
Three days after transfection, cells were lysed for 
Western blot and qRT-PCR analysis. For knock
down (KD) of BRCA1, cells were infected with 
pGIPZ-sh-Control (sh-Ctrl) or pGIPZ-sh-BRCA1 
(sh-BRCA1) (Open Biosystems), selected with pur
omycin at 2 μg/ml for three days, and then analyzed 
for gene expression in vitro, as previously described 
[17], or subcutaneously inoculated into the back of 
NCG mice.

Western blot, qRT-PCR, and xenograft

Western blot analysis was carried out as previously 
described [17]. To briefly summarize, tissues or
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cells were lysed with RIPA buffer (ab288006, 
Abcam) supplemented with Protease Inhibitor 
Cocktail (635673, Takara). Lysates were subjected 
to SDS-PAGE followed by immunoblotting. 
Membranes were blocked in 5% skim milk and 
then probed with anti-BRCA1 (ab16780, Abcam), 
VIM (#5741, Cell Signaling), TWIST (#50850, Cell 
Signaling), PDGFRβ (#3169, Cell Signaling), 
p-PKCα (ab180848, Abcam), p-FRA1 (#3880, Cell 
Signaling), and GAPDH (BL006B, Biosharp) for 12 
h at 4°C. Antibodies were diluted at 1:1000 with 
universal antibody diluent (WB500D, NCM 
Biotech). Membranes were washed with TBST 
(50 mM Tris-HCL pH 7.6, 150 mM NaCl, 0.05% 
Tween 20, Sigma-Aldrich). Secondary antibodies 
used were goat anti-rabbit IgG (BL003A, Biosharp) 
or goat anti-mouse IgG (BL001A, Biosharp). For 
qRT-PCR, total RNA was extracted using the 
RNeasy kit (Qiagen) according to the manufac
turer’s protocol. 1 μg RNA was used to generate 
random hexamer-primed cDNA using the 
Omniscript RT Kit (Qiagen). qRT-PCR was per
formed as previously reported [38]. The expres
sion level of each gene was normalized with 
GAPDH. Primers used are listed in Table S1. For 
xenograft, 5 X 105 cells that were infected with 
pGIPZ-empty, pGIPZ-shBRCA1-B7, or pGIPZ- 
shBRCA1-G6 and selected in puromycin were 
then suspended in 100 μl 50% Matrigel/PBS and 
subcutaneously inoculated on the left and/or the 
right side of the back of four or six NCG mice at 
six weeks of age. Five weeks after inoculation, 
animals were euthanized, and tumors were dis
sected for histopathological, immunohistochem
ical, and biochemical analyses.

Meta-analysis of gene expression data sets

Gene Expression Profiling interactive Analysis 
(GEPIA, http://gepia.cancer-pku.cn) [45] was 
used for the analysis of BRCA1 mRNA in human 
thyroid cancers and paired normal thyroid tissues. 
GEPIA is a resource for gene expression analysis 
based on tumor and normal samples from the 
TCGA (https://www.cancer.gov/tcga) and GTEx 
(https://www.gtexportal.org) databases. GEPIA 
thyroid cancer dataset contains 512 TCGA PTC 
samples and 337 matched TCGA normal and 
GTEx normal samples [45]. Of these 512 PTC 

samples, 69.4% were classical-type PTC, and
21.2% were follicular-variant PTC [46]. 
cBioPortal for Cancer Genomics (https://www. 
cbioportal.org) [47] was used for the analysis of 
correlation between the mRNA expression of 
BRCA1 and EMT markers in 501 TCGA NMTC 
samples including 395 PTC and 106 FTC samples 
[47], or in 482 TCGA PTC samples [46].

Statistical analysis

All data are presented as the mean ± SD for at least 
three repeated individual experiments for each 
group. Quantitative results were analyzed by two- 
tailed Student’s t-test. P-value <0.05 was consid
ered statistically significant.

Results

Loss of p18, not p16, in mice stimulates follicular 
cell proliferation and induces well-differentiated 
NMTCs

Supported by the previous findings that in 
human samples most follicular-cell-derived 
thyroid carcinomas carry a dysfunctional INK4- 
CDK4/6-RB pathway and mutations in or loss 
of expression of p18 is frequently detected in 
NMTCs, we hypothesize that loss of p18 in 
mice with other genetic backgrounds may reca
pitulate the function of p18 in controlling folli
cular-cell-derived thyroid tumors. To test this 
hypothesis, we generated p18 null mice in Balb/ 
c background, in which mice are more suscep
tible to tumor development. We characterized 
these mice and surprisingly found that as early 
as two months of age female p18-/- mice began 
to form thyroid tumors. 4 of 16 (25%), 4 of 15 
(27%), and 4 of 19 (21%) female p18-/- mice 
spontaneously developed bilateral thyroid 
tumors at 2–4 months, 4–12 months, and 12– 
18 months of age, respectively. Overall, 24% of 
female p18-/- mice formed thyroid tumors, 
whereas, only 10% of male p18-/- mice devel
oped thyroid tumors. As a control, 1 of 29 (4%) 
and 1 of 16 (6%) female wild-type (WT) mice 
had thyroid tumor before and after 1 year of 
age, respectively, and none of 28 male WT mice 
formed thyroid tumor at similar age (Table 1). 
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All thyroid tumor-bearing p18-/- mice, with the
exception of one, were very small in size and 
significantly lighter than thyroid tumor-free 
p18-/- mice. (Table 1, Figure 1a-c). 
Histopathological analysis revealed that all 
thyroid tumors were characterized by inter
mingled cribriform, papillary, and follicular 
architecture which are the features of FTC, 
C-PTC, and FV-PTC. In each tumor, the 
major parts were well-differentiated FTCs, and 
small parts were well-differentiated C-PTCs 
and/or FV-PTCs. Due to the pathological diffi
culty of differentiating FV-PTC from C-PTC 
mixed/hybridized with FTC, we uniformly 
named these tumors well-differentiated NMTC 
(Figures 1a,b and 2a). No distant metastasis was 
detected in p18-/- thyroid tumors. To confirm 
the thyroid epithelial origin and differentiation 
status of tumors, we performed IHC analysis 
with antibodies against the markers of thyroid 
differentiation. The expression of the thyroid 
master regulator TTF-1, as well as CK19, 
Galectin-3, and HBME1 was readily detected 
in p18-/- thyroid tumors (Figure 2b). In con
trast, less than 1% of tumor cells were posi
tively stained with calcitonin which is 

a marker of MTC (Figure 1d). As controls, we
detected calcitonin-positive parafollicular cells 
in tumor-free thyroid (Figure 1d, inset) and 
calcitonin-positive MTC tumor cells in BL/6-
p18-/- mice (Fig. S1). These data not only con
firm thyrocytes as the cells of origin of p18-/- 

thyroid tumors but also indicate the well- 
differentiated status of the tumors. We then 
examined tumor-free thyroids and found that 
Ki67 positive follicular cells in p18-/- mice were 
significantly more than those in WT counter
part, indicating that loss of p18 promotes folli
cular cell proliferation (Figure 1e). These data 
are in line with our previous findings derived 
from p18 null mice in B6 background [26,27]. 
We also characterized p16 null mice in Balb/c 
enriched background and found no hyperproli
ferative follicular cell phenotype in adult mice 
and no thyroid tumor formed after 11 months 
of age though 11 out of 32 mice developed 
various types of tumor in this time period 
(Fig. S2, Table S2). Together, these results 
demonstrated that loss of p18, not p16, in 
Balb/c background stimulates follicular cell 
proliferation and induces formation of 
NMTCs, particularly in female mice.

Table 1 Spontaneous thyroid tumor development in mutant mice a

2-4 months 4-12 months 12-18 months
2-12 months 

Sub-Total
2-18 months b 

Total

Genotype F M F M F M F M F M Total tumor #

WT 0/10 0/9 1/19 0/11 1/16 0/8 1/29 0/20 2/45 0/28 2/73
(5%) (6%) (4%) (4%) (3%)

p18−/− 4/16 0/8 4/15 3/12 4/19 c 0/10 8/31 d 3/20 e 12/50 f 3/30 g 15/80 n

(25%) (27%) (25%) (21%) (26%) (15%) (24%) (10%) (19%)
Brca1+/- 0/7 0/6 0/8 0/9 0/9 0/7 0/15 0/15 0/24 0/22 0/46
p18−/−; 5/12 0/5 6/13 6/18 0/14 h 5/14 11/25 i, k 6/23 j, k 11/39 l, k 11/37 m, k 22/76 o, k

Brca1+/- (42%) (46%) (33%) (36%) (44%) (26%) (28%) (30%) (29%)
aAll mice were in Balb/c background. 
bAll thyroid tumor bearing mice exhibited hypothyroidism phenotype with significantly small body size, except for a p18-/-;Brca1+/- male, a WT 

female, and a p18-/- female mice who developed thyroid tumors at the age of 12–18 months. 
cOne of the four mice also developed mammary tumor. 
dP = 0.0265 between WT and p18-/- females. 
eP = 0.2308 between WT and p18-/- males. 
fP = 0.0086 between WT and p18-/- females. 
gP = 0.2377 between WT and p18-/- males. 
hNo thyroid tumor bearing p18-/-;Brca1+/- female mice lived beyond 11 months of age, which was likely caused by hypothyroidism-related 

developmental and metabolic defects, or by mandatory sacrifice due to bad nutrient condition. 
iP = 0.0005 between WT and p18-/-;Brca1+/- females. 
jP = 0.0229 between WT and p18-/-;Brca1+/- males. 
kNo significance between p18-/- and p18-/-;Brca1+/- groups. 
lP = 0.0049 between WT and p18-/-;Brca1+/- females. 
mP = 0.0015 between WT and p18-/-;Brca1+/- males. 
nP = 0.0016 between WT and p18-/- mice. 
oP = 0.0001 between WT and p18-/-;Brca1+/- mice. 
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Figure 1. Loss of p18 stimulates follicular cell proliferation and induces bilateral papillary thyroid tumors. (a) Representative gross 
appearance and HE staining (inset) of the thyroid tumors from a 9-month-old p18−/− female mouse. Note the thyroid tumors in both 
sides of the esophagus (Eso.), Th., Tu., thyroid tumor. (b) Representative HE staining of p18−/− thyroid tumors. Note typical 
pathological PTC features including tumor cells containing enlarged, overlapping nuclei (blue arrows), cells with Orphan Annie 
nuclei (black arrows), and cells with nuclear grooves and nuclear membrane irregularities (yellow arrows). (c) Body weight analysis of 
p18−/− mice with or without thyroid tumors. Data represent the mean ± SD of five mice in 2–4 month females without thyroid tumor 
group, four mice in 2–4 month females with thyroid tumor group, six mice in 4–12 month females without thyroid tumor group, and 
four mice in 4–12 month females with thyroid tumor group. * p < 0.05 between the group without thyroid tumor and the group 
with thyroid tumor. (d) IHC analysis of thyroid tumors developed in p18−/− mice. Calcitonin-positive cells are indicated by arrows. 
Inset shows the representative IHC analysis of tumor-free thyroid. Note, the majority of tumor cells are negative for calcitonin, other 
than a few sporadically located calcitonin-positive cells. (e) IHC analysis of tumor-free thyroids from WT and p18−/− mice at the age 
of 2–4 months of age. The percentages of Ki67-positive cells were calculated from cells situated in clear duct/gland structures. 
Results represent the mean ± SD of three animals per group.
Note: * p < 0.05 between the WT group and p18-/- group. 
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Figure 2. Heterozygous germline deletion of Brca1 in p18 null mice promotes EMT and enhances metastasis of thyroid tumors. (a) HE 
staining analysis of thyroid tumors developed in mutant mice. Note relative to p18−/− thyroid tumor cells, p18−/−;Brca1+/- cells are 
highly heterogenous and poorly differentiated. Tumor a and b show two thyroid tumors derived from two individual p18−/−;Brca1+/- 

mice. Picture in the most right shows lung metastasis from thyroid tumor b. (b, c) IHC analysis of thyroid tumors developed in 
mutant mice. Note relative to p18−/− tumor cells, more p18−/−;Brca1+/- cells expresses strong VIM and TWIST, but none or weak TTF1, 
CK19, Galectin-3, and HBME1. (d) IHC analysis of thyroid tumors with an antibody against Ki67. The percentages of Ki67-positive cells 
were calculated and plotted. Results represent the mean ± SD of three tumors per group.
Note: * p < 0.05 between the p18-/- group and p18-/-;Brca1+/- group. 
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Haploid loss of Brca1 promotes EMT and 
dedifferentiation of p18-deficient thyroid tumor 
cells accelerating tumor progression

To determine the effect of Brca1 deficiency in reg
ulating thyroid cell proliferation and differentiation 
in an unbiased manner, we choose to use hetero
zygous germline Brca1+/- mutant mice. Taking 
advantage of our previous finding that loss of either 
p16 or p18 rescues the proliferative defects and the 
premature senescence induced by Brca1 deficiency 
in epithelial cells, we generated and characterized 
p18-/-;Brca1+/- mice in Balb/c background, which 
have been backcrossed for more than 10 genera
tions with Balb/c mice, and p16-/-;Brca1+/- mice in 
Balb/c-enriched background, which have been 
backcrossed for 5 generations with Balb/c mice. 
Though no Brca1+/- and p16-/-;Brca1+/- mice formed 
thyroid tumors, 5 of 12 (42%) and 6 of 13 (46%) 
female p18-/-;Brca1+/- mice spontaneously devel
oped bilateral thyroid tumors at 2–4 months and 
4–12 months of age, respectively, while 6 of 18 
(33%) and 5 of 14 (36%) male p18-/-;Brca1+/- mice 
also developed bilateral thyroid tumors at 4–12  
months and 12–18 months of age, respectively 
(Table 1, Figure 2a, Table S2). Notably, due to the 
metabolic defects and severe malnutrition that 
likely resulted from thyroid tumors or thyroid 
tumor-induced difficulty swallowing, as well as the 
defects induced by the tumors simultaneously 
developed in other organs, no thyroid tumor- 
bearing female p18-/-;Brca1+/- mice lived, or was 
allowed by IACUC to live, beyond 11 months of 
age. Therefore, no assessment of thyroid tumor 
incidence for female p18-/-;Brca1+/- mice could be

made in the 12–18 month range. Thyroid tumor 
incidences in p18-/-;Brca1+/- female mice at 2–4  
months of age and 4–12 months of age were higher 
than those in p18-/- counterparts, though no statis
tical significance was reached, which is likely caused 
by the insufficient number of mice that was exam
ined. Notably, 3 of 22 (14%) p18-/-;Brca1+/- thyroid 
tumors metastasized to the lungs whereas no p18-/- 

thyroid tumors did so (Table 2, Figure 2a). Again, 
due to the early termination as mentioned above, 
we were unable to pursue the full penetrance of 
metastasis induced by p18-/-;Brca1+/- thyroid 
tumors.

Histopathological analysis revealed that though 
p18-/-;Brca1+/- thyroid tumors retained some PTC 
and FTC (NMTC) features, they were more hetero
geneous, invasive, metastatic, and poorly differen
tiated, when compared with p18-/- tumor 
counterparts. Consistent with p18-/- thyroid tumors, 
p18-/-;Brca1+/- thyroid tumors were also NMTC 
tumors as evidenced by sparsely scattered calcitonin- 
positive tumor cells (Fig. S3B, and data not shown). 
Notably, the expression of thyroid differentiation 
markers including TTF-1, CK19, Galectin-3, and 
HBME1 was barely detectable in p18-/-;Brca1+/- thyr
oid tumors, confirming that these are poorly differ
entiated tumors (Figure 2b). Inspired by the findings 
that NMTC thyroid tumors originate from follicular 
epithelial cells and haploid loss of Brca1 promotes 
dedifferentiation of mammary epithelia-derived 
tumor cells through activation of EMT [17,44], we 
examined the role of haploid loss of Brca1 in EMT 
activation in thyroid tumors. We observed that when 
compared with p18-/- tumors, significantly more

Table 2. Haploid loss of Brca1 in p18-deficient mice activates EMT in thyroid tumor cells.

Genotypea

Tumor Wt p18−/− Brca1+/- p18-/-;Brca1+/-

Thyroid Tumor 2/73 (3%) 15/80 (19%) d 0/46 22/76 (28%)f

Metastasisb 0/2 0/15 3/22 (14%)g

EMT+ tumor No.c 0/2 3/15 (20%) e 16/22 (73%)h

aAll mice were in Balb/c background and were at 2–18 months of age. 
bNumber of thyroid tumors metastasized to the lung. 
cAt least an EMT marker (VIM) and two EMT-TFs, which include TWIST, PDGFRβ, p-FRA1, and p-PKCα were 

detected in > 2% tumor cells by IHC, as we previously reported (Bai, Cancer Res., 2014). 
dA significance from WT and p18−/− tumors by a two-tailed Fisher’s exact test (p = 0.0016). 
eNo significance from WT and p18−/− tumors by a two-tailed Fisher’s exact test (p = 1.0000). 
fNo significance from p18−/−;Brca1+/- and p18−/− tumors by a two-tailed Fisher’s exact test (p = 0.1871); but 

p < 0.0001 from p18−/−;Brca1+/- and Brca1+/- tumors by a two-tailed Fisher’s exact test. 
gNo significance from p18−/−;Brca1+/- and p18−/− tumors by a two-tailed Fisher’s exact test (p = 0.2568). 
hA significance from p18−/−;Brca1+/-and p18−/− tumors by a two-tailed Fisher’s exact test (p = 0.0025). 
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p18-/-;Brca1+/- thyroid tumors expressed high level of 
EMT markers and EMT-transcription factors (EMT- 
TF) including VIM, TWIST, and p-FRA1 (Table 2, 
Figure 2c). In addition, we also found that relative to 
p18-/- tumors, more p18-/-;Brca1+/- thyroid tumors 
expressed PDGFRβ, a EMT marker and downstream 
therapeutic target of BRCA1 deficiency in promoting 
dedifferentiation of mammary tumor cells (Fig. S3) 
[48]. Together, these results suggest that haploid loss 
of Brca1 activates EMT and promotes dedifferentia
tion of p18- deficient thyroid tumor cells, stimulating 
their invasive and metastatic potential.

Furthermore, we found p18-/-;Brca1+/- thyroid 
tumors exhibited more Ki67 and γH2AX positive 
cells than p18-/- tumors (Figure 2d, Fig. S3). These 
data indicate that deficiency of p18 and Brca1 
collaboratively enhances proliferation and defects 
in DNA damage repair of thyroid tumor cells. 
Interestingly, Brca1+/- thyroid epithelia displayed 
less Ki67 positive cells than WT thyroid epithelia, 
suggesting that haploid loss of Brca1 reduces thyr
oid epithelial cell proliferation (Fig. S2). This result 
is in accordance with our previous finding that 
depletion of Brca1 in mammary epithelial cells 
impairs their proliferation [38]. Notably, p16-/- 

thyroid epithelia showed slightly more Ki67 posi
tive cells than WT thyroid epithelia, and p16-/-; 
Brca1+/- thyroid epithelia exhibited significantly 
more Ki67 positive cells than Brca1+/- thyroid 
epithelia (Fig. S2). These data suggest that the 
loss of p16 rescues proliferative defects caused by 
Brca1 deficiency in thyroid epithelia; however,

depletion of both p16 and Brca1 do not lead to 
the formation of thyroid tumor. In summary, these 
results suggest that Brca1 cooperates with p18, but 
not p16, to suppress follicular cell proliferation 
and dedifferentiation in thyroid tumor develop
ment and progression.

Overexpression of BRCA1 in thyroid carcinoma 
cells inhibits EMT and dedifferentiation

To consolidate the role of BRCA1 in regulating 
EMT, we ectopically overexpressed WT BRCA1 in 
a human undifferentiated anaplastic thyroid carci
noma cell line, 8505C. Consistent with our find
ings derived from poorly differentiated mammary 
carcinoma cells [48], we observed that ectopic 
BRCA1 stimulated the expression of E-cad but 
inhibited the expression of VIM, PDGFRβ, 
p-PKCα, TWIST, and ZEB1 (Figure 3a, b). These 
data support the function of BRCA1 in suppres
sing EMT and dedifferentiation of thyroid tumor 
cells.

Knockdown of BRCA1 in human thyroid cancer 
cells activates EMT promoting tumorigenesis

We then set out to determine whether depletion 
of BRCA1 in human thyroid cancer cells activates 
EMT and promotes dedifferentiation. To this end, 
we choose a human PTC cell line, B-CPAP, and 
an ATC cell line, 8505C. The reason we choose an 
ATC cell line is that ATC cells likely originate
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Figure 3. Overexpression of BRCA1 in human thyroid cancer cells inhibits EMT. 8505C cells transfected with pBabe-empty (empty) and pBabe- 
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from dedifferentiation of pre-existing PTC and 
FTC cells and are highly heterogeneous. We 
found that stable knockdown of BRCA1 in both 
cell lines enhanced the expression of EMT mar
kers and EMT-TFs including VIM, FN, TWIST, 
FRA1, ZEB1, as well as PDGFRβ and p-PKCα 
(Figure 4a-f), which confirm the findings derived 
from Brca1-deficient thyroid tumors in mice.

We inoculated B-CPAP-sh-control and 
B-CPAP-sh-BRCA1 cells into mice and found

that B-CPAP-sh-BRCA1 cells generated signifi
cantly larger and heavier tumors than B-CPAP- 
sh-control cells (Figure 5a, b). Western blot and 
IHC analysis revealed that relative to B-CPAP- 
sh-control tumors, B-CPAP-sh-BRCA1 tumors 
clearly expresses less BRCA1, more VIM, 
TWIST, PDGFRβ, and p-PKCα (Figure 5c, d). 
In summary, these results demonstrate that 
depletion of BRCA1 in human thyroid cancer 
cells activates EMT promoting tumorigenesis.
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Expression of BRCA1 is downregulated and is 
inversely related to that of EMT markers in 
human thyroid cancers

To determine whether our murine Brca1-deficient 
tumors model human thyroid cancers, we studied 
BRCA1 expression in GEPIA thyroid cancer patient 
sample sets [45] that is a resource for gene expression 
analysis based on tumor and normal samples from the 
TCGA and GTEx databases. GEPIA thyroid cancer 
dataset contains 512 PTC samples including classical- 
type PTC and follicular-variant PTC, as well as 337 
matched TCGA normal and GTEx normal samples. 
We found that BRCA1 mRNA was significantly lower 
in thyroid cancers than in normal thyroid tissues 
(Figure 6a), supporting the function of BRCA1 defi
ciency in promoting thyroid tumorigenesis. We then 
utilized cBioPortal for Cancer Genomics [47] to ana
lyze the correlation between the mRNA expression of 
BRCA1 and EMT markers in NMTC samples includ
ing PTC and FTC samples [47], or in PTC samples 
[46]. We detected a significant inverse correlation 
between mRNA expression of BRCA1 with VIM, 
TWIST1, TWIST2, SNAIL, SLUG, and FOSL1, all 
genes associated with EMT (Figure 6b, Table S3). 
Consistent with our results in mice, these findings 
indicate that deficiency of BRCA1 is associated with 
thyroid cancer development and progression.

Discussion

In the present study, we showed that loss of p18, 
not p16, in mice stimulated follicular cell prolifera
tion and induced well-differentiated PTC and FTC 

(NMTCs). We found that heterozygous germline 
deletion of Brca1 in mice did not result in thyroid 
tumor development. Though loss of p16 rescued 
proliferative defects caused by Brca1 deficiency in 
thyroid epithelia, depletion of both p16 and Brca1 
did not lead to the formation of thyroid tumor. 
Notably, p18;Brca1 doubly deficient mice devel
oped thyroid tumors with moderately accelerated 
incidence when compared with p18 singly defi
cient mice. The expression of thyroid differentia
tion markers including TTF-1, CK19, Gatectin-3, 
and HBME1 was readily detected in p18 singly 
deficient thyroid tumors, but barely detectable in 
p18;Brca1 doubly deficient tumors. p18;Brca1 dou
bly deficient thyroid tumors were more heteroge
neous, invasive, and poorly differentiated, relative 
to p18 singly deficient tumors. Haploid loss of 
Brca1 activated EMT in p18-deficient thyroid 
tumor cells. Knockdown of BRCA1 in human 
thyroid carcinoma cells activated EMT and pro
moted tumorigenesis whereas overexpression of 
BRCA inhibited EMT. In addition, we observed 
that the expression of BRCA1 was downregulated 
and was inversely related to that of EMT markers 
in human thyroid cancers. These results demon
strate that p18 controls follicular epithelial cells 
proliferation and tumorigenesis, and that Brca1 
suppresses dedifferentiation of NMTC cells. 
Furthermore, these data also indicate BRCA1 col
laborates with p18, not p16, controlling thyroid 
tumor progression.

In clinical samples, mutations in p18 gene or 
loss of expression of p18 are frequently detected in 
human MTCs and NMTCs [19–24]. Inactivation
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of p16 due to copy number losses, gene truncation, 
loss-of-function mutations, and promoter methy
lation is detected in 30%–50% of NMTCs 
[3,49,50]. Overexpression of cyclin D1 is observed 
in 1/3 of NMTCs [3,51], and gain of function 
mutation of CDK4 was also detected in sporadic 
thyroid cancers [52]. Mutations in RB gene were 
reported in about 7%–55% of NMTCs, and 82% of 
NMTCs carry either mutations in RB gene or 
overexpressed cyclin D1 [49,51]. In human thyroid 
cancer cell lines, the levels of cyclin D and phos
phorylated RB are highly expressed in aggressive 
lines, and CDK4/6 inhibitor suppresses prolifera
tion of these cell lines [53]. These data suggest that 
in humans, inactivation of INK4-CDK-RB path
way promotes the development of NMTCs. 
Perplexedly, in mice deficiency of p18 or Rb 
induces MTCs in B6 background [25–30] and 
deletion of other INK4s including p16, p15, and 
p19 has no significant effect in promoting the 
development of thyroid tumors [25,31–33]. In 
addition, no thyroid tumor was detected in mice 
harboring Cdk4R24C mutant that is functionally 
similar with CDK4R24L mutant, a gain of function 
mutation of CDK4 in human NMTCs [52,54]. 
These findings make one doubt whether INK4- 
CDK-RB pathway plays a role in controlling folli
cular cell proliferation and tumorigenesis. Our 
results demonstrate that loss of p18 in mice with 
Balb/c background promotes development of 
NMTCs, which provides the first genetic evidence 
confirming the role of INK4-CDK-RB pathway in 
controlling NMTCs. In addition, this study also 
indicates that there exist unknown genetic modi
fiers in mice with B6 background that suppress the 
development of NMTCs when INK4-CDK-RB 
pathway is inactivated.

An interesting discovery is that mice lacking 
p16 in Balb/c enriched background do not develop 
thyroid tumor, though inactivation of p16 is 
detected in 30%–50% of human NMTCs, particu
larly in ATC and PDTC [3,49,50,55]. The discre
pant findings related with the role of p16 loss in 
thyroid tumorigenesis in humans and mice are 
likely resulted from two reasons. First, one third 
of p16 null mice developed sarcoma and lym
phoma, which prevent from further investigating 
the development of thyroid tumors in the same 
group of mice at a later age; Second, p16

expression is weakly detected in young organs 
and is gradually induced during the aging process. 
Loss of p16 results in significant hyper- 
proliferative phenotype in old, but not in young 
organs and tissues [18]. In the present study, we 
examined tumor phenotype of p16-deficient mice 
mostly between 12–16 months of age. We, there
fore, cannot exclude the possibility that p16- 
deficient mice develop thyroid tumor after 16  
months of age.

It has long been known that thyroid follicular cells 
are highly susceptible to ionizing radiation, which 
induces DNA damage, enhances genomic instability, 
and eventually leads to the transformation of follicular 
cells. Furthermore, genomic instability is closely asso
ciated with thyroid tumor formation [3,8]. Functional 
loss of many genes involved in DNA damage repair is 
associated with an increased susceptibility to thyroid 
cancer [3,13]. However, it is poorly understood how 
functional loss of genes involved in DNA damage 
repair contributes to thyroid tumorigenesis. Many 
DNA damage repair genes including BRCA1 are 
essential for development and the knockout of these 
genes causes embryonic lethality. Heterozygous 
germline deletion of these genes in mice induces 
apoptosis and cell cycle arrest in multiple organs 
and/or cell lineages. It is practically difficult to directly 
use these mutant mice to investigate the role of these 
genes in thyroid tumorigenesis. We previously 
demonstrated that Brca1 deficiency activates p18, 
and that loss of p18 rescues the proliferative defects 
and premature senescence induced by Brca1 defi
ciency in epithelial cells [17,38,39]. In the present 
study, we found that heterozygous germline deletion 
of Brca1 in p18 null mice led to the formation of 
thyroid tumor with significantly enhanced DNA 
damage and cell proliferation though haploid loss of 
Brca1 alone had no effect in the induction of thyroid 
tumors. These results demonstrate that overcoming 
growth defects is a necessary step for the development 
of thyroid tumors initiated by loss of function of genes 
involved in DNA damage repair, like BRCA1. 
Importantly, our findings provide genetic evidence 
suggesting that CDK4/6 inhibitors will be effective 
for the treatment of INK4 inactivated or cyclin D/ 
CDK4 overexpressed ATCs and PDTCs.

Between well-differentiated thyroid carcinomas, 
FTCs carry less stable genome and are less differ
entiated and more aggressive than PTCs. Relative
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to PTCs and FTCs, undifferentiated and poorly 
differentiated PDTCs and ATCs carry significantly 
more instable genome and are highly metastatic 
[3,4,8]. These findings suggest that the level of 
genomic instability is closely associated with the 
aggressiveness and differentiation status of thyroid 
tumors. Notably, PDTC and ATC cells coexist 
with well differentiated PTC and FTC cells in 
thyroid carcinomas, and PDTCs and ATCs likely 
arise from pre-existing well-differentiated carcino
mas through dedifferentiation driven by the gain
ing of genetic abnormalities [3,4,8,56]. For 
example, mutations in p53, a gene that controls 
DNA damage repair and genome instability, occur 
with increasing frequency in PDTCs and ATCs 
[3,4,57] and loss of function of p53 in RET/ 
PTC3p transgenic or BRAFV600E mice activates 
EMT and promotes dedifferentiation of well dif
ferentiated NMTCs leading to the development of 
metastatic PDTCs and ATCs [58,59]. In this study, 
we found that 18-/- thyroid tumors are typical well- 
differentiated carcinomas, whereas p18-/-;Brca1+/- 

tumors are poorly differentiated NMTCs with 
barely detectable thyroid differentiation markers 
and significantly enhanced EMT features. We con
firmed that functional loss of Brca1 activates EMT 
and stimulates dedifferentiation of thyroid tumor 
cells promoting their aggressiveness and metasta
sis. These results further indicate that, in addition 
to p53 loss, functional loss of BRCA1, another gene 
involved in DNA damage repair, promotes dedif
ferentiation of thyroid carcinomas.

The molecular mechanisms underlying the role of 
BRCA1 in maintaining the differentiation of carci
noma cells have been investigated in mammary 
tumors. We have previously reported that loss of 
function of Brca1 activates EMT and induces dedif
ferentiation of carcinoma cells promoting mammary 
tumor aggressiveness and metastasis [17,43,44,48]. It 
has been demonstrated that loss of function of BRCA1 
in breast cancer cells enhances the expression of sev
eral EMT inducing transcription factors (EMT-TFs) 
including SLUG [60], TWIST [17], FOXC1/C2 [61]. 
We recently discovered that loss of function stimu
lates the transcription of PDGFRβ and activates the 
PDGFRβ-PKCα signaling pathway, an essential path
way that controls the EMT of mammary carcinoma 
cells [62], and that inhibition of PDGFRβ and its 
downstream target PKCα in Brca1-deficient tumor

cells suppresses EMT and tumor development and 
progression [48]. In the present study, we demon
strate that Brca1 deficiency also activates EMT and 
enhances the expression of PDGFRβ in thyroid 
tumors, which allows us to propose that PDGFRβ 
pathway may also be a therapeutic target for Brca1- 
deficient thyroid tumors.
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