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A somatic mutation of RasGRP3  
decreases Na+/I- symporter expression  
in metastases of radioactive iodine-refractory  
thyroid cancer by stimulating the Akt signaling pathway
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Abstract: Mutation profiles of advanced radioactive iodine (RAI)-refractory differentiated thyroid cancer have re-
vealed the pathogenic roles of the established oncogenic mutations of BRAF and PI3KCA, but the involvement 
of other genes is presently unknown. In the present study, we performed whole-exome sequencing on 10 tissue 
samples of metastases of RAI-refractory differentiated thyroid cancers and identified a recurrent hot-spot mutation 
(c.1924G>T) in the RasGRP3 gene, which codes for Ras guanine nucleotide-releasing protein 3. This mutation was 
found to occur at a high frequency (20%) in samples of metastases of RAI-refractory differentiated thyroid cancers 
compared with other types of thyroid cancer. Overexpression of mutant RasGRP3 significantly promoted cell pro-
liferation, migration, and invasiveness of 8505C and BHT101 cells compared with cells transfected with wild-type 
RasGRP3 or an empty vector. In addition, mutant RasGRP3 decreased the expression of sodium iodide symporter 
(NIS) and thyroid-stimulating hormone receptor (TSHR), reduced the iodine uptake ability, and increased Akt phos-
phorylation in thyroid cancer cells. Finally, we showed that LY294002, an inhibitor of PI3K/Akt signaling, attenu-
ated the effects of mutant RasGRP3 on thyroid cancer cells. Thus, our study revealed that the c.1924G>T hot-spot 
mutation in RasGRP3 is a more frequent genetic alteration in metastases of RAI-refractory differentiated thyroid 
cancer. This mutant RasGRP3 activated the Akt pathway, promoted thyroid cancer cell proliferation and invasion, 
and reduced NIS expression and the iodine uptake ability.
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Introduction

Differentiated thyroid carcinoma is one of the 
most common endocrine cancers, and the  
current preferred treatments of this cancer  
are usually a surgical intervention, radioactive 
iodine (RAI), and thyroid-stimulating hormone 
(TSH) suppression [1, 2]. RAI therapy has prov-
en to be an effective treatment of residual and 
recurrent thyroid cancers, and the overall sur-
vival rate of patients with non-radioiodine-avid 
differentiated thyroid carcinoma is significantly 
lower than that of the patients with iodine-avid 
lesions [3, 4]. Nonetheless, distant metasta-
ses, encountered in fewer than 10% of patients 
with differentiated thyroid cancer, significantly 
decrease survival [5]. RAI therapy is the initial 
systemic treatment of choice, with 67% of pa- 
tients demonstrating appreciable radioiodine 
accumulation in metastatic lesions [6]. Appro- 
ximately 30% of patients with advanced meta-

static differentiated thyroid carcinoma have 
radioiodine-refractory disease [7]. An enhanced 
ability to concentrate radioiodine in metastases 
of differentiated thyroid carcinoma may be 
associated with malignant transformation of 
more differentiated cell types. Thus, the molec-
ular pathogenesis of differentiated thyroid can-
cer and targeting of genes in radioiodine-refrac-
tory disease need to be evaluated and detec- 
ted.

Whole-exome sequencing of matched tumor-
ous and normal tissue samples is a powerful 
method for identifying somatic mutations im- 
plicated in tumor initiation or progression [8]. 
Numerous genetic alterations that have a fun-
damental role in the tumorigenesis of various 
cancers have been identified. For example, 
Fewings et al. have reported that germline 
pathogenic variants of the E-cadherin gene 
(CDH1) are strongly associated with hereditary 
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diffuse gastric cancer [9]. Philip et al. have sho- 
wn that mutant IDH1 promotes glioma forma-
tion in vivo [10]. Pruszko et al. have found that 
mutant p53 and ID4 contribute to breast can-
cer angiogenesis in a zebrafish experimental 
model [11]. Some studies have shown that ma- 
ny molecular alterations represent novel diag-
nostic and prognostic molecular markers of 
(and therapeutic targets in) thyroid cancer and 
thereby provide unprecedented opportunities 
for further research and clinical development of 
novel treatment strategies against this cancer 
[12]. Nonetheless, these variants are not pres-
ent in metastases of RAI-refractory differenti-
ated thyroid cancers (RAIR-DTCs). We aimed to 
identify new candidate genes and analyzed 
their effects in the metastases of RAIR-DTC.

In this study, we performed next-generation 
whole-exome sequencing on a series of tissue 
samples of metastatic RAIR-DTC tissues to 
investigate the genetic alterations important 
for these tumors. We found that a substantial 
percentage of cases of these cancers involves 
a recurrent hot-spot mutation in RasGRP3, 
which participates in the regulation of thyroid 
cell proliferation, migration, invasion, sodium-
iodide symporter (NIS) expression, and the 
iodine uptake ability. 

Materials and methods 

Subjects

We collected 10 paired fresh frozen metastatic 
RAIR-DTC samples (8 cases of lymph node 
metastasis and 2 cases of lung metastasis) 
and normal tissues for next-generation whole-
exome sequencing. In addition, we analyzed an 
independent set of thyroid carcinoma samples 
(n = 185 in total) from metastases of 30 pati- 
ents with RAI-refractory papillary thyroid carci-
noma (M-RAIR-PTC) and from a primary tumor 
of 45 patients with primary RAI-refractory papil-
lary thyroid carcinoma (P-RIAR-PTC), 60 pati- 
ents with advanced stage radioiodide affinity 
papillary thyroid carcinoma (AS-RAIA-PTC), and 
50 patients with papillary thyroid microcarcino-
ma (PTMC). All the patients provided written 
informed consent, and the study protocol was 
approved by the ethics committee of each par-
ticipating institution.

Whole-exome sequencing 

Genomic DNA from patients’ samples was ran-
domly sheared by ultrasonication for ~3 min 
using a Bioruptor XL Sonication System to gen-

erate paired-end libraries with an average 
insert size of B300 bp. Whole-exome capture 
was performed with the SureSelect Human All 
Exon 50 Mb kit (Agilent Technologies, Santa 
Clara, CA). The captured template DNA frag-
ments of the constructed libraries were hybrid-
ized to the surface of flow cells, were amplified 
to form clusters, and were sequenced on an 
Illumina HiSeq 2500 system, generating 100 
bp paired-end reads. All the samples yielded 
enough high-quality sequencing data: 13.26 
GB of raw data on average after Illumina pass 
filtering.

Validation of mutations by PCR and Sanger 
sequencing

Exons where the polymorphisms of interest  
are located were amplified on a Dual 96-well 
GeneAmp PCR System 9700 (Applied Biosys- 
tems, Courtaboeuf, France), by means of 20 ng 
of template DNA from each sample per reac-
tion. The PCR products were sequenced on a 
3730XL DNA Analyzer (Applied Biosystems, 
Courtaboeuf, France). All sequences were stud-
ied and processed in the Sequencing Analysis 
Software (version 5.2, Applied Biosystems, 
Courtaboeuf, France). 

Cell lines

Human papillary thyroid carcinoma cell line 
BHT101 collected from the Chinese Academy 
of Sciences (Shanghai, China) and anaplastic 
thyroid carcinoma cell line 8505C were pur-
chased from Jennio Biotech Co., Ltd. (Guang- 
zhou, China). The cells were cultured in Dulbe- 
cco’s modified Eagle’s medium supplemented 
with 10% of fetal bovine serum and were incu-
bated at 37°C in a humidified chamber supple-
mented with 5% CO2. 

Plasmid construction and cell transfection

RasGRP3 mutation c.1924G>T was introduced 
using the Q5 Site-direct Mutagenesis kit. The 
complementary DNAs encoding RasGRP3 and 
mutant RasGRP3 were PCR-amplified and 
inserted into pcDNA3.1 (Invitrogen, Carlsbad, 
CA); the resultant plasmids were named Ras- 
GRP3 WT and RasGRP3 MUT, respectively. The 
pcDNA3.1 empty vector, RasGRP3 WT plasmid, 
or RasGRP3 MUT plasmid was transfected into 
cells using Lipofectamine 2000 (Invitrogen).

Western blot assay

Total-cellular-protein samples were extracted 
with cell lysis buffer and were quantified using 
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a BCA protein assay kit. Proteins in the samples 
were next separated by sodium dodecyl sulfate 
polyacrylamide electrophoresis (SDS-PAGE) in 
10% gels and then transferred to PVDF mem-
branes. After blocking in a blocking solution 
(Western Breeze, Thermo Fisher Scientific), the 
membranes were incubated with primary anti-
bodies. Antibodies against RasGRP3, p-Akt, 
Akt, NIS, and TSHR were purchased from Pro- 
teintech (Wuhan, China). The protein expres-
sion level of GAPDH served as a control. Mem- 
branes were washed three times in Tris-buffer- 
ed saline containing 0.1% of Tween 20 and 
were incubated with a peroxidase-conjugated 
secondary antibody (Sigma-Aldrich, St. Louis, 
MO, USA) for 40 min at room temperature. The 
proteins were visualized with enhanced chemi-
luminescence reagents. 

The MTT assay

For this assay, transfected 8505C or BHT101 
cells were seeded in 96-well plates at 104 cells 
per well, and cell viability was measured at dif-
ferent time points (1, 2, 3, and 4 days after 
seeding). Briefly, the cells were stained with 20 
μL of the MTT dye (0.5 mg/mL; Sigma), the 
medium was removed after 4 h, and then 100 
μL of dimethyl sulfoxide (Sigma) was added into 

each well, and absorbance was measured at 
570 nm on a spectrophotometric plate reader.

Transwell assay

Cell invasion assays were performed in 24-well 
Transwell plates (8-μm pore size; Minipore) pre-
coated with Matrigel (BD Biosciences, Franklin 
Lakes, NJ). In total, 105 cells were resuspend-
ed in 100 μL of Dulbecco’s modified Eagle’s 
medium with 1% of fetal bovine serum and 
were added into the upper chamber; 600 μL of 
Dulbecco’s modified Eagle’s medium with 10% 
of fetal bovine serum was placed in the lower 
chamber. After 48 h of incubation, the Matrigel 
and the cells remaining in the upper chamber 
were removed by cotton swabs. Cells on the 
lower surface of the membrane were fixed, 
stained with 0.1% crystal violet, and counted 
under a light microscope. Cells in five visual 
fields were counted and photographed. The 
Transwell migration assay was performed in 
the same way as the invasion assay but without 
the Matrigel coating. 

In vitro iodine uptake assay 

Parental 8505C and BHT101 cells and trans-
fected cell clones were plated in 24-well plates 
at a density of 5 × 104 per well. The cells were 

Figure 1. Identification of a hot-spot RasGRP3 mutation in thyroid cancer. A. Frequency and types of mutation in 9 
genes identified by whole-exome sequencing. B. A sequence chromatogram of one thyroid cancer sample carrying 
the c.1924G>T mutation. C. Frequency of the RasGRP3 c.1924G>T mutation in different types of thyroid cancer. *P 
< 0.05 vs. the M-RAIR-PTC group. **P < 0.01 vs. M-RAIR-PTC group.
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washed with Hank’s balanced salt solution 
(HBSS) twice and incubated at 37°C with 1 mL 
of HBSS containing 0.1 μCi of 125I and 1 μmol/L 
NaI. After 30 min, the cells were collected and 
washed with HBSS. Radioactivity was quanti-
fied in a γ-counter [13]. 

Statistical analysis

The GraphPad Prism 5.0 software was employ- 
ed for statistical analysis. The data are present-
ed as the mean ± SD of three independent 
experiments. The data were subjected to one-
way analysis of variance or Student’s t test for 

comparison between groups. Data with P < 
0.05 were considered significant. 

Results

Identification of a hot-spot RasGRP3 mutation 
in thyroid cancer

Exome sequencing was performed on a library 
prepared from the genomic DNA extracted from 
the 10 thyroid cancer samples and paired nor-
mal samples, and single nucleotide variants 
and small insertions and deletions (indels) were 
identified. We found a total of 194 mutations 

Figure 2. Functional characterization of the RasGRP3 mutant. A. The RasGRP3 levels were measured by a western 
blot assay in 8505C and BHT101 cells transfected with RasGRP3-WT, RasGRP3-MUT, or the empty vector. B. MTT 
assay results showed that RasGRP3-MUT promoted cell proliferation. C. The Transwell migration assay indicates 
that RasGRP3-MUT promoted the cell migration ability of thyroid cancer cells. D. The Transwell invasion assay sug-
gests that RasGRP3-MUT enhanced cell invasive ability of thyroid cancer cells. GAPDH served as an internal control. 
*P < 0.05 vs. the empty-vector group. **P < 0.01 vs. the empty-vector group. #P < 0.05 vs. the RasGRP3 WT group.
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from 184 genes (BioProject: PRJNA486135). 
Among them, 9 candidate somatic mutations 
with a high frequency of mutation, including  
5 missense mutations, 2 nonsense mutations, 
1 in-frame deletion, and 1 frameshift deletion 
were shown in Figure 1A. BRAF mutations were 
detected in papillary carcinomas (60%), a muta-
tion frequently observed in other carcinomas. 
HRAS and AKT1 mutations were detected in 
two cases (20%), and TP53, PTEN, PIK3CA, 
MUC58, and LAMC2 mutations were all detect-
ed in one case (10%; Figure 1A). In particular, a 
hot-spot substitution (c.1924G>T) in RasGRP3 
was found in three cases (30%; Figure 1A and 
1B). On the basis of these initial results, we 
screened a large series of PTCs (n = 185)  
for the presence of the hot-spot RasGRP3 
c.1924G>T mutation. These samples came 
from 30 M-RAIR-PTC patients, 45 P-RIAR-PTC 
patients, 60 AS-RAIA-PTC patients, and 50 
PTMC patients. This RasGRP3 mutation was 
found in 6 of 30 (20%) M-RAIR-PTC samples, 3 
of 45 (6.67%) P-RIAR-PTC samples, 2 of 60 
(3.33%) AS-RAIA-PTC samples, and 1 of 50 
(2%) PTMC samples. Figure 1C indicates that 
this RasGRP3 mutation was most prevalent in 
group M-RAIR-PTC. These results suggested 
that this RasGRP3 mutation may play a critical 
role in the pathogenesis of thyroid cancer.

RasGRP3 mutation stimulated thyroid cancer 
cell metastasis 

To test whether the RasGRP3 mutation affects 
RasGRP3 activity in thyroid cancer cells, 8505C 

and BHT101 cells were transfected with either 
a vector expressing wild-type RasGRP3 (Ras- 
GRP3-WT) or mutant RasGRP3 (RasGRP3-
MUT). Western blot results showed that both 
RasGRP3-WT and -MUT were expressed in simi-
lar amounts in the transfected cells (Figure 
2A). To explore the effect of the RasGRP3 
mutation on cell proliferation and metastasis,  
a series of biological experiments were per-
formed in vitro, including the MTT assay, migra-
tion assay and invasion assay. We first evalu-
ated the effect of RasGRP3-MUT on cell prolif-
eration, and the results revealed that overex-
pression of RasGRP3-MUT was associated with 
increased cell proliferation (Figure 2B). The 
Transwell assay indicated that the migratory 
and invasive abilities of 8505C and BHT101 
cells transfected with RasGRP3-MUT were 
obviously higher than those of the cells trans-
fected with RasGRP3-WT or the empty vector 
(Figure 2C and 2D). Therefore, our results did 
indeed reveal that the RasGRP3 mutation has 
a greater metastasis potential in thyroid cancer 
cells.

The RasGRP3 mutation can regulate the 
expression of NIS and TSHR and alters the io-
dine uptake function of thyroid cancer

A selective increase of NIS-mediated active 
iodide uptake in thyroid cells allows for the use 
of radioiodine 131I for the diagnosis and target-
ed treatment of thyroid cancer [14]. Here, west-
ern blot results showed that RasGRP3-MUT 
decreased NIS and TSHR levels in 8505C and 

Figure 3. The RasGRP3 mutation can regulate the expression of NIS and TSHR and alter the iodine uptake ability 
in thyroid cancer cells. A. Expression of NIS and TSHR was detected in 8505C and BHT101 cells transfected with 
RasGRP3-MUT, RasGRP3-WT, or the empty vector in a western blot assay. B. The iodine uptake ability was measured 
in 8505C and BHT101 cells transfected with RasGRP3-MUT, RasGRP3-WT, or the empty vector. *P < 0.05 vs. vector 
group. **P < 0.01 vs. vector group. #P < 0.05 vs. RasGRP3 WT group. ##P < 0.01 vs. RasGRP3 WT group.
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BHT101 cells compared with RasGRP3-WT-
transfected or empty vector - transfected cells 
(Figure 3A). Furthermore, the iodine uptake 
ability of these two cell lines was detected, and 
the results indicated that RasGRP3-MUT sig-
nificantly decreased the iodine uptake ability of 
8505C and BHT101 cells compared with the 
cells transfected with RasGRP3-WT or the em- 
pty vector (Figure 3B). These results indicated 

that the RasGRP3 mutation is associated with 
the NIS expression and radioiodine uptake in 
thyroid cancer.

RasGRP3 mutant regulates PI3K/Akt pathway 
in thyroid cancer

Our previous study has shown that RasGRP3 
controls cell proliferation and migration in pap-

Figure 4. The mutant RasGRP3 regulates the PI3K/Akt pathway. (A) Western blot revealed that RasGRP3-MUT in-
creased p-Akt amounts in 8505C and BHT101 cells. (B) Expression of RasGRP3-MUT and amounts of p-Akt were 
measured in cells overexpressing RasGRP3-MUT that were treated with LY294002. (C) Cell viability and (D) the 
invasive ability were measured by MTT and Transwell assays, respectively. (E) Western blotting was carried out to 
determine NIS and TSHR expression. (F) The iodine uptake ability was measured in cells overexpressing RasGRP3-
MUT that were treated with LY294002. *P < 0.05 vs. the empty-vector group. **P < 0.01 vs. the empty-vector group. 
#P < 0.05 vs. the RasGRP3 MUT group. ##P < 0.01 vs. the RasGRP3 MUT group.
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illary thyroid cancer by regulating the PI3K/Akt 
pathway, and Serrano-Nascimento et al. have 
reported that the PI3K/Akt cascade mediates 
the acute and rapid inhibitory effect of I (-) 
excess on NIS expression and activity. There- 
fore, we speculated that the effect of mutant 
RasGRP3 on cell proliferation, invasion, and 
NIS expression may be also be associated with 
the PI3K/Akt pathway. As presented in Figure 
4A, the mutant RasGRP3 significantly increased 
the phospho-Akt (p-Akt) expression in 8505C 
and BHT101 cells compared with the cells 
transfected with RasGRP3-WT or the empty ve- 
ctor. Cells overexpressing RasGRP3-MUT were 
treated with LY294002, an inhibitor of PI3K/
AKT signaling. As expected, expression of p-Akt 
was significantly reduced while RasGRP3-MUT 
expression stayed unchanged after treatment 
with LY294002 (Figure 4B). The MTT and Trans- 
well invasion assays showed that cell viability 
and the invasive ability decreased after treat-
ment with LY294002 (Figure 4C and 4D), sug-
gesting that the Akt pathway participated in 
RasGRP3 mutant mediated cell proliferation 
and invasion of thyroid cancer cells. NIS and 
TSHR levels were significantly increased after 
treatment with LY294002 in cells overexpress-
ing RasGRP3-MUT (Figure 4E). The iodine up- 
take ability were also enhanced strengthened 
after treatment with LY294002 in cells over- 
expressing RasGRP3-MUT (Figure 4F). Taken 
together, these results support a role of the 
RasGRP3 c.1924G>T mutation in the modula-
tion of the tumorigenic potential via regulation 
of the Akt pathway.

Discussion

Patients with radioiodine-refractory disease 
are not amenable to 131I therapy, which is the 
initial systemic treatment of choice for nonre-
fractory metastatic thyroid cancer. In our study, 
we performed whole-exome sequencing on  
the metastases of RAIR-DTCs and identified a 
hotspot substitution (c.1924G>T) in RasGRP3. 
In addition, we screened a large series of papil-
lary thyroid carcinomas (n = 185) for the pres-
ence of the hot-spot RasGRP3 c.1924G>T 
mutation and found that the prevalence of this 
RasGRP3 mutation was higher in group M-RAIR-
PTC than in group P-RAIR-PTC, AS-RAIA-PTC,  
or PTMC, respectively. Moreover, we found that 
mutant RasGRP3 significantly promoted cell 
proliferation, migration, and invasion by regu-
lating the Akt pathway, while decreasing NIS 

and TSHR levels in 8505C and BHT101 cells as 
compared with RasGRP3-WT or the empty vec-
tor. Our results suggest that this RasGRP3 
mutation may be crucial for the progression of 
thyroid cancer.

Numerous genetic alterations that play a fun-
damental role in the tumorigenesis of thyroid 
cancer have been identified [12]. A prominent 
example is the T1799A transverse point muta-
tion of BRAF, which results in the expression of 
the BRAFV600E mutant protein, and the BRAFV600E 
mutation occurs in approximately 45% of papil-
lary thyroid carcinoma cases [15]. The BRAFV600E 
mutant maintains proliferation, transformation, 
and tumorigenicity of BRAF-mutant papillary 
thyroid cancer cells [16]. Mutant MYO1F alters 
the mitochondrial network and induces tumor 
proliferation in thyroid cancer [17]. In addition, 
HRAS, KRAS, and NRAS are predominantly 
mutated in thyroid tumors [18]. Whole-exome 
sequencing of matched tumorous and normal 
tissue samples is a powerful method for identi-
fying somatic mutations implicated in tumor 
progression or initiation. Here, we performed 
whole-exome sequencing on the thyroid cancer 
tissue samples and paired normal tissue sam-
ples to investigate the genetic alterations im- 
portant for these tumors, and found that BRAF, 
RasGRP3, HRAS, AKT1, TP53, PTEN, PIK3CA, 
MUC58, and LAMC2 were mutated in thyroid 
cancers. Our previous study has revealed that 
RasGRP3 controls cell proliferation and migra-
tion in papillary thyroid carcinoma by regulating 
the Akt-MDM2 pathway [19]. Acquired resistan- 
ce to BRAF inhibition induces EMT in BRAFV600E 
mutant thyroid cancer via c-Met-mediated AKT 
activation [20]. In the present study, we focused 
on one RasGRP3 mutation and found that the 
prevalence of this RasGRP3 mutation is sig- 
nificantly higher in the M-RIAR-PTC group than 
in group P-RIAR-PTC, AS-RAIA-PTC, or PTMC. 
Thus, we hypothesized that mutant RasGRP3 
may participate in thyroid cancer metastases 
and affect iodide uptake. Here, we showed that 
the RasGRP3 mutant increased proliferation, 
migration, and invasiveness of 8505C and 
BHT101 cells compared with the cells trans-
fected with RasGRP3-WT or the empty vector. 
Moreover, mutant RasGRP3 significantly redu- 
ced the p-Akt expression in cells, indicating 
that the Akt pathway may take part in RasGRP3 
mutant mediated cell metastases in thyroid 
cancer.
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NIS is a transmembrane glycoprotein that is 
expressed on the basolateral membrane of thy-
roid follicular cells [21]. The selective increase 
in NIS-mediated active iodide uptake in thyroid 
cells enables the use of radioiodine 131I for diag-
nosis and targeted treatment of thyroid can-
cers [14]. Approximately 30% of patients with 
advanced metastatic differentiated thyroid can- 
cer have radioiodine-refractory disease, accord-
ing to decreased expression of NIS, diminished 
membrane targeting of NIS, or both [7]. Xing et 
al. have demonstrated that the BRAFV600E muta-
tion is associated with poor clinical outcomes 
of papillary thyroid carcinoma, including aggres-
sive pathological features, increased recur-
rence, loss of radioiodine avidity, and treatment 
failures [22]. Excess iodide downregulates NIS 
gene transcription by activating the PI3K/Akt 
pathway [14, 23]. In our study, we showed that 
the RasGRP3 mutant decreased NIS and TSHR 
levels and the iodine uptake ability in 8505C 
and BHT101 cells compared with RasGRP3-
WT-transfected cells and empty vector-trans-
fected cells. These findings mean that mutant 
RasGRP3 suppresses the NIS gene expression 
and radioiodine uptake function in thyroid can- 
cer.

In conclusion, we performed whole-exome se- 
quencing and selected RasGRP3-mutant for 
further research. We found significantly higher 
prevalence of the RasGRP3 c.1924G>T muta-
tion in RAI refractory lymph node and lung me- 
tastases. We demonstrated that this RasGRP3 
mutation is associated with cell migration, inva-
sion, and the iodine uptake function of thyroid 
cancer cell lines by regulating the Akt pathway. 
These results may point to new strategies for 
the diagnosis and treatment of RAIR-DTC.
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