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Purpose: To identify and characterize the functional variants,
regulatory gene networks, and potential binding targets of SMAD3
in the 15q22 thyroid cancer risk locus.

Methods: We performed linkage disequilibrium (LD) and
haplotype analyses to fine map the 15q22 locus. Luciferase reporter
assays were applied to evaluate the regulatory effects of the
candidate variants. Knockdown by small interfering RNA, micro-
array analysis, chromatin immunoprecipitation (ChIP) and quan-
titative real-time polymerase chain reaction assays were performed
to reveal the regulatory gene network and identify its binding
targets.

Results: We report a 25.6-kb haplotype within SMAD3 containing
numerous single-nucleotide polymorphisms (SNPs) in high LD.
SNPs rs17293632 and rs4562997 were identified as functional

variants of SMAD3 by luciferase assays within the LD region. These
variants regulate SMAD3 transcription in an allele-specific manner
through enhancer elements in introns of SMAD3. Knockdown of
SMAD3 in thyroid cancer cell lines revealed its regulatory gene
network including two upregulated genes, SPRY4 and SPRY4-IT1.
Sequence analysis and ChIP assays validated the actual binding of
SMAD3 protein to multiple SMAD binding element sites in the
region upstream of SPRY4.

Conclusion: Our data provide a functional annotation of the
15q22 thyroid cancer risk locus.
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INTRODUCTION
Thyroid cancer is the most common endocrine malignancy.
According to the U.S. National Cancer Institute, the estimated
number of new thyroid cancers in 2017 is 56,870, with an
estimated 2,010 deaths (http://seer.cancer.gov/statfacts/html/
thyro.html). The majority of thyroid cancers are differentiated
thyroid cancers, including papillary and follicular thyroid
carcinomas. Papillary thyroid carcinoma (PTC) accounts for
75–85% of all thyroid cancer.
It is well known that PTC displays strong heritability;

however, the predisposition to PTC is complex and most
likely due to multiple mutations.1 The driver mutations can
confer distinct gene expression patterns, signaling, and
clinical characteristics of PTC.2 In the past few years, a
series of thyroid cancer risk loci have been identified by
genome-wide association studies (GWAS).3 Functional
aspects of the risk alleles in some of these loci have been
extensively explored.4,5 Recently, another GWAS revealed
five novel loci that were found to be significantly correlated
with thyroid cancer risk.6 Of these, two variants at the
15q22 locus showed independent association with thyroid
cancer (rs2289261 [C] with odds ratio (OR) = 1.23;

P = 3.1 × 10 − 9, and rs56062135 [T] with OR = 1.24;
P = 4.9 × 10 − 9). These two single-nucleotide polymorph-
isms (SNPs) are located in separate introns of the SMAD
family member 3 gene (SMAD3), however, functional roles
for these variants have not been demonstrated. The putative
molecular mechanisms leading to thyroid cancer susceptibility
are yet undefined.
SMAD3 has been shown to be involved in the induction of

apoptosis, metastasis, and tumor progression.7–9 As a key
signaling molecule of the transforming growth factor-β (TGF-
β) pathway, loss of SMAD3 expression can increase cancer
susceptibility in gastric cancer and T-cell acute lymphoblastic
leukemia.10,11 Previously, some missense mutations of
SMAD3 were reported to reduce its effect on TGF-β-induced
transcriptional activation in certain cancer types.12,13 SMAD3
protein interacts with other DNA-binding cofactors to either
activate or repress the transcription of specific target
genes.14,15 SMAD3 functions in a cell type–specific manner
to regulate genes in TGF-β signaling. While a number of
SMAD3 downstream targets have been discovered in cell
models,16,17 little is known regarding such targets in thyroid
cancer.
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SMAD3 shows higher expression in thyroid tissue com-
pared with most other tissues,6 suggesting a potential role in
the predisposition to thyroid cancer and the maintenance of
normal thyroid function. This hypothesis is supported by the
fact that the thyroid cancer risk alleles of the two GWAS
variants are associated with decreased expression of SMAD3
in normal thyroid tissue in the GTEx database (http://www.
gtexportal.org/home/). The purpose of our study was to
identify the functional variants of SMAD3 in the 15q22
thyroid cancer risk locus, and to investigate the mechanisms
by which alterations of SMAD3 contribute to thyroid cancer
susceptibility.

MATERIALS AND METHODS
The study was approved by the Institutional Review Board at
the Ohio State University, and all subjects gave written
informed consent before participation.

Thyroid cancer cell lines and cell culture
The TPC-1 and BCPAP cell lines were incubated in
antibiotic-free DMEM or RPMI 1640 medium, respectively,
supplemented with 10% (vol/vol) fetal bovine serum (Thermo
Fisher Scientific, Waltham, MA) at 37 °C in humidified air
with 5% (vol/vol) CO2. The cell lines were obtained from
Rebecca Schweppe (University of Colorado Cancer Center,
Denver, CO). We reauthenticate each cell line by DNA
fingerprinting upon receipt. Frozen stocks are reanalyzed
periodically every 2–3 years.

Linkage disequilibrium and haplotype analyses
Linkage disequilibrium (LD) analysis of the SMAD3 gene was
performed using the genotype data from 1000 Genomes
Project (phase 3), European population of 503 samples.
Haploview V4.2 software was applied and haplotype blocks
were generated using the confidence interval method.18

Haplotypes of the six selected SNPs were generated by using
the genotyping and computer imputation data from the
European descendants in an Ohio cohort of the recent
GWAS.6 The SHAPEIT V2 program19 was used to estimate
the haplotype frequencies in 1,359 PTC cases and 1,605
controls. P values and OR are provided using Fisher’s exact
test to compare each haplotype with the rest of the
haplotypes.

Generation of plasmid constructs
The six putative regulatory regions containing the corre-
sponding SNPs in SMAD3 introns were polymerase chain
reaction (PCR)-amplified from genomic DNA and cloned
into the XhoI and EcoRV sites of the pGL4.10-E4TATA. This
vector contains a 50-bp minimal E4TATA promoter. The
cloned segments ranged between 115 bp and 195 bp in size.
Site-directed mutagenesis was used to create the altered allele
for each SNP using the GeneArt Site-Directed Mutagenesis
System (Thermo Fisher Scientific). All the constructs were
validated by Sanger sequencing.

Transfection and dual luciferase reporter assay
For the luciferase reporter assay, TPC-1 and BCPAP cells
were transiently transfected with reporter plasmids using
Lipofectamine 2000 reagents (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Briefly, cells
were seeded in 24-well plates and grown to ~ 85% confluence
at the time of transfection. Each well was transfected with
250 ng luciferase reporter plasmid and 1.25 ng Renilla plasmid
pRL-TK (Promega Madison, WI) as an internal control for
each well. Cells were lysed 24 h after transfection with 100 μl
passive lysis buffer (Promega) per well. A 20-μl aliquot of cell
lysate was assayed for luciferase activity using the GloMax 96
Microplate Luminometer (Promega).

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays to determine
the degree of SMAD3 protein enrichment were performed
using the Magna ChIP A/G Chromatin Immunoprecipitation
Kit (Millipore Sigma) according to the manufacturer’s
instructions. Briefly, TPC-1 cells were seeded in 150-mm
dishes and grown to confluence before harvesting. Cells were
fixed with 1% formaldehyde for 10 min at room temperature.
After sonication, chromatin was immunoprecipitated with a
rabbit anti-SMAD3 antibody (ab28379, Abcam, Cambridge,
UK) or IgG (#2729, Cell Signaling Technology, Boston, MA)
at 4 °C overnight. The protein/DNA complexes were eluted
from the magnetic beads after standard washing steps. The
cross-links were reversed by incubating at 62 °C for 2 h and
95 °C for 10 min. Final DNA products were purified and used
as templates for quantitative real-time PCR (qPCR) with
primers covering the candidate SMAD3 protein binding sites
in the SPRY4 upstream region.

Microarray hybridization following transfection with si-
SMAD3
TPC-1 cells were seeded in a six-well plate and grown to
~ 85% confluence at the time of transfection. 25 pmol si-
SMAD3 or si-Control were transfected into the cells using
4.5 μl Lipofectamine RNAiMAX (Thermo Fisher Scientific).
After transfection for 24 h, the cells were harvested and total
RNA was extracted using the Trizol reagent (Thermo Fisher
Scientific) then treated by DNase-I (Thermo Fisher Scientific)
to eliminate DNA contamination. Experiments described
above were performed at three different time points to obtain
three replicates.
RNA concentration was determined using the Qubit 2.0

Fluorometer (Agilent Technologies, Santa Clara, CA) with an
RNA HS Assay Kit. The integrity of the RNA samples was
assessed by BioAnalyzer (Agilent Technologies). All RNA
integrity numbers were greater than 9.0. Clariom D Human
arrays (Thermo Fisher Scientific) targeting more than 542,500
transcripts were used to assess gene expression. Totally 100 ng
RNA was used to generate the single-stranded complementary
DNA (cDNA) samples for hybridization. Then, the cDNA
was enzymatically fragmented and biotinylated using the WT
Terminal Labeling kit (Thermo Fisher Scientific). The cDNA
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samples were hybridized to the array at 45 °C for 16 h. The
arrays were washed and scanned with the Affymetrix
GeneChip Scanner 3000 7G system (Thermo Fisher Scientific)
using Affymetrix GeneChip Command Console software.
Signal intensities were processed by the robust multiarray

average method using Affymetrix Expression Console
software.20 The corresponding microarray data have been
deposited in the Gene Expression Omnibus database
(accession number GSE102225).

Quantitative real-time PCR assay
Quantitative real-time PCR assay was performed in three
biological replicates on an ABI Prism 7900 HT Sequence
Detection System (Thermo Fisher Scientific) according to the
manufacturer’s protocol. For RNA expression analysis, RNA
was extracted by using the Trizol reagent (Thermo Fisher
Scientific) then treated by DNase-I (Thermo Fisher Scientific)
to eliminate DNA contamination. One microgram RNA was
used for cDNA synthesis using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). Taqman assays
were carried out using Taqman probe sets for SMAD3
(Hs00969210_m1), SPRY4 (Hs01935412_s1), and GAPDH
(4352665) with Taqman Fast Universal PCR Master Mix
(Thermo Fisher Scientific). All the probe sets were purchased
from Thermo Fisher Scientific. SPRY4-IT1, SPRY4-AS1, and
all primer sets used in ChIP assay were detected by Fast SYBR
Green Master Mix kit (Thermo Fisher Scientific). All qPCR
primer sequences are provided in Supplementary Table S1
online.

Statistical analysis
Real-time PCR expression and luciferase assay data are
represented by mean ± SD. The data were first assessed to
ensure the normality by applying the Shapiro test. The
homogeneous group variances were assessed by the Bartlett
test. The data were then analyzed by applying the t-test. All P
values reported are two-sided. Gene canonical pathway
analysis using the differential gene expression data caused
by SMAD3 knockdown was performed using Ingenuity
Pathway Analysis software (Qiagen, Hilden, Germany). For
the gene expression array analysis, a filtering method based on
percentage of arrays above noise cutoff was applied to filter
out low-expression genes. A linear model was employed to
detect differentially expressed genes between conditions. To
improve the estimates of variability and statistical tests for
differential expression, a variance smoothing method with
moderated t-statistic was employed.21 The significance level
was adjusted by controlling the mean number of false
positives.22 Statistical software SAS 9.4 and R were used for
analysis.

RESULTS
Haplotype analysis reveals a 25.6-kb LD block in the SMAD3
gene
The two GWAS tag SNPs, rs56062135 and rs2289261, are
located in intron 1 and intron 2 of the SMAD3 gene,
respectively. To find other variants that are co-inherited with
the two SNPs, we first performed LD analysis in the 129-kb
SMAD3 gene region using 1000 Genomes European popula-
tion data (Figure 1). A 25.6-kb LD block region spanning the

Chromosome 15, physical distance: 129 kb

25.6 kb LD

SMAD3
Hg19: 67 358 195 rs56062135 rs2289261 67 487 533

Figure 1 Linkage disequilibrium (LD) plot representation of the SMAD3 locus. The figure represents linkage disequilibrium based on 1000
Genomes European population data (phase 3) along the SMAD3 locus. The region spans chromosome 15 from 67 358 195 to 67 487 533 for a total
of 129 kb. The vertical bars represent exons and the horizontal lines represent introns. Arrows show the direction of transcription in the genome. The
two genome-wide association studies (GWAS) tag single-nucleotide polymorphisms (SNPs) (rs56062135 and rs2289261) are labeled as indicated.
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chromosomal coordinates 67 441 506 to 67 467 129 (Hg19) in
chromosome 15 was detected. In this block, a total of 24
SNPs, including the two tag SNPs, showed significant
association with lower SMAD3 expression in noncancerous
thyroid and with thyroid cancer risk (Supplementary Table
S2). We hypothesize that the functional variants that can
influence SMAD3 expression are embedded in the same LD
region. First, to identify regulatory variants we retrieved the
scores of all the 24 SNPs in the RegulomeDB database (http://
www.regulomedb.org/). These scores summarize an
annotation for each SNP by predictions based on Gene
Expression Omnibus, ENCODE, and other databases and
assess the evidence for regulatory potential. We chose SNPs
with the lowest RegulomeDB scores (scores from 1 to 3) plus
one of the GWAS tag SNPs (rs2289261) for further study. Of
the six SNPs selected, four are located in intron 1 of SMAD3.
Second, we used the six SNPs for haplotype analysis using

the genotyping and imputation data from the recent GWAS.6

Three haplotypes (Po 0.01) showed significant differences in
distribution between PTC cases and controls. Hap2 and Hap3
are PTC protective haplotypes (OR = 0.69 and 0.79), while
Hap1 appears to be a PTC risk haplotype (OR = 1.41). Hap1
contains the risk [C] allele of the tag SNP rs2289261, and
accounts for 16% of all cases (Table 1).

SNPs rs17293632 and rs4562997 display allele-specific
enhancer activity in PTC cell lines
To evaluate the effects of the six variants (rs1866316 T>C,
rs17293632 C>T, rs744910 A>G, rs8032739 A>G,
rs2289261 C>G, and rs4562997 G>A) on SMAD3 tran-
scription, luciferase reporter assays were performed. Hypothe-
sizing that the intronic variants play an enhancer role in the
regulation of SMAD3 expression, 100–200 bp DNA fragments
surrounding each SNP allele were cloned into a minimal
promoter reporter vector. Luciferase activity was then
measured in two PTC cell lines, TPC-1 (Figure 2a) and
BCPAP (Figure 2b). Two independent clones for each of the
two alleles were generated and enhancer activity was
measured in quadruplicate for each group. Of the six tested
variants, two SNPs (rs17293632 and rs4562997) showed
significant differential enhancer activity in both cell lines
(Po 0.01). The wild-type allele [C] of rs17293632 displayed
the highest enhancer activity compared with the empty vector
control in both cell lines. While the assay showed somewhat
differing activity between the TPC-1 and BCPAP cell lines, no

allele-specific enhancer activity was observed for rs1866316,
rs744910, rs8032739, and rs2289261.
Taken together, our data demonstrate that rs17293632 and

rs4562997 are functional variants that can influence tran-
scriptional activity. We suggest that they function within cis-
regulatory regions in SMAD3 introns 1 and 3, respectively.

Identification of differentially expressed genes caused by
SMAD3 knockdown
SMAD3 plays an important role as a direct DNA binding
transcriptional factor in the TGF-β pathway. To identify genes
involved in SMAD3-mediated transcriptional regulation in
thyroid, genome-wide expression analysis was carried out by
using expression microarray in SMAD3 knockdown cells.
TPC-1 and BCPAP cells were transiently transfected by using
either SMAD3 target small interfering RNA (si-SMAD3) or
scrambled small interfering RNA control (si-Control). Sub-
sequent expression microarray analysis was conducted in the
TPC-1 cell line due to its higher knockdown efficacy
(Supplementary Figure S1). A total of 116 dysregulated
genes were identified by comparing si-SMAD3 and si-Control
treated cells in three independent experiments (Po 0.001,
fold change > 1.5). Of these genes, 24/116 (21%) were
upregulated (Supplementary Table S3). Biological functional
assessment was performed using Ingenuity Pathway Analysis
software, which showed that cancer was in the top category of
“Disease and Disorders” (Supplementary Table S4). The top
five categories of “Molecular and Cellular Functions” were
cellular growth and proliferation, cell cycle, cellular
development, cell morphology, and cellular function and
maintenance (Supplementary Table S5). These data strongly
implicate SMAD3-regulated genes in thyroid carcinogenesis.

SMAD3 acts as a repressor of SPRY4 via direct binding
To further characterize the downstream targets of SMAD3 in
thyroid, we compared the differentially expressed genes in the
SMAD3 knockdown cells with the expression data of 59
tumor/normal thyroid pairs from the Cancer Genome Atlas
data portal (https://tcga-data.nci.nih.gov/docs/publications/
tcga/). Only the genes that showed either upregulation or
downregulation in both groups described above were
included. The sprouty RTK signaling antagonist 4 (SPRY4)
gene was found to be the second-most dysregulated candidate
gene (P = 2.69 × 10 − 11) (Supplementary Table S6). As one
of the top 25 dysregulated genes, SPRY4 was found to be
upregulated while SMAD3 expression was decreased

Table 1 Haplotype analysis of the SMAD3 locus in PTC cases versus controls
Haplotype ID Haplotype

frequenciesa
SNP ID

Controls Cases OR P Valueb rs1866316 rs17293632 rs744910 rs8032739 rs2289261 rs4562997

Hap #1 0.12 0.16 1.41 4.64E-06 C T G G C A

Hap #2 0.19 0.14 0.69 3.10E-07 T C A A G G

Hap #3 0.11 0.09 0.79 7.02E-03 T C G A G G

OR, odds ratio; PTC, papillary thyroid carcinoma; SNP, single-nucleotide polymorphism.
aHaplotype frequencies were estimated using SHAPEIT V2 program. bFisher’s exact test was applied to compare each haplotype with the rest of the haplotypes.
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(Figure 3a). SPRY4 is located in 5q31 (chromosome 5,
genomic coordinates 141 689 992 to 141 704 620). Two long
noncoding RNAs in this locus, SPRY4-IT1 (SPRY4 intronic
transcript 1) and SPRY4-AS1 (SPRY4 antisense 1), were
transcribed in opposite orientation. To validate the expression
change of SPRY4, along with the two long noncoding RNAs,
qPCR assays were performed in SMAD3 knockdown PTC cell
lines (Figures 3b,c). While both SPRY4 and SPRY4-IT1
showed significantly differential expression in the TPC-1 cell
line, no significant difference was observed for SPRY4-AS1
(Figure 3d). This implies that SMAD3 functions as a
transcriptional repressor of SPRY4 and SPRY4-IT1, but not
SPRY4-AS1.
In an attempt to understand the role of SMAD3 as a SPRY4

repressor via binding, we searched the 15-kb upstream region
of SPRY4 for potential SMAD3 protein binding sites. SMAD
binding elements (SBEs) have been defined as a palindromic

sequence including 5′GTCT-3′ and its complement, 5′-
AGAC-3′ (Figure 4a). Many SMAD-responsive regions
include more than one SBE, which usually contains extra
bases between the palindromic sequence.14,23 A total of five
potential SBEs were found upstream of SPRY4 with less than
5 bp between the two palindromic sequences (Figure 4b). To
validate the existence of the SBEs, subsequent ChIP assays
using a SMAD3 antibody were conducted in TPC-1 cells.
Significant DNA enrichment was observed in all five sites
(Figure 4c).
Taken together, SMAD3 is a SPRY4 inhibitor via direct

binding at multiple sites in the regulatory region upstream of
SPRY4.

DISCUSSION
Thyroid cancer is a complex disease that has one of the
strongest genetic components of all cancers.24 To identify the
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cells. Firefly luciferase values were normalized to cotransfected Renilla values. All values were normalized with the values of the corresponding groups
transfected with empty vector. Results are shown as means ± SD of four independent experiments. SNP1: rs1866316; SNP2: rs17293632; SNP3:
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**P o 0.01; ***P o 0.001. Two-tailed t-test, n = 4.
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low-penetrance genes and risk loci that lead to thyroid cancer,
several GWAS have been performed in distinct
populations.3,6,25,26 A number of genetic variants have been
reported to be involved in thyroid cancer predisposition.
Some of them, such as the risk loci at 9q22 and 14q13, have
been well characterized by elucidating the relevant molecular
mechanism in thyroid tumorigenesis.4,5 A recent GWAS
identified five novel thyroid cancer risk loci. In the present
work, we provide functional annotations for one of these loci
located at 15q22 and containing the coding gene SMAD3.
SMAD3 encodes a key regulator in the TGF-β pathway that

activates or represses target gene transcription. Variants in
protein binding hot-spots on SMAD3 can reduce the binding
to its interacting proteins and cause a range of quantitative
changes in the expression of genes induced by SMAD3.27 For
instance, typical SMAD3 coding variants can lead to increased
aortic expression of several key players in the TGF-β pathway
and cause a syndromic form of aortic aneurysms and
dissections with early-onset osteoarthritis.28,29

Here, we identified two SMAD3 intronic variants
(rs17293632 and rs4562997) that can cause allele-specific
dysregulation as determined by luciferase assays. We propose
that the intronic regions where the two variants are located
are likely to be enhancer elements. Previous reports have
found that intron-containing genes show higher transcrip-
tional levels when compared with intronless genes.30 Reg-
ulatory elements such as enhancers are often located at a
distance from the target gene but can form a complex
communication with the promoter region. However, recent
studies suggest that some elements located within introns can
also work in combination and collaboration with
promoters.31,32 Our results support this hypothesis and
provide another example of regulatory intronic variants in a
coding gene. In addition, we demonstrate how the germ-line
genotypes of these variants affect the genetic susceptibility to
thyroid cancer.
SPRY4 is a member of the sprouty family, which is

recognized as a key regulator of the ERK signaling
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pathway.33 It has been reported that SPRY4 can inhibit cell
proliferation, migration, and invasion in non–small cell
cancer and breast cancer cell lines.34,35 Downregulation of
SPRY4 in matched prostate normal and tumor tissue pairs
was also reported.36 Our results show that SPRY4 is down-
regulated by SMAD3 via direct binding at five SBE sites.
Moreover, we found that its intronic long noncoding RNA,
SPRY4-IT1, is also regulated by SMAD3. SPRY4-IT1 has been
described to be involved in metastasis, apoptosis, and
proliferation in several cancer types.37,38 Our data suggest a
role for SMAD3 as a repressor at this locus, but the detailed
regulatory mechanism is still unclear. It remains to be
elucidated whether additional hitherto unrecognized proteins
act with SMAD3 in modulating expression. Based on their
important cellular functions, we speculate that the dysregula-
tion of these genes, notably SMAD3 and its targets SPRY4 and
SPRY4-IT1, will impact the typical cellular signaling network
and promote uncontrolled cell proliferation and metastasis in
thyroid cancer.
There are two highly conserved domains in SMAD proteins,

MH1 and MH2. The MH1 domain is necessary for sequence-
specific DNA binding and transcription. While some GC-rich
DNA fragments have been discovered to have a binding
affinity with SMAD proteins,39 the MH1 domain mainly
recognizes the featured sequences that form a SBE
palindrome.40 Here, we validated the existence of multiple
SBEs in the region upstream of the SPRY4 gene. Our results
show that the SBE can function as a SMAD3 binding site with
more than one nucleotide between the two palindromic
sequences. It not only broadens the definition of SBE, but also
further proves the correlation between SMAD3 and the two
upregulated genes, SPRY4 and SPRY4-IT1.
In conclusion, our study provides a functional character-

ization of the genomic variants that have a causal role in
creating thyroid cancer risk. The expression of SMAD3 in
thyroid cells is regulated by enhancers located in introns of
the gene. The enhancers in turn are regulated in an allele-
specific manner by the functional genomic variants. We also
validate the regulatory mechanism for SPRY4 and SPRY4-IT1
by SMAD3 protein as a transcriptional factor. Our data
support an important role of SMAD3, a key member of TGF-
β signaling, in thyroid cancer predisposition.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the
paper at http://www.nature.com/gim
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