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Background: Myeloid-derived suppressor cells (MDSCs) have become increasingly recognized as
facilitators of tumor development. However, the role of MDSCs in papillary thyroid carcinoma
(PTC) progression has not been clearly explored.
Objective: We aimed to evaluate the levels and function of circulating MDSCs in PTC.
Methods: The proportion of circulating polymorphonuclear (PMN)-MDSCs and mononuclearMDSCs from patients with PTC or benign thyroid nodules and healthy controls was measured
using flow cytometry. For immunosuppressive activity analysis, sorted circulating MDSCs were
cocultured with CD3/CD28-costimulated T lymphocytes and the proliferation of T cells was
determined. PTC cell lines (TPC-1 and BC-PAP) were cocultured with PMN-MDSCs, and the
effects on cell migration, invasion, proliferation, and apoptosis were evaluated. The differential
expressed microribonucleic acids (RNAs) and messenger RNAs and their function were also
explored in TPC-1 cells cocultured with or without PMN-MDSCs.
Results: PMN-MDSCs were increased in peripheral blood mononuclear cells of patients with
PTC. Circulating PMN-MDSCs displayed strong T cell suppressive activity. PTC cells demonstrated
enhanced invasive capabilities in vitro and in vivo when cocultured with sorted PMN-MDSCs.
PMN-MDSCs decreased expression of miR-486-3p and activated nuclear factor kappa B2 (NFκB2), a direct target of miR-486-3p. Rescue of miR-486-3p diminished the cell migration and
invasion induced by PMN-MDSCs.
Conclusion: Collectively, our work indicates that circulating PMN-MDSCs promote PTC
progression. By suppressing miR-486-3p, PMN-MDSCs promote the activity of the NF-κB2
signaling pathway, resulting in accelerated invasion of PTC cells, which may provide new
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therapeutic strategies for treatment of thyroid cancer. (J Clin Endocrinol Metab 105: 2704–2718,
2020)

T

he incidence and prevalence of thyroid cancer has
been rapidly increasing over the past 20 years (1).
Most of this increase has been attributed to papillary
thyroid carcinoma (PTC), the most common histologic
thyroid cancer subtype (1). PTC shows a relatively low
mortality rate in its early stages (overall 5-year survival
rate of 97%) (1, 2). However, approximately one-third
of PTC patients ultimately develop extracapsular extension and lymph node metastasis (3), and advanced-stage
PTC carries a significantly higher risk of recurrence and
a poorer prognosis (4). Therefore, exploring the progression and metastasis of PTC is of great importance
for improving the prognosis of PTC.
Tumor cells and the host immune system interact
within the tumor microenvironment (TME). The TME
comprises infiltrating immune cells, extracellular matrix,
and tumor-associated fibroblasts and cytokines. There
is overwhelming evidence that the TME plays a pivotal role in tumorigenesis and tumor metastasis (5, 6).
Myeloid-derived suppressor cells (MDSCs), a component of the TME, are defined as a heterogeneous group
of immature immune cells activated under pathologic
conditions. MDSCs are typically divided into 2 major
subsets based on their phenotypic and morphologic features: polymorphonuclear (PMN)-MDSCs and mononuclear (M)-MDSCs. Human PMN-MDSCs are defined
as CD11b+CD14–CD15+ or CD11b+CD14–CD66b+
and M-MDSCs as CD11b+CD14+HLA-DR–/lowCD15–
(7, 8). MDSCs mediate their potent immunosuppressive effects, including facilitating escape from immune
surveillance, mainly by suppressing T cell activation
and proliferation (9). Ample evidence also supports a
close correlation between MDSC accumulation and
tumor vasculogenesis, metastasis, as well as cancer
cell stemness across multiple cancer types, including
hepatocellular carcinoma, breast cancer, ovarian cancer,
and pancreatic cancer (10-13).
Previous studies reported elevated proportions of
circulating MDSCs in differentiated thyroid carcinoma
patients (14). In addition, in a murine orthotopic
model of anaplastic thyroid cancer, administration of
lenvatinib and anti-PD-1/PD-L1 or BRAF inhibitor
and anti-PD-1/PD-L1 combination therapy led to reduced tumor volume and prolonged overall survival
(15, 16). This combination therapy was also associated with a significant decrease in the proportion of

MDSCs, raising the tantalizing possibility that MDSCs
may represent potential treatment targets. However,
further study is necessary to confirm the biologic functions and roles of circulating MDSCs in PTC, particularly in humans.
Microribonucleic acids (miRNAs) are a conserved
class of small noncoding RNAs (approximately 22 nucleotides in length) that negatively regulate target gene
expression (17). Recent studies have not only indicated that miRNAs emerged as important regulators of
MDSCs biology, but also MDSCs can modulate miRNA
expression during carcinogenesis (18). MDSCs can induce miR-101 overexpression and promote cancer
stemness (12). Moreover, MDSC release of miR-126a
has been shown to facilitate lung metastasis (19). In
this study, we aimed to identify the proportion of circulating MDSCs in PTC patients and explore the molecular mechanisms of MDSCs in regulating PTC cell
migration and invasion, including transcriptional and
miR regulatory changes.

Materials and Methods
Patients and samples
Peripheral blood samples from 101 patients were collected
at the First Affiliated Hospital of Sun Yat-sen University and
Sun Yat-sen University Cancer Center (Guangzhou, China)
from October 2017 to July 2019. The pathologic diagnosis of PTC was performed according to the World Health
Organization criteria (20). Among the 101 patients, 64 patients (mean age, 41.56 years; range 17-71) with histologically
confirmed PTC and 35 patients (mean age, 42.28 years;
range 23-67) with benign thyroid nodules were enrolled in
the current study; 2 PTC patients were excluded since 1 had
concurrent breast cancer and the other colorectal cancer. All
samples collected from patients with PTC or benign thyroid
nodules were obtained prior to surgery or radioactive iodine
treatment. All patients subsequently underwent an excisional
surgical procedure that was used to provide a final histologic diagnosis. The specific surgery performed varied across
patients and included lobectomy, total thyroidectomy, and
total thyroidectomy with lymph node dissection. Individuals
without history of cancer, thyroid nodules, autoimmune
disease, or infectious disease were selected as healthy controls.
Three individuals with hepatitis were excluded. Eventually, a
total of 50 healthy individuals (mean age, 44.63 years; range
17-66) were included. Written informed consent was acquired from all participants before blood sample collection.
This study was approved by the Institutional Research Ethics
Committee of Sun Yat-sen University.
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Cell culture and transfection

PBMC isolation and flow cytometric analysis
Peripheral blood mononuclear cells (PBMCs) from fresh
blood samples were isolated by Ficoll centrifugation. Single
cell suspensions were stained with antihuman CD11b-FITC
(clone: ICRF44), CD15-PE (clone: HI98), CD14-PE-Cy7
(clone: 61D3), CD3-APC (clone: UCHT1) (eBioscience, CA,
USA), HLA-DR-APC (clone: TU36), CD4-BV421 (clone:
RM4-5), and CD8-BV605 (clone: 53–6.7) (BD Pharmingen,
CA, USA) and their corresponding isotype antibodies. Stained
cells were resuspended in 100 μL for analysis on an Aurora
flow cytometer (Cytek Biosciences, CA, USA). Isolation of
MDSCs and T cells from human PBMCs was performed on
a MoFlo Astrios EQs cell sorter (Beckman Coulter, USA). The
CD11b+CD15+CD14–, CD11b+ CD14+CD15–, and CD3+
population was gated as PMN-MDSCs, M-MDSCs and T
cells. Data were collected and analyzed using FlowJo software
(Tree Star, Ashland, USA).

T-cell proliferation assay
Each PBMC sample was isolated from each patient and
stained with CD3-APC, CD11b-FITC, CD15-PE, and CD14PE-Cy7 for cell sorting to isolate CD3+ T cells, PMN-MDSCs
(marked as CD11b+CD15+CD14–) and M-MDSCs (marked
as CD11b+ CD14+CD15–). After isolation, CD3+ T cells
were labeled with CFSE (5, 6 carboxyfluorescein diacetate,
succinimidylester) (2 μM) (Invitrogen), stimulated with
antihuman CD3 (5 μg/mL) and soluble antihuman CD28
(1 μg/mL) antibody (eBioscience) and cultured alone or with
MDSCs at different ratios (1:2-8). After 96 hours, cells were
stained with CD4-BV421 and CD8-BV605 antibodies and

analyzed by flow cytometry. Culture supernatants were collected to measure interferon (IFN)-γ concentrations using an
enzyme-linked immunosorbent assay kit (eBioscience) following the manufacturer’s instructions.

Transwell assay
After cell transfection or cell coculturing, PTC cell lines
(TPC-1 and BC-PAP) were then seeded following trypsinization
in the upper chambers. For the invasion assay, chambers were
precoated with diluted Matrigel (Corning). A 100-μL bolus
of the PTC tumor cell suspension containing 0.5% fetal bovine serum at a density of 5 × 104 cells/mL was added to the
upper chambers; 500 μL of DMEM containing 10% fetal bovine serum was added to the lower chambers. After 24 hours
of incubation, cells were fixed with 4% paraformaldehyde and
then stained with crystal violet solution. The migratory and
invasive cells were counted in 5 randomly selected low-power
fields under an inverted microscope (Leica, Germany).

Wound-healing assay
PTC cell lines (TPC-1 and BC-PAP) were diluted and
5 × 104 cells were added into each well of the Ibidi 2-Well
Culture Insert system (Ibidi, Martinsried, Germany) in a
12-well plate. After 24 hours, the insert was gently removed
and the cells cultured in serum-free DMEM for another 24
hours. Scratch wounds were photographed in the same position at 0 hours and 24 hours, respectively.

Cell proliferation assay
Cell
proliferation
was
determined
by
MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme thoxyphenyl)2-(4-sulfophenyl)-2H-tetrazolium) reagent. Since MTS is
bioreduced by cells into a colored formazan product that is
soluble in cell culture medium, the absorbance is proportional
to the number of cells. A total of 1000 to 2000 PTC cell lines
(TPC-1 and BC-PAP) were seeded in a 96-well plate and cultured for 24 hours, 36 hours, and 72 hours. After the specified
time interval, MTS reagent (Promega, WI, USA) was added to
each well and incubated at 37°C for 4 hours. Cell proliferation
was determined by measuring the absorbance at 450 nm using
a microboard reader (Bio-Rad, California, USA).

Cell cycle and apoptosis analysis
For cell cycle analysis, cells were washed with phosphatebuffered saline, fixed in 70% ethanol overnight and then
stained with propidium iodide (BD Pharmingen). The apoptosis analysis was determined using an Annexin V-APC/PI
Apoptosis Kit (KeyGEN BioTECH, Nanjing, China). Stained
cells were detected by flow cytometry. Cell cycle distributions
were assessed using ModFit LT software and the percentage of
apoptotic cells was determined with FlowJo software.

Quantitative real-time PCR
Total RNA of cells was extracted using TRIzol Reagent
(Invitrogen) and RNA concentration was determined
by Nano Drop 2000C (Thermo Scientific, CA, USA).
miRNAs were reverse transcribed using a Ribo™ Reverse
Transcription Kit (RiboBio) with the miRNA-specific RT
primer (RiboBio). mRNAs were reverse transcribed using
PrimeScript™ RT reagent Kit (Perfect Real Time) (Takara,
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The human PTC cell lines TPC-1 and BC-PAP were provided as generous gifts from Professor Haixia Guan of China
Medical University. TPC-1 and BC-PAP cell lines were authenticated using short tandem repeat analysis. HEK293T cells
were purchased from the American Type Culture Collection
(ATCC, VA, USA). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, CA, USA) supplemented
with 10% fetal bovine serum and penicillin/streptomycin
(Gibco, MD, USA). Cells were incubated at 37°C under humidified conditions with 5% CO2. For cell coculture, the PTC
cell lines were cultured with PMN-MDSCs in a transwell
system at a 2:1 ratio. TPC-1 and BC-PAP were added to the
lower chambers and maintained for 24 hours, followed by
addition of PMN-MDSCs to the upper chambers and incubation for another 48 hours. For the control group, TPC-1
and BC-PAP were added to the lower chambers, and after 24
hours culture medium was added to the upper chamber and
maintained for 48 hours.
miR-486-3p mimics (50 nM), miR-486-3p inhibitor
(100 nM) and corresponding negative controls (RiboBio,
Guangzhou, China) were transfected into TPC-1 cells.
Stable cell lines were established by transducing TPC-1
cells with a lentivirus-expressing miR-486-3p precursor
(HmiR0130-MR03) or miR-486-3p inhibitor (antagomiR486-3p) (HmiR-AN0 522-AM03) (GeneCopoeia, Guangzhou,
China). Cells were transfected with a GV657 vector (Shanghai
GeneChem, Shanghai, China) encoding human NF-κB2 or the
control empty vector, NF-κB2 siRNAs (RiboBio) and control
siRNA (RiboBio) using Lipofectamine 3000 (Invitrogen).
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Western blot analysis
RIPA lysis buffer (Thermo Scientific) was used to extract
protein from cells and the Pierce™ BCA Protein Assay Kit
(Thermo Scientific) was used to measure the protein concentration. Equal amounts of protein sample were separated
by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane (Millipore, MA, USA). After blocking with 5% bovine
serum albumin, membranes were incubated with rabbit antiNF-κB2 (Cell Signaling Technology, MA, USA), anti-RelB
(Proteintech, IL, USA), and anti-GAPDH (Proteintech) at
a 1:1000 dilution overnight at 4°C. After washing with tris
buffered saline and tween (TBST), the bands were then incubated with the secondary antibody of conjugated antirabbit
horseradish peroxidase (Cell Signaling Technology) at room
temperature for 2 hours. Bands were exposed by Immobilon
Western Chemiluminescent horseradish peroxidase substrate
(Millipore) and the signals were detected with an Amersham
Imager 600 (GE Healthcare Life Sciences, USA).

Dual luciferase activity assay
The NF-κB2 wild-type 3′ (untranslated region) UTR sequence (NF-κB2-wt) and a mutated NF-κB2 3′ UTR (NF-κB2mut) were cloned into the 3′ UTR region of the renilla
luciferase gene in the psiCheck2 vector (Promega). HEK293T
cells were seeded in 24-well plates. miR-486-3p mimics or
miR-NC and NF-κB2-wt or NF-κB2-mut were cotransfected
into HEK293T cells. Forty-eight hours after transfection, a
Dual Luciferase Reporter Assay System (Promega) was used to
detect firefly and renilla luciferase activity using Infinite F500
(Tecan, Switzerland). Firefly luciferase activity was used as a
normalized control.

were approved by the Animal Ethics Committee of the First
Affiliated Hospital of Sun Yat-sen University.

RNA-sequencing data analysis.
The cDNA libraries were constructed for each RNA
sample using the TruSeq Stranded mRNA Library Prep Kit
(Illumina, USA) according to the manufacturer’s instructions.
The miRNA library was prepared from total RNA using the
NEBNext Small RNA Library Prep Set for Illumina (NEB) according to the manufacturer’s instructions.
Before read mapping, clean reads were obtained from
the raw reads by removing the adaptor sequences and lowquality reads. The clean reads were then aligned to the human
genome (GRCh38, NCBI) using Hisat2. HTseq was used to
calculate gene counts and the RPKM method used to determine relative gene expression. The clean reads from the
miRNA library were mapped to the human miRNA database
(miRBase v22.0) to compute miRNA expression. The EdgeR
package was used to identify differentially expressed RNAs
with fold change >1.5 or <0.67 with a false discovery rate
(FDR) <0.05. Miranda and RNAhybrid tools were used to
predict miRNA targets.

GO and pathway analysis
Gene ontology (GO) analysis was performed to elucidate
the biologic implications of the differentially expressed genes
identified in the experiment. We downloaded the GO annotations from NCBI (http://www.ncbi.nlm.nih.gov/), UniProt
(http://www.uniprot.org/) and the Gene Ontology (http://
www.geneontology.org/). Fisher’s exact test was applied to
identify significantly enriched GO categories with P < .05.
Pathway analysis was conducted using the KEGG database to
identify pathways enriched by Fisher’s exact test with P < .05
(21). Data have been deposited in the GEO data repository
(accession number GSE140109).

Statistical analysis
Statistical analyses were performed with SPSS 20.0
and Graphpad Prism v7.00. Results are reported as
mean ± standard deviation (SD). The significance of differences
between 2 groups was assessed by Student’s t-test for parametric data and Mann–Whitney U-tests for nonparametric
data. The correlation between circulating PMN-MDSCs and
CD3+ CD8+ T cells was assessed by Pearson’s correlation test.
Results meeting the P < .05 threshold were considered statistically significant.

Tumor metastasis assay in vivo
Male 5-week-old BALB/c nude mice were purchased from
GemPharmatech (Nanjing, China) and maintained in a specific pathogen-free facility of Sun Yat-sen University. After
coculture with or without PMN-MDSCs for 48 hours, TPC-1
cells were used to seed mice for lung metastasis models. TPC-1
cells were diluted to 1 × 106/200 μL with phosphate-buffered
saline and cell suspensions were intravenously injected into
the mice. At 5 weeks post tumor injection, the mice were
killed and lung tissues were removed, followed by hematoxylin and eosin (H&E) staining. Lung tissues were fixed in
4% paraformaldehyde and cut into 4-µm-thick sections after
being embedded in paraffin. The sections were stained with
H&E to evaluate lung metastasis. The animal experiments

Results
Expansion of PMN-MDSCs in PTC patients
To determine the potential role of MDSCs in PTC,
we compared the MDSC proportions in peripheral blood of patients with PTC or benign thyroid
nodules and healthy controls, using the presence of
CD11b, HLA-DR, CD14, and CD15 surface markers
to define MDSC subsets. Two distinct MDSC populations
(CD11b+HLA-DR–/lowCD15+CD14–
and
CD11b+HLA-DR–/lowCD14+ CD15–) were observed

Downloaded from https://academic.oup.com/jcem/article/105/8/2704/5850994 by Houston Academy of Medicine-Texas Medical Center Library user on 06 February 2021

Dalian, China). Polymerase chain reactions (PCR) were performed using TB Green® Premix Ex Taq™ II (Tli RNaseH
Plus) (TaKaRa) in a LightCycler 480 (Roche Diagnostics,
Pleasanton, CA). U6 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as control. The qRT-PCR
primers employed were the following: NF-κB2 forward:
5′-TGAGCAGCATTTAGCAGCAAG-3′, NF-κB2 reverse:
5′-AGGGCCTGAGAAGGACACC-3′;
RELB
forward:
5′-GCGAGGCAGGTACG TGAAA-3′, RELB reverse:
5′-CGACAAGGTGCAGAAAGAGG-3′; GAPDH forward:
5′-GGACCTGACCTGCCGTCTAG-3′, GAPDH reverse:
5′-GTAGCCCAGGATGCCCTT GA-3′. Relative expression
was calculated by 2–∆∆Ct method.
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MDSCs from PTC patients suppress T cell responses
Given the known immunosuppressive activity of
MDSCs in the context of other cancers (7), we next determined whether circulating MDSCs can dampen T
cell immune responses using a T cell proliferation assay.
Proliferation of CD8+ and CD4+ T cells stimulated by
CD3 and CD28 antibodies was inhibited when the T
cells were cocultured with PMN-MDSCs isolated from
the peripheral blood of cancer patients at a ratio of 2:1
or 4:1 (Fig. 2A-2D). This inhibition of T cell activity by
PMN-MDSCs from PTC patient peripheral blood functionally confirms them to be MDSCs. Similar effects
were observed for M-MDSCs (22).
T cell exhaustion contributes to immune evasion and
is characterized by impaired proliferation capacity and
reduced circulating levels of effector cytokines, including
IL-2, tumor necrosis factor (TNF)-α and IFN-γ (23). We
found that the levels of IFN-γ decreased in supernatants
of cocultured human MDSCs and CD3+ T cells compared with CD3+ T cells alone (Fig. 2E). We also evaluated the correlation between the MDSC proportion
among PBMCs and the CD8+ proportion among T cells.

Figure 1. Expansion of PMN-MDSCs in patients with PTC. (A) Circulating MDSCs obtained from the PBMC of patients with PTC (n = 64) or a
benign thyroid nodule (n = 35) and healthy controls (n = 50) were assessed by flow cytometry. Representative images of flow cytometry from one
healthy individual, patient with thyroid nodule and PTC patient are shown. (B) Proportions of PMN-MDSCs and M-MDSCs subsets in the PBMCs
in each of the groups, as measured by flow cytometry. (C) Proportions of PMN-MDSCs in PBMC of PTC patients of different TNM stages. Data are
presented as mean ± SD; *P < .05, ***P < .001. NS, not significant.
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in PTC patients, corresponding to MDSCs derived
from PMNs and mononuclear cells, respectively (all
supplementary material and figures are located in a
digital research materials repository (22). Morphology
of sorted MDSC subsets in PBMC was confirmed by
Wright–Giemsa staining (22). Flow cytometric analysis
showed that PMN-MDSC proportions in PTC patients
were significantly increased compared with those in
patients with benign thyroid nodules, which were significantly increased compared with the PMN-MDSC
proportions in healthy individuals. In contrast, no
changes were observed in the proportion of M-MDSCs
among cancer patients, those with thyroid nodules,
and healthy patients (Fig. 1A and 1B). Furthermore,
the PMN-MDSC proportion was most elevated in patients with more aggressive (TNM Stage III/IV) PTC
(Fig. 1C). Thus, these findings support a dose–response relationship between PMN-MDSC levels and
increasing thyroid cancer characteristics, with progressively increasing PMN-MDSC fractions from healthy
individuals to those with benign thyroid nodules to
those with PTC (Table 1).
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Number of PTC
patients
Sex
Male
Female
Age (years)
<55
≥55
Tumor size
≤2 cm
>2 cm
Invasiona
Yes
No
Lymph node
metastasis
Yes
No
Distant metastasis
Yes
No
TMN stage
I-II
III-IV

PMN-MDSCs P value

19 (29.69)
45 (70.31)

13.55 ± 7.11
14.25 ± 8.78

.7569

52 (81.25)
12 (18.75)

12.98 ± 8.08
18.64 ± 7.79

.0342

50 (78.13)
14 (21.87)

13.09 ± 8.11
17.44 ± 8.23

.1149

12 (18.75)
52 (81.25)

18.46 ± 6.13
13.02 ± 8.41

.0293

33 (51.56)
31 (48.44)

14.37 ± 8.65
13.7 ± 7.98

.7499

3 (4.69)
61 (95.31)

24.35 ± 3.46
13.54 ± 8.11

.0149

60 (93.75)
4 (6.25)

13.43 ± 8.14
23.27 ± 3.55

.0130

Abbreviation: TNM, Tumor–Nodal–Metastasis stage.
a
Includes capsular and/or extrathyroidal extension.

The results showed that the PMN-MDSC proportion is
strongly negatively correlated with the CD8+ T cell proportion (r = −0.5323; P = .0037) (22). Taken together,
these findings demonstrated that MDSCs in the peripheral blood of PTC patients display T cell suppressive activity in a dose-dependent manner.
PMN-MDSC enhanced cell migration and invasion
of PTC
Given the significant role of MDSCs in tumorigenesis among various cancer types as well as the clinical and functional relevance of PMN-MDSCs in PTC
patients demonstrated in our initial experiments, we
next explored the biologic functions of PMN-MDSCs
in PTC cells. PMN-MDSCs remarkably increased migration and invasion of both TPC-1 and BC-PAP cell
lines compared with PTC lines cultured without PMNMDSCs (Fig. 3A, 3C, and 3D). Moreover, PTC cells
showed increased wound closure rates when cocultured
with sorted PMN-MDSCs (Fig. 3B, 3E, and 3F). We also
generated a pulmonary metastasis model to investigate
the effects of PMN-MDSCs on cancer cell metastasis
in vivo. Mice intravenously injected with TPC-1 cells
cocultured with PMN-MDSCs developed many more
metastatic lung nodules than those injected with TPC-1
cells alone (Fig. 3G and 3H). More tumor regions per
low-power field were also visible on H&E staining of

lung tissue (Fig. 3I). It seems that there is no significant
effect of MDSCs on cell viability, cell cycle, and apoptosis (22).
Collectively, these results support a role of PMNMDSCs in promoting PTC cell migration and invasion,
both in vitro and in vivo, while highlighting that they
have little to no effect on cell growth and apoptosis.
PMN-MDSCs accelerate invasion and metastasis by
suppressing miR-486-3p
miRNAs have been shown to drive human tumorigenesis by affecting differentiation, proliferation, and
metastasis of tumor cells (24, 25). To explore whether
MDSCs regulate PTC oncogenicity by modulating
miRNA expression, miRNA profiling was performed
in untreated TPC-1 cells and TPC-1 cells cocultured
with PMN-MDSCs sorted from PBMCs of cancer patients. We identified 19 differentially expressed miRNAs
in MDSC-conditioned cancer cells, of which 10 were
downregulated and 9 were upregulated (Fig. 4A and
(22). The expression alterations of miR-486-3p, miR146a-3p, miR-146a-5p, miR-200b-3p, miR-486-5p,
and miR-152-5p were further confirmed by qRT-PCR
(Fig. 4B and (22). GO analysis of predicted targets of
the 19 miRNAs showed enrichment of inflammationrelated response genes (Fig. 4C). And the KEGG
pathway analysis reveals that these genes were mainly
from the NF-κB, PI3K-AKT, and TNF signaling pathways, all of which are recognized to regulate cancer development (Fig. 4D).
Among the validated miRs, miR-486-3p stood out as
the most likely regulator of thyroid cancer invasion and
metastasis. miR-486-3p is known to negatively regulate
most genes of the NF-κB and TNF signaling pathways,
which are essential for MDSCs activation (26), while the
other identified dysregulated miRNAs have little known
effect on these pathways. Based on these evidences,
we hypothesized that miR-468-3p plays a vital role
in mediating the function of PMN-MDSCs in thyroid
cancer. To confirm this, we next rescued miR-486-3p
expression in cells co-cultured with PMN-MDSCs and
evaluated cell invasion and metastasis. Overexpression
of miR-486-3p by transfection with miR-486-3p mimics
repressed MDSCs-induced migration and invasion to
the level of untreated control group (Fig. 4E and 4F).
A similar result was observed in the wound-healing
assay after miR-486-3p overexpression reversed the effect of MDSCs (Fig. 4G and 4H).
miR-486-3p has been identified as a tumor suppressor
associated with cancer cell proliferation and metastasis
(27, 28). Furthermore, miR-486-3p has been reported to
be significantly dysregulated in thyroid cancer compared
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Table 1. Relationship between proportion of
PMN-MDSCs and clinicopathologic characteristics
of PTC patients.
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with adjacent tissue (29). Transfection of miR-486-3p
mimics decreased the number of migrated and invaded
cells while addition of a miR-486-3p inhibitor led to
opposite results (Fig. 5A and 5B). Tumor cells transfected with miR-486-3p inhibitor demonstrated elevated migratory ability by the wound-healing assay. In
contrast, miR-486-3p overexpression caused a sharp

decrease in wound closure rates (Fig. 5C). In addition,
overexpression of miR-486-3p inhibited proliferation of
TPC-1 cells, while there was no significant difference in
cell viability between the miR-486-3p inhibitor-treated
and control groups (22).
Stable cell lines transduced with miR-486-3p and
miR-486-3p inhibitor were established and injected
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Figure 2. PMN-MDSCs from PTC patients suppress T-cell responses. CD3+ T cells and PMN-MDSCs were sorted from the PBMC of PTC patients.
(A, C) CD8+ T cell proliferation and (B, D) CD4+ T cell proliferation following stimulation with anti-CD3/CD28 antibodies in the presence or
absence of PMN-MDSCs was measured by CFSE. (E) Production of IFN-γ was measured by enzyme-linked immunosorbent assay. For each sample
preparation, CD3+ T cells and PMN-MDSCs were isolated from the PBMC of the same PTC patients. No stimulation corresponds to T cells untreated
with anti-CD3/CD28 antibodies. Data are presented as mean ± SD, *P < .05, ***P < .001. NS, not significant.
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into nude mice intravenously, respectively. Mice injected
with TPC-1 cells overexpressing miR-486-3p exhibited
reduced pulmonary metastasis while those injected with

TPC-1 cells stably expressing miR-486-3p inhibitor experienced significantly accelerated metastatic growth
(Fig. 5D and 5E). Tumorigenic activity was confirmed
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Figure 3. PMN-MDSCs enhance PTC cell migration and invasion. (A) Migration and invasion were measured by transwell assay in TPC-1 (n = 5)
and BC-PAP (n = 4) cells co-cultured with or without PMN-MDSCs for 48 hours. (B) Wound-healing assay was performed to investigate cell
migration ability in TPC-1 (n = 5) and BC-PAP (n = 5) cells co-cultured with or without PMN-MDSCs for 48 hours. (C, D) The number of migrated
and invaded cells and (E, F) the area of migrated cells per low field was quantified. Data are shown from at least 3 patients and in triplicate. (G)
Mice (n = 5) were intravenously injected with TPC-1 cells cocultured with or without PMN-MDSCs. Representative images of murine whole lungs
are shown. Arrows indicate lung tumor nodules. (H) The number of visible tumor nodules was measured. (I) Representative H&E staining of lung
tissues. Arrows indicate metastases (magnification, ×100). Data are presented as mean ± SD, **P < .01, ***P < .001.
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Figure 4. PMN-MDSCs promote cell migration and invasion via miR-486-3p downregulation. (A) miRNA microarray heatmap showing differentially
expressed miRNAs between TPC-1 cells cocultured with and without PMN-MDSCs. Each vertical line (coculture 1-6) represents miRNA expression
from TPC-1 tumor cells co-cultured with PMN-MDSCs from PBMC of one of 6 different patients. (B) Validation of miR-486-3p expression by qRTPCR. (C, D) Genes targeted by the differentially expressed miRNAs, as identified by Top GO and KEGG pathway analysis. (E, F) TPC-1 cells were
separated into three groups and cultured without any treatment (control); with sorted PMN-MDSCs from PTC patients (MDSC group); or with
miR-486-3p mimics for 24 hours followed by culture with sorted PMN-MDSCs for another 48 hours (miR-486-3p mimics+MDSC group). Cell
migration and invasion abilities were assessed by transwell assays. (G, H) Migration ability of each group of treated TPC-1 cells, as determined by
wound-healing assay. Experiments were performed from at least three patients and in triplicate. Data are presented as mean ± SD, **P < 0.01,
***P < 0.001.
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Effect of NF-κB2 on cell migration and invasion
We conducted RNA-seq analysis to compare the
mRNA expression profile of MDSC-conditioned and
untreated TPC-1 cells (Fig. 6A). GO analysis was applied to the differentially expressed genes. Inflammation
related response was the most significantly enriched GO

term, while the TNF signaling pathway, cytokine–cytokine receptor interaction, NF-κB signaling pathway, and
chemokine signaling pathway were among the most significantly enriched signaling pathways (Fig. 6B, 6C).
Because the NF-κB signaling pathway is widely recognized as an important contributor to cancer progression and the tumor-promoting effect of MDSCs (26,
30), NF-κB2 (p52/p100), a member of the transcription
factor complex NF-κB family, was selected for further
functional analysis in thyroid cancer. The expression
of p100/p52 and RelB were significantly increased in
TPC-1 cells cocultured with PMN-MDSCs by qRT-PCR

Figure 5. Effect of miR-486-3p on cell migration and invasion. (A, B) Migration and invasion of TPC-1 cells was examined by transwell assays after
transfection with miR-486-3p mimics, miR-486-3p inhibitor or negative control. (C) Migration of TPC-1 cells was evaluated by wound-healing assay
in each group. Experiments were performed in triplicates. (D) Representative images of murine whole lungs following tail vein injection of TPC-1
cell lines transfected with lentiviral vectors expressing miR-486-3p precursor, miR-486-3p inhibitor and the negative control miRNA sequences
into nude mice. Five mice were used for each group. Arrows indicate lung nodules. (E) The numbers of lung tumor nodules in each group. (F)
Representative images of H&E staining. Arrows indicate metastases (magnification, ×100). Data are presented as mean ± SD, *P < .05, **P < .01,
***P < .001.
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histologically by H&E staining (Fig. 5F). Taken together,
these data demonstrated that miR-486-3p functions as a
tumor suppressor in thyroid cancer, and PMN-MDSCs
accelerated invasion and metastasis, at least partially, by
suppressing miR-486-3p.
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Figure 6. Effect of NF-κB2 on cell migration and invasion. (A) The expression profiles of TPC-1 cells co-cultured with and without PMN-MDSCs
were compared by RNA-seq analysis. Heatmap demonstrates differentially expressed genes. Each vertical line (co-culture 1-6) represents tumor
cells cocultured with PMN-MDSCs from PBMC of one of six different patients. (B) Top GO analysis identifying ontologies of differentially expressed
mRNAs. (C) KEGG pathways corresponding to differentially expressed mRNAs. (D) qRT-PCR analysis of NF-κB2 and RelB in TPC-1 cells cultured
with or without PMN-MDSCs. (E) Western blot analysis of NF-κB2 and RelB protein expression. Data from three patients in triplicates are shown.
(F, G) qRT-PCR assay was conducted to evaluate the efficiency of overexpression or knockdown of NF-κB2 in TPC-1 cells transfected with siNF-κB2
or NF-κB2 vector. (H) Western blot analysis of NF-κB2 expression. (I, J) Transwell assay of TPC-1 cells. (K) Wound-healing assay of TPC-1 cells. Data
from three experiments in triplicates are shown. Data are presented as mean ± SD, **P < .01, ***P < .001.
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PMN-MDSCs facilitate cell migration and invasion
by regulating the miR-486-3p/NF-κB2 axis
To further elucidate the inhibitory role of miR486-3p in PTC, miRNA target analysis was performed.
Strikingly, NF-κB2 was also identified as a putative
target gene using the Miranda and RNAhybrid databases, with predicted interactions between miR-486-3p
and target sites on the NF-κB2 3′-UTR (Fig. 7A). To
confirm whether miR-486-3p targets NF-κB2 directly,
NF-κB2-WT and NF-κB2-Mut plasmids containing the
NF-κB2 3′ UTR fused to the luciferase gene were constructed. miR-486-3p expression significantly decreased
luciferase activity of NF-κB2-WT, but not NF-κB2-Mut,
in 293T cells, indicating a direct interaction between
miR-486-3p and NF-κB2 via the 3′ UTR (Fig. 7B).
Overexpression of miR-486-3p in TPC-1 cells suppressed the protein expression of p100/p52, whereas
miR-486-3p inhibitor increased p100/p52 expression
(Fig. 7C). TPC-1 cells cotransfected with NF-κB2 vector
and miR-486-3p mimics demonstrated markedly decreased NF-κB2 levels compared with cells transfected
with NF-κB2 vector alone (Fig. 7D).
We lastly explored the functional effects of
overexpression of both NF-κB2 and miR-486-3p in
TPC-1 cells to investigate whether miR-486-3p can
hamper NF-κB2 driven PTC progression. We confirmed that enhanced migration of TPC-1 cells caused
by PMN-MDSCs was attenuated by miR-486-3p
mimics, while NF-κB2 overexpression reversed the inhibitory effects of miR-486-3p mimics. Similar results
were observed in the invasion assay (Fig. 7E-7H). In
conclusion, PMN-MDSCs promote PTC cell migration
and invasion by suppressing miR-486-3p expression
and consequently driving overexpression of NF-κB2.

Discussion
MDSCs have been previously reported to be enriched in the blood of patients with colon cancer,

pancreatic cancer, non–small cell lung cancer, and even
premalignant disease (31, 32). The population of circulating MDSCs correlates inversely with clinical stage
and overall survival, showing that circulating MDSCs
play an important role in tumor progression (32, 33).
Previous studies showed that PMN-MDSCs are generally far more prevalent in tumors than M-MDSCs
(8). This study is the first to report on the roles of
MDSCs in regulating tumor progression in thyroid
cancer. We confirmed the above findings in PTC cells,
demonstrating a significant elevation of PMN-MDSCs
but not M-MDSCs in the peripheral blood of PTC patients. Expansion of PMN-MDSCs was associated with
several aggressive characteristics of PTC, including old
age, tumor invasion, distant metastasis, and advanced
tumor stage. Additionally, circulating PMN-MDSCs
dampened T cell immune responses, in accordance with
the standard functional definition of MDSCs (8). In aggregate, these findings suggest that circulating MDSCs
may serve as a potential minimally biomarker for PTC
diagnosis confirmation.
An understanding of how MDSCs facilitate cancer
cell metastasis has only recently begun to emerge.
MDSCs support metastasis through multiple mechanisms, including production of chemokines, cytokines
and secreted enzymes, premetastatic niche preparation,
and interaction with tumor cells (7, 8). Sprouse et al.
demonstrated that circulating MDSCs directly interact
with circulating tumor cells and in turn foster tumorinitiating capabilities (34). This study revealed that
coculture of PMN-MDSCs with PTC cells increased
tumor cell metastatic ability both in vitro and in vivo.
With the help of miRNA profiling and RNA-seq, we
helped confirm the hypothesis that PMN-MDSCs
regulate tumor phenotype by modulating miRNAs
and mRNA expression in cancer cells. We found that
PMN-MDSCs repress the expression of miR-486-3p
in PTC cells, leading to increased NF-κB2 expression.
Furthermore, miR-486-3p restoration attenuated the effects of PMN-MDSCs on cell migration and invasion.
The NF-κB signaling pathway is a key mediator of
MDSC activation in various cancer disease states. The
canonical NF-κB pathway expands MDSC number
through transforming growth factor beta in cancer
models (35). Additionally, noncanonical NF-κB
acts by mediating STAT3-stimulated indoleamine
2,3-dioxygenase upregulation to promote MDSC immunosuppressive functions in breast cancer (36). Both
sides of the NF-κB signaling pathway likely also play a
role in facilitating immune escape/tumor progression
in PTC. Our results demonstrated that PMN-MDSCs
cocultured with PTC cells induce NF-κB2 activation.
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and Western blot analysis (Fig. 6D and 6E), confirming
the RNA-seq findings.
We then explored the function of NF-κB2 in modulating migration and invasion capabilities of PTC by
manipulating its expression by siRNA knockdown and
gene overexpression in TPC-1 cells (Fig. 6F-6H). The
results showed that NF-κB2 overexpression increased
the motility and invasiveness of PTC cells, whereas
cell migration and invasion diminished after NF-κB2
knockdown (Fig. 6I-6K). These results suggested that
PMN-MDSCs-induced NF-κB2 overexpression promotes the migration and invasion of TPC-1 cells.

https://academic.oup.com/jcem  2715

2716  Chen et al.   Myeloid-derived Suppressor Cells Facilitated Thyroid Cancer Invasion

J Clin Endocrinol Metab, August 2020, 105(8):2704–2718

Downloaded from https://academic.oup.com/jcem/article/105/8/2704/5850994 by Houston Academy of Medicine-Texas Medical Center Library user on 06 February 2021

Figure 7. PMN-MDSCs facilitate cell migration and invasion by downregulating the miR-486-3p axis and upregulating NF-κB2. (A) Predicted
binding sequences between miR-486-3p and NF-κB2. (B) Relative luciferase activity in 293T cells co-transfected with miR-NC/miR-486-3p mimics
and NF-κB2-WT/ NF-κB2-Mut. (C) Western blot analysis of NF-κB2 expression in TPC-1 cells transfected with miR-486-3p mimics and miR-486-3p
inhibitor. (D) Western blot analysis of NF-κB2 expression after TPC-1 cells were transfected with miR-486-3p mimics or cotransfected with miR486-3p mimics and NF-κB2 vector. Experiments were performed in triplicate. (E, F) The ability of migration and invasion was evaluated by transwell
assay in TPC-1 cells transfected with miR-486-3p mimics or co-transfected with miR-486-3p mimics and NF-κB2 vector, cultured with or without
PMN-MDSCs. (G, H) Wound-healing assays were performed for each group on at least three patients and in triplicate. Data are presented as
mean ± SD, *P < .05, **P < .01, ***P < .001.
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