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Abstract: Papillary thyroid cancer (PTC) is the most prevalent histological type of thyroid cancer
(TC) worldwide. Although tumor metastasis occurs in regional lymph nodes, distant metastasis
(DM) may also occur. Radioactive iodine (RAI) therapy is an effective treatment for TC; however,
resistance to RAI occurs in patients with DM. Therefore, in this study, we investigated the efficacy
of DM-related biomarkers as therapeutic targets for PTC therapy. ABCA1 expression was higher
in aggressive BCPAP cells than in other PTC cells in terms of migration and invasion capacity.
The knockdown of ABCA1 substantially decreased the expression of the epithelial–mesenchymal
transition (EMT) marker, N-cadherin, and EMT regulator (ZEB1), resulting in suppressed migration
and invasion of BCPAP cells. ABCA1 knockdown also reduced ERK activity and Fra-1 expression,
which correlated with the effects of an ERK inhibitor or siRNA-mediated inhibition of ERK or Fra-1
expression. Furthermore, ABCA1-knocked-down BCPAP cells suppressed cell migration and invasion
by reducing Fra-1 recruitment to Zeb1 promoter; lung metastasis was not observed in mice injected
with ABCA1-knocked-down cells. Overall, our findings suggest that ABCA1 regulates lung metastasis
in TC cells.

Keywords: papillary thyroid carcinoma; distant metastasis; ABCA1; epithelial–mesenchymal
transition; oncogene

1. Introduction

Thyroid cancer (TC) is the most common endocrine malignancy. Its incidence in the
United States increases by 3.6% annually, with more than three-fold that between 1975
and 2013 [1–4]. Papillary thyroid carcinoma (PTC), which is the most prevalent thyroid
neoplasm affecting 87% of patients with TC, is the least aggressive histological type and has
the best overall prognosis [3,5]. The main route of metastasis for PTC is local metastasis to
regional lymph nodes (LN) in the neck [6]; however, distant metastasis (DM) sporadically
occurs in approximately 5% of patients, most commonly in the lungs and bones [7]. The
prognosis of these patients is poor, which is the main cause of TC-related deaths [8].
During the past 70 years, RAI therapy has been a routinely recommended treatment
strategy for patients with TC with lung metastasis [9]. Although these treatments usually
have a good prognosis, some tumors are resistant to RAI therapy and require alternative
treatments [10]. Over the past decade, our understanding of the molecular mechanisms
of thyroid carcinogenesis has enabled the development of many new therapeutic agents,
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such as FDA-approved tyrosine kinase inhibitors and small-molecule inhibitors of VEGFR,
BRAF, MEK, NTRK, and RET, which have markedly changed the treatment and outlook of
the disease [11].

The ATP-binding cassette (ABC) family of transmembrane proteins is responsible for
the transfer of various substrates through extracellular and intracellular membranes [12].
The drug resistance role of ABC transporters has recently been widely considered in
cancer cell biology [13]; therefore, the role of these proteins in tumorigenesis is becoming
increasingly evident [14]. The regulation of ABC transporter expression and activities of
transcription factors or oncogenic signaling pathways, such as PI3K/AKT and MAPK/ERK,
plays an important role in tumor initiation and progression [15–17]. ABC transporter A1
(ABCA1) is an ABC subfamily A exporter that plays an important role in regulating cellular
cholesterol and phospholipid efflux and maintaining lipid homeostasis by participating
in the reverse cholesterol transport pathway (RCT) [12]. ABCA1 is closely associated
with the development of various human cancers, including thyroid, pancreatic, ovarian,
and breast cancers [18–21]. Nonetheless, its effects on the progression of certain types of
cancers remain controversial. Moreover, an association between ABCA1 and metastasis
has been recently proposed [22]; however, its underlying molecular mechanisms and roles
in metastatic TC remain unelucidated.

In this study, we demonstrated that ABCA1 is highly expressed in patients with PTC
with lung metastasis. Moreover, we revealed that the loss of ABCA1 controls the expression
of epithelial–mesenchymal transition (EMT) markers via the ERK pathway, consequently
leading to reduced lung metastasis in a mouse model. Therefore, we propose that ABCA1
may serve as a metastatic indicator of TC with lung metastasis.

2. Materials and Methods
2.1. Patients and Surgical Specimens

PTC tissues with lung metastases collected from the Korean Cancer Center Hospital
(KCCH, Seoul, Republic of Korea) from 2000 to 2018 were used in this study. Tissues from
patients with PTC with lung metastases after lobectomy or complete thyroidectomy were
selected based on the pathology reports and medical records. The nine selected primary
lesions showed the classical type of PTC on histological examination, and five patients
underwent metastasectomy once or twice. Four patients diagnosed with PTC showed no
metastasis to the lungs during more than 10 years of follow-up.

2.2. Cell Culture and Chemical Reagents

Normal human primary thyroid follicular epithelial cells, Nthy-ori 3-1 (Nthy), were
purchased from Sigma (St. Louis, MO, USA). The papillary thyroid carcinoma cell lines,
BHP10-3, BCPAP, and SNU790, were purchased from the Korean Cell Line Bank (Seoul,
Republic of Korea). The cells were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
and antibiotics in a 37 ◦C incubator with 5% CO2. For transient silencing of the ABCA1,
ERK, ZEB1, and Fra-1 genes, cells were transfected with non-targeting siRNA and siRNAs
against the target genes, as mentioned in Table S1. The siRNAs were purchased from
Integrated DNA Technologies (San Diego, CA, USA) and transfected into cells for 48 h
using Lipofectamine 2000 (Invitrogen), as described by the manufacturer. U0126, an ERK
inhibitor, was purchased from Calbiochem (San Diego, CA, USA).

2.3. Digital Real-Time PCR

Digital real-time PCR (Dr. PCR) was performed on the LOAA (Optolane, Seongnam,
Republic of Korea) for quantifying ABCA1 expression in patients with TC with or without
lung metastasis, using a Taqman probe. In brief, a total of 30 µL reaction mixture contained
15 µL 2X Dr. PCR Master mix (Optolane, Seongnam, Republic of Korea) and 7.5 µL ABCA1
(FAM)/GAPDH (FRET) duplex assays (20 pmol forward primer, 20 pmol reverse primer,
4 pmol FAM probe, and 4 pmol FRET probe per reaction) was loaded into the cartridge, and
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PCR was performed with LOAA (Optolane). The reactions for ABCA1/GAPDH duplex
assay were conducted under the conditions of 3 min at 50 ◦C, 15 min at 95 ◦C, and 50 cycles
of 10 s at 95 ◦C and 30 s at 60 ◦C. After amplification, the results were analyzed using Dr.
PCR Analyzer (Optolane). The specific primers and probes used are provided in Table S2.

2.4. Transwell Migration and Invasion Assays

Cell migration and invasion were evaluated as previously described [23]. Briefly, for
the migration assay, cells were seeded in the upper chamber of a transwell assay (Corning
Inc., Corning, NY, USA) and incubated for 24 h. For the invasion assay, cells were plated in
the upper compartments of the growth-reduced Matrigel-coated chambers (BD Biosciences,
Franklin Lakes, NJ, USA) for 48 h. To observe the cells that migrated to the lower chamber,
the transwell membranes were fixed with 4% PFA and stained with 0.05% crystal violet
(Sigma, St. Louis, MO, USA). Cells on the undersurface of the membrane were counted
under a light microscope (Olympus, Tokyo, Japan).

2.5. Wound-Healing Assay

A wound-healing assay was performed to analyze the changes in cell motility by regulat-
ing ABCA1 expression. After culturing the cells to 80% confluence, the cell monolayers were
scratched with a 200 µL pipette tip, following which both cell lines were further incubated
with fresh medium without treatment for 24 h. Photomicrographs were then taken at 100×
magnification using an inverted microscope (Olympus, Tokyo, Japan).

2.6. Statistical Analysis

The statistical significance of the differences between mean values was calculated via
unpaired Student’s t-tests using SPSS (version 12.0; SPSS Inc., Chicago, IL, USA) or Excel
(Microsoft, Redmond, WA, USA). Statistical significance was set at p < 0.05.

3. Results
3.1. Characterization of PTC Cell Line for a Mouse Lung Metastasis Model

Approximately 30% of patients with TC developed metastasis. Although most of
these metastases were limited to the regional LN of the neck, 1–4% of cases showed DM
to other organs, such as the lungs and bones [7]. Because metastasis is characterized by
cell migration and invasion abilities, we first investigated the cell migration ability of
various PTC cells. By screening the migratory and invasive capacities of several thyroid
immortalized and cancer cells, we found that BCPAP cells had the best cell migration
and invasion capacities (Figure 1a). We first established BCPAP luciferase-stable cells
for visualization, and a tail vein injection model was established in nude mice. Lung
metastasis experiments revealed that BCPAP cells metastasized to the lungs (Figure 1b).
To profile the expression patterns of genes that regulate lung metastasis of PTC, we used
microarray technology to compare thyroid cell lines with different metastatic potentials.
The expressions of several genes were substantially altered in BCPAP cells than in Nthy and
SNU790 cells. To confirm our microarray results, we examined the mRNA expression levels
of candidate genes (Figure 1c). We observed increased expression of ABCA1 in BCPAP cells
because ABCA1 is known to be associated with a malignant phenotype in several types of
cancers [24–27]. Epidemiological and experimental evidence suggests that ABCA1 may be
involved in the progression of certain cancer types [4]. Therefore, these results suggest that
it is involved in lung metastasis of PTC.

3.2. ABCA1 Expression in Various PTC Cell Lines and Patients with Cancer with Metastatic Ability

Many studies have revealed that ABCA1 is associated with a malignant phenotype
in various carcinomas, including breast, colon, and lung cancers and melanoma [24–27].
To clarify the role of ABCA1 in lung metastasis of PTC, we investigated its expression
in several immortalized thyroid and cancer cells. ABCA1 expression was the highest in
BCPAP cells among various thyroid cell lines (Figure 2a,b). To confirm whether ABCA1 was
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consistent with the in vivo and in vitro results of BCPAP cells, we performed orthotopic
xenografts in BALB/c nude mice. Mice injected with BCPAP cells showed an increase in
tumor volume compared with the mice in the control group. As the SNU790 cell line did
not form a tumor mass [28], we used the BCPAP cell line. ABCA1 was highly expressed
in tumors generated from orthotopic xenografted mice with BCPAP cells, which showed
metastatic ability in the lungs (Figures 1b and 2c). To investigate the possibility of using
digital real-time PCR (Dr. PCR) for ABCA1 evaluation in FFPE tissues, we evaluated the
probe-based absolute expression of ABCA1 in patients with PTC with and without lung
metastases. In FFPE tissues of PTC with and without lung metastases, the copy numbers of
ABCA1 per µL were 11.9 ± 2.68 and 126.25 ± 17.92, respectively (p < 0.01) (Figure 2d, upper
right). The relative fold change in ABCA1 expression normalized to the reference gene
showed less data deviation in Dr. PCR analysis than in the qPCR analysis. Consequently,
PTC tissues from patients with lung metastasis showed higher expression of ABCA1 than
those of patients without metastasis (Figure 2d). Overall, these results suggest that ABCA1
contributes to lung metastasis both in vitro and in vivo.

Figure 1. Characterization of papillary thyroid cell lines for metastatic capacity. (a) Migration (upper)
and invasion (lower) by thyroid cells were analyzed and quantified. * p < 0.05 compared with Nthy
cells (Student’s t-test). (b) Images of lung metastases that developed in the BCPAP cells in the tail vein
injection models. The images were acquired using an IVIS imaging system. Representative luciferase
signals captured in each group at the time of the initial injection, 1 week, 2 weeks, and 3 weeks after
cell injection, are shown. (c) Heatmap generated from the microarray analysis of indicated thyroid cells
showing the differential expression between the three cells. The mRNA levels of indicated candidate
targets in the thyroid cell lines were validated via qRT-PCR. The data represent the mean ± SD of triplicate
measurements. * p < 0.05 vs. Nthy cells based on two-tailed Student’s t-test.
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Figure 2. ABCA1 expression in papillary thyroid cancer cells and patients suffering from cancer with
lung metastasis. (a,b) Expression levels of ABCA1 in Nthy immortalized non-cancer cells and three
thyroid cancer cell lines were analyzed via Western blotting, qRT-PCR, and immunocytochemistry. DAPI
was used to stain the nuclei of cells. (c) Representative H&E and ABCA1-stained tumor tissues from
mice injected with BCPAP cells. Scale bar: 100 µm. Data are presented as the mean ± SEM (n = 4,
independent experiments). (d) Representative IHC images showing ABCA1 levels in a sample from
a patient with thyroid cancer with lung metastasis (upper left). Scale bar: 100 µm. Differences in the
expression levels of ABCA1 in FFPE of patients with thyroid cancer with or without lung metastases
were analyzed via qRT-PCR (lower) and Dr. PCR (upper right and lower). * p < 0.05 (Fisher’s exact test).

3.3. ABCA1 Expression Leads to EMT Conversion, Motility, and Invasion by Targeting EMT-TF

To investigate the effects of ABCA1 on EMT progression, we examined whether ABCA1
affects the migration and invasion of BCPAP cells. siRNA-mediated ABCA1 knockdown
in BCPAP cells decreased their migration and invasion in BCPAP cells (Figure 3a). ABCA1-
knocked-down BCPAP cells transfected with siRNAs also showed decreased wound-healing
activity (Figure 3b). Transient ABCA1 knockdown in BCPAP cells using ABCA1 siRNAs
led to the downregulation of mesenchymal markers (N-cadherin and vimentin) and EMT
regulators (ZEB1 and Fra-1) at the protein and mRNA levels (Figure 3c,d). Consistent with
the results of Western blotting and qRT-PCR, the immunocytochemistry (ICC) results also
showed decreased expression of vimentin and ZEB1 in siRNA-mediated ABCA1-knocked-
down BCPAP cells (Figure 3e). Collectively, these results indicated that ABCA1 plays an
important role in EMT in PTC by regulating the expression of EMT-related molecules.
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Figure 3. siRNA-mediated ABCA1 knockdown inhibits migration and invasion by targeting
epithelial–mesenchymal transition transcription factors (EMT-TF). (a) Analysis of migration (upper)
and invasion (lower) in ABCA1-knocked-down BCPAP cells. * p < 0.05 versus siCon (Student’s t-test).
(b) Wound-healing capacity after ABCA1 knockdown was examined in BCPAP cells. After 24 h,
five different wounds in the picture were randomly selected and measured for quantification. (c–e)
Expression levels of the indicated EMT-related proteins in siRNA-mediated ABCA1-knocked-down
BCPAP cells were analyzed via Western blotting, qRT-PCR, and immunocytochemistry. DAPI was
used to stain the nuclei of cells. The data in (a,d) represent the means ± S.D. of triplicate assays.

3.4. ABCA1 Regulates EMT through the ERK Pathway

To determine whether the EMT regulatory signaling pathway is dependent on ABCA1
expression, we identified the most aberrantly activated pathways, including the EGFR,
SRC, and ERK pathways, which are associated with ABCA1 in various carcinomas [29,30].
Moreover, Fra-1 is a critical EMT effector downstream of Ras signaling that regulates EMT
by regulating ZEB1 [31–33]. Therefore, we also examined the involvement of Ras down-
stream of the MAPK signaling pathway in the regulation of EMT by ABCA1. According to
the data, phosphorylated MEK and ERK were markedly decreased in response to ABCA1
expression, indicating that ABCA1 may regulate EMT through the MEK/ERK pathway
(Figure 4a). To further clarify the role of ERK in EMT progression in TC cells, we elucidated
the molecular mechanism underlying the regulation of EMT-TF expression by ERK activity.
Based on a previous finding that MEK/ERK inhibitor induced Fra-1 expression [34], we
confirmed that the MEK/ERK inhibitor, U0126, regulates not only Fra-1 protein expression
but also ZEB1 (Figure 4b). In addition, BCPAP cells treated with U0126 showed decreased
motility and invasiveness in the transwell migration and invasion assays (Figure 4c). ICC
results also showed decreased expression of Fra-1 and ZEB1 in BCPAP cells treated with
U0126 (Figure 4d). Furthermore, transient ERK knockdown in BCPAP cells using two
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different siRNAs led to the downregulation of Fra-1 and ZEB1 and inhibition of migration
and invasion abilities (Figure 4e,f). Overall, these data show that ERK is involved in EMT
in BCPAP cells and regulates Fra-1 and ZEB1.

Figure 4. Knockdown of ABCA1 using siRNAs suppresses EMT by inhibiting the ERK pathway.
(a) Protein expressions of the indicated signaling pathways in siRNA-mediated ABCA1-knocked-down
BCPAP cells were measured using Western blotting. Expression levels of the indicated proteins in
BCPAP cells were analyzed after treatment with U0126 (b) or siRNA against ERK (e) via Western blotting.
(c) Migration (upper) and invasion (lower) of U0126-treated BCPAP cells were analyzed and quantified.
* p < 0.05, compared to DMSO-treated cells (Student’s t-test). (d) Effects of U0126 on Fra-1 and ZEB1
expressions were examined via immunofluorescence staining. (f) Graphs show the migration (upper)
and invasion (lower) abilities of siRNA-mediated ERK-knocked-down BCPAP cells.

3.5. Knockdown of ABCA1 Expression Suppresses ZEB1 Expression via ERK/Fra1

Because ZEB1 expression can be regulated by ERK [8] and ERK/Fra-1 regulates genes
related to cell migration, we investigated whether Fra-1 may be involved in the regulation
of ZEB1 via the ERK pathway. To determine the relationship between Fra-1 and ZEB1, we
first examined the effect of ZEB1 on Fra-1 expression in BCPAP cells. siRNA-mediated ZEB1
knockdown did not change Fra-1 protein expression but reduced cell migration and invasion
in BCPAP cells (Figure 5a,b). In contrast, siRNA-mediated inhibition of Fra-1 expression
suppressed both the protein and mRNA expression levels of ZEB1 and reduced cell migration
and invasion in BCPAP cells (Figure 5c–e). As ZEB1 expression can be regulated by ERK/Fra-
1 [35,36], we hypothesized that ABCA1 may be involved in the regulation of ZEB1 via the
ERK/Fra-1 pathway. Consistent with a previous study showing the enrichment of Fra-1 in the
ZEB1 promoter [36], ABCA1-knocked-down BCPAP cells reduced Fra-1 recruitment to the
ZEB1 promoter (Figure 5e). Collectively, these data support the notion that ABCA1 induces
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EMT gene expression programs, including Fra1 and ZEB1, via the ERK pathway in BCPAP
cells, which is characteristic of EMT and invasiveness.

Figure 5. Knockdown of ABCA1 expression suppresses ZEB1 expression via ERK/Fra-1. (a) Effect
of ZEB1 on Fra-1 expression was analyzed via Western blotting. (b) Representative images and
quantification of migration (upper) and invasion (lower) by the indicated cells. The data represent
the means ± S.D. of triplicate assays. * p < 0.05, compared with siCon (Student’s t-test). (c) Effect of
Fra-1 on ZEB1 expression was analyzed via Western blotting (left) and qRT-PCR (right). (d) Graphs
show the migration (upper) and invasion (lower) abilities of siRNA-mediated Fra-1-knocked-down
BCPAP cells. (e) ChIP analysis showing the recruitment of Fra-1 to the promoter regions of ZEB1
gene in ABCA1-knocked-down BCPAP cells. Results are shown as means ± S.D. of experiments in
triplicate. * p < 0.05 vs. siCon (Student’s t-test).

3.6. ABCA1 Is Associated with Lung Metastasis of Papillary Thyroid Cancer Cells

To determine whether ABCA1 is involved in inducing lung metastasis, we confirmed
the expression of ABCA1 and target proteins, such as pERK, Fra-1, and ZEB1, in BCPAP
cell-bearing PTC. Consistent with our in vitro results, ABCA1 expression was positively
correlated with pERK/Fra-1/ZEB1 expression in mice bearing orthotopic xenograft BCPAP
cells (Figure 6a, left panel). Moreover, the expression of these proteins in the tissues of pa-
tients with PTC with lung metastases was higher than that in the tissues of patients without
lung metastases (Figure 6a, right panel). Mice injected with stable ABCA1-knocked-down
BCPAP cells showed a marked reduction in lung metastasis compared with mice injected
with BCPAP cells (Figure 6b, left panel). Four weeks after lung resection, macroscopically
visible metastases were detected in mice injected with BCPAP; however, mice injected with
ABCA1-knocked-down BCPAP cells showed no visible metastases (Figure 6b, right upper
panel). Hematoxylin and eosin (H&E) staining also revealed the presence of metastatic
nodules in the resected lungs of mice injected with BCPAP cells; however, no metastases
were detected in the lungs of mice injected with ABCA1-knocked-down cells (Figure 6b,
right bottom panel). Collectively, we concluded that ABCA1 loss inhibited Fra-1 and
ZEB1 through ERK phosphorylation inhibition and subsequently suppressed EMT, thereby
suppressing lung metastasis (Figure 6c).
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Figure 6. ABCA1 is associated with lung metastasis. (a) Representative images indicating protein-
stained tumor tissues from mice injected with BCPAP cells and patients with thyroid cancer. Scale
bar: 100 µm. (b) Cell lysates from BCPAP cells stably expressing control short hairpin RNA (shRNA:
shCon) or ABCA1 shRNA (shABCA1) were analyzed via immunoblotting (upper). A representative
image of histological analysis of the lungs isolated from mice injected with shCon in the tail vein
or ABCA1-knocked-down (shABCA1) BCPAP cells (left). Arrowheads and hematoxylin and eosin
(H&E) staining images indicate lung metastatic nodules (right). Data were quantified by counting the
number of surface lung nodules (upper left). Error bars indicate the means ± S.E.M. * p < 0.05 versus
shCon (Student’s t-test). (c) Proposed model for the regulation of EMT by ABCA1. In the absence
of ABCA1, decreased expression of Fra-1 is due to reduced ERK activity, which leads to decreased
Fra-1 binding to the promoter region of ZEB1 EMT-TF. This reduces the expression of ZEB1, and the
reduced expression of ZEB1 suppresses EMT.

4. Discussion

In this study, we investigated the efficacy of DM-related biomarkers as therapeutic
targets for PTC therapy and demonstrated that ABCA1 plays an important role in the
inhibition of lung metastasis of PTC via the ERK/Fra-1/ZEB1 pathway. ABCA1 is highly
expressed not only in BCPAP cells with high cell invasion and mobility but also in BCPAP-
bearing tumor tissues. In addition, ABCA1 expression is high in the tissues of patients with
PTC with lung metastases. siRNA-mediated ABCA1-knocked-down BCPAP cells showed
reduced cell invasion, migration, and expression of EMT regulators. These events were
similar to the effects of inhibition of ERK, Fra-1, and ZEB1 by specific inhibitors or siRNAs,
consequently leading to EMT inhibition. Therefore, we propose that the ERK/Fra-1/ZEB1-
dependent EMT cascade is controlled by ABCA1, thereby suppressing lung metastasis as
an EMT modulator.

Our findings demonstrated that ABCA1 may play an important role in EMT in PTC
cells. As the role of ABCA1 in tumorigenesis has become increasingly evident, there is
increasing evidence that ABCA1 contributes to cancer development as well as malignant
phenotypes and drug resistance [13,14,22]. Because cancer cells are closely related to
intracellular cholesterol levels and ABCA1 functions as a reverse cholesterol transport
channel [12,37,38], the role of ABCA1 in the regulation of cellular processes involved in
tumor behavior remains controversial. Some studies have revealed that ABCA1 may affect
cancer cell growth and migration by regulating the cholesterol levels [39–42]. Decreased
ABCA1 expression in several cancers, such as prostate, breast, and oral cancers, is associated
with the rate of cancer cell proliferation [43–46], and ABCA1 overexpression substantially
inhibits the proliferation, migration, and invasion of lung adenocarcinoma cells [47,48].
Similarly, ABCA1 hypermethylation may be associated with enhanced cell proliferation
and inhibition of apoptosis [16,49,50]. Evidence from the past decade has suggested
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that body fat percentage, cholesterol levels, and obesity may be associated with a PTC
type [51,52]. Moreover, although a recent study revealed an association between cholesterol
and malignancy in thyroid cancer [18], the relationship between ABCA1 and TC remains
unknown. Further studies are required to establish the role of ABCA1 in TC and cholesterol
metabolism. Nevertheless, our findings provide evidence that cooperation between the
ABCA1 and ERK pathways is an important molecular connection in EMT. A recent study
suggested that potential inhibition of ERK signaling is required to properly induce iodide
uptake as a promising strategy for the treatment of TC [53]. Consistent with this evidence,
we showed that ABCA1 regulates the transcription of ZEB1, an EMT-TF, by regulating
the ERK/Fra-1 pathway. Furthermore, our novel findings showed that ABCA1 decreased
Fra-1 expression and then inhibited Fra-1-mediated ZEB1 transcription, similar to the ERK
inhibitory effect. Overall, we propose that ABCA1 may have an oncogenic function as a
novel regulator of ERK and Fra-1.

Our data emphasize the potential of ABCA1 expression as a predictive marker of lung
metastasis in patients with PTC. Accurate nucleic acid measurement of specific markers is
receiving great attention not only for cancer diagnosis and prognosis but also for tracking
the evolution of cancer cells before and after treatment. Digital PCR has recently emerged
as a promising technology for gene quantitative research and diagnosis because it can
quantify the expression level of a target gene in 20,000 independent partitions, ensuring
high specificity and sensitivity because it is less affected by various PCR inhibitors [54–56].
Moreover, samples embedded for long periods are susceptible to non-specific binding
of SYBR in RT-PCR analysis because they have a negative effect on the quality of DNA
and RNA that can be isolated from FFPE tissues. To confirm the potential of ABCA1 as a
metastasis predictive marker, we applied our novel Dr. PCR method to analyze tumors
with and without lung metastases, previously analyzed via qPCR. Some studies have
revealed that high ABCA1 expression promotes migration and growth and reduces clinical
outcomes [22,51,57]. Similarly, Pan et al. suggested that ABCA1 is a specific marker of
triple-negative breast cancer (TNBC), as its expression is higher in TNBC tissues than in
non-cancerous mammary tissues [27]. A recent study revealed that ABCA1 was upregulated
in the most aggressive samples, although these changes were not substantial in advanced
thyroid cancers, including poorly differentiated TC and anaplastic TC [18]. Consistent with
this, our in vitro and in vivo data showed an association between high ABCA1 expression
and the invasion and metastasis of human PTC, supporting the clinical significance of
ABCA1 in PTC with lung metastasis. In summary, we demonstrated that ABCA1 functions
as a modulator of EMT via the ERK/Fra-1/ZEB1 pathway and is a novel predictor of
response to TC with lung metastasis. Therefore, ABCA1 may be an important oncogene
and novel target in TC with lung metastasis.
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