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PRRX1 isoform PRRX1A regulates the stemness phenotype and
epithelial-mesenchymal transition (EMT) of cancer stem-like cells
(CSCs) derived from non-small cell lung cancer (NSCLC)
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Backgrounds: The 2 isoforms of paired-related homeobox 1 (PRRX1), PRRX1A and PRRXIB, are
critical in regulating several kinds of cancers, and figure prominently in the maintenance of stemness and
progression of epithelial-mesenchymal transition (EMT). However their differential expression in non-small
cell lung cancer (NSCLC) clinical samples and exact regulatory roles in cancer stem-like cells (CSCs) remain
unknown.

Methods: I vitro and in vive experiments were employed to investigate the molecular mechanism. Using
CSCs, mouse models, and clinical tissues, we obtained a general picture of the relatively higher level of
PRRXIA compared to PRRX1B, and PRRX1A thus promoting EMT and maintaining stemness of CSCs.
Results: PRRXIA but not PRRX1B was upregulated in lung cancer tissues and was positively correlated
with TGF-p expression. In CSCs, overexpressed PRRX1A promoted malignant behaviors via transcriptional
activation of TGF-B depending on TGF-B/TGF-pBR signaling pathway. PRRX1A knockdown decreased self-
renewal capacity accompanied by a decrease in stemness factor expression independent of the TGF-p/TGF-
BR signaling pathway. Furthermore, PRRX1A was found to tightly bind to and stabilize SOX2. PRRX1A
promoted sphere formation not only by enhancing stemness via stabilizing SOX2 but also by promoting cell
proliferation.

Conclusions: PRRXIA, but not PRRX1B, was demonstrated to have important roles in the regulation of
the stemness and metastatic potential of lung cancer, which suggests the potential application of PRRX1A in

cancer treatment.
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Introduction

Lung cancer is the most common type of malignancy and
one of the most fatal cancers globally. The 5-year survival
rate of lung cancer is only approximately 20% (1,2). Non-
small cell lung cancer (NSCLC) is the most common
subtype of lung cancer, accounting for approximately
80-85% of all lung cancers. Although multiple strategies
for curing NSCLC have been developed, including
surgical resection, chemotherapy, and/or radiotherapy,
unfortunately, most NSCLC patients suffer from
chemoresistance and radioresistance, which leads to poor
prognosis (3). At present, surgery remains the first choice
for early stage disease, and platinum-based chemotherapy
remains the standard procedure (3). Thus, efforts should
be made to investigate the mechanisms inducing malignant
behaviors in NSCLC.

Paired-related homeobox 1 (PRRX1), a transcription
factor (TF), is tightly associated with tumorigenesis
and malignancies (4-6). There are 2 alternative splicing
transcripts of the PRRX1 gene: PRRXI1A (245 amino
acids) and PRRX1B (217 amino acids) (7,8). PRRX1A and
PRRX1B are highly conserved and exert similar functions,
including acting as TFs (9). In pancreatic regeneration
and carcinogenesis processes, PRRX1A/B transcriptionally
activates Sox9 and thus positively regulates Sox9-regulated
acinar ductal metaplasia and regeneration. However,
PRRXI1A and PRRX1B function differently in these
processes. For example, in pancreatic cancer, PRRX1A and
PRRX1B fulfill separate functions and might synergize at
distinct steps of physiological processes (10). We reasoned
that there might be different functions of PRRX1A and
PRRX1B in other cancers, since they are widely expressed.

PRRXI1A and PRRX1B are involved in regulating the
processes of epithelial-to-mesenchymal transition (EMT)
and mesenchymal-to-epithelial transition (MET) (4,11),
which modulate metastasis in liver cancers (10). This
isoform-specific regulation of the EMT-MET axis has
been revealed in breast (12), colorectal (13,14), and gastric
cancer (15). The loss of PRRX1 was discovered to induce
MET and metastatic colonization in breast cancer,
potentially via loss of a PRRX1A-specific function or a
decrease in the ratio of PRRX1A to PRRXIB (12), in the
context of tumor progression. Therefore, the investigation
into the potential functions and mechanisms of PRRX1A
and PRRX1B and the identification of possible regulatory
mechanisms will provide useful new insights into the
biological roles of PRRX1A and PRRX1B.
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Accumulating evidence has shown that tumors
are composed of heterogeneous cell populations,
including those capable of self-renewal and multilineage
differentiation, defined as cancer stem-like cells (CSCs) (16),
which contribute to the induction of drug-/radiation-
resistance and recurrent metastases (17). In those CSCs
derived from various kinds of cancer cells, CD24, CD44,
and ALDHI1 are considered specific markers (18-20). Several
key stemness factors are critical for stemness maintenance
in CSCs, including OCT4, Sox2, KLF4, and NANOG (21),
which are tightly associated with malignancies. In adult
neural stem/progenitor cells, SOX2 acts as a TF that is
required for the maintenance of stemness in the central
neuron system (22) and is coactivated with PRRX1 (23).
Although there is insufficient evidence to demonstrate the
exact mechanism of the coactivating roles between SOX2
and PRRXI, it is worth investigating whether PRRX1A and
PRRXI1B coactivate with SOX2 differently and thus affect
stemness in CSCs derived from NSCLC.

In this study, we show that PRRX1A and PRRX1B
present different expression patterns and exert different
functions in regulating malignancies and stemness in
CSCs derived from NSCLC. Bioinformatic analysis of
clinical samples suggested that PRRX1A is correlated with
the expression of TGF-B, which potentially causes EM'T
progression. Hence, in the current study, we explored
whether PRRX1A affects the malignancy and stemness of
CSCs derived from NSCLC.

We present the following article in accordance with the
ARRVIE reporting checklist (available at http://dx.doi.
org/10.21037/tler-20-633).

Methods

The experiments were approved by the Medical Ethics
Committee of the First Affiliated Hospital of China
Medical University. All animal experiments were performed
in accordance with relevant guidelines of Animal Ethics
Committee of the First Affiliated Hospital of China Medical
University.

Cell culture and enrichment of CSCs

The human NSCLC A549 and SPC-A1 cell lines were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and maintained in Dulbecco’s
Modified Eagles Medium (DMEM, Gibco, Paisley,
UK) supplemented with 10% fetal bovine serum (FBS),
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100 units/mL of penicillin and 0.1 mg/mL of streptomycin
(Gibco, Paisley, UK). Every 3 days, medium was refreshed
or passaged.

For CSC culture, cells were maintained in DMEM/Ham
Nutrient Mixture F-12 (1:1) with the addition of epidermal
growth factor (EGE, 20 ng/mL), human fibroblast growth
factor basic (hFGFb, 10 ng/mL), and 2% B27. Every 3 days,
medium was half-replaced, and after 14-21 days, spheres
were collected and stored in liquid nitrogen.

Tumor formation in nude mice

A total of 21 female BALB/c nude mice (4 weeks old) were
kept in the specific-pathogen-free (SPF) facility. The mice
were housed at room temperature with 12-h light/dark
cycles, 50-65% humidity, and access to standard chow and
water. All procedures in this section were approved by the
Medical Ethics Committee of the Shanghai Outdo Biotech
Company and performed according to the ethical guidelines.
Briefly, mice were randomly divided into 3 groups, with
7 mice in each group. Next, 3x10° cells stably expressing
pENTR/UG6 vector, shSOX2, or shPRRX1A/B were injected
under the back skin of the randomly grouped nude mice.
From day 8 through day 28 after tumor inoculation, tumor
size was measured for the longest (length) and the shortest
(width) diameters every other day. Before either diameter
reached 1 cm, mice were euthanized by inhalation of CO,
gas. The tumors were quickly dissected for imaging.

Serial replating assay

Cells were replated at clonal density (1,000 cells/well) and
cultured in serum-free medium (SFM) supplemented with 2%
B 27, 10 ng/mL EGE, and 20 ng/mL bFGEF. Every 3 days,
the medium was half-replaced. After 14 days, cells were then
washed with phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde in PBS, stained with 0.1% crystal violet
(Sigma-Aldrich, St. Louis, MO, USA) for 10 min, washed
with PBS, and the colonies were counted. For replating, same
amount of cells were plated in SEM. After 14 days, the same
procedure was performed and repeated 3 times.

Bioinformatics prediction

We used the Gene Expression Profiling Interactive Analysis
(GEPIA) (http://gepia.cancer-pku.cn) to predict the levels
of gene expression in NSCLC and normal tissues. It was
also employed to access the correlation between genes.
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¢DNA microarray and quantitative real-time polymerase
chain reaction (PCR)

A lung cancer cDNA microarray was purchased from
Shanghai Outdo Biotech co., Ltd (Cat. No.: MecDNA-
HLugA030PGO1; Shanghai, China), which contained
30 paired cancer and paired adjacent lung tissues. The
tissues were all from patients who were consecutive,
newly diagnosed, untreated, and unselected (15 males,
15 females), and their ages ranged from 38 to 75 years
(median age of 57 years). The experiments were approved
by the Medical Ethics Committee of the Shanghai Outdo
Biotech Company (ID: YBM-05-02). The cells were washed
with ice-cold PBS twice and suspended with TRIZol
reagent (Life Technologies, Grand Island, NY, USA), and
total RNA was extracted by following the manufacturer’s
instruction. Then, total RNA was dissolved in 40 pL of
diethyl pyrocarbonate (DEPC) water and adjusted by
200 ng/mL at final concentration. For reverse transcription,
20 pL reaction system was prepared with a cDNA synthesis
kit according to the manufacturer’s instruction. For
quantitative polymerase chain reaction (qPCR), SYBR
Green PCR Master Mix (Life Technologies, Grand Island,
NY, USA) was used according to the manufacturer’s
instruction. The involved primers were listed in Table 1.
The ¢cDNA was used as template under the following
conditions: 40 cycles of 95 °C for 30 s (s), 55 °C for 30 s, and
72 °C for 1 min. ABI7500 (Applied Biosystems, Foster City,
CA, USA) was used for qPCR. Samples were compared
using the relative CT method normalized to a housekeeping

. _AACT
gene using 2 .

Western blot

Cells were suspended in Lysis buffer containing 50 mM
Tris-HCI, 150 mM NaCl, 0.02% NaN3, 100 pg/mL
Phenylmethanesulfonylfluoride fluoride (PMSF), 1 pg/mL
aprotini, 1 pg/mL pepstatin A, and 1% Triton X-100.
SoniConvert® homogenizer (DocSense, Chengdu, China)
was employed to completely lyse cells. The following
primary antibodies were used: Rabbit monoclonal anti-
PRRX1 antibody (1:1,000, #ab211292); Rabbit monoclonal
anti-TGF-B1 antibody (1:2,000, #ab92486); Rabbit
monoclonal anti-E-cadherin antibody (1:1,000, #ab15148);
Rabbit monoclonal anti-N-cadherin antibody (1:1,000,
#ab18203); Rabbit monoclonal anti-vimentin antibody
(1:1,000, #ab92547); Rabbit monoclonal anti-DDDK tag
(binds to FLAG tag sequence) antibody (1:5,000, #ab1162);
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Table 1 Primers used to reverse transcriptional quantitative PCR
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Gene Forward primer from 5' to 3' Reverse primer from 5' to 3'
PRRX1A ACAGCGTCTCCGTACAGCGC AGTCTCAGGTTGGCAATGCT
PRRX1B CATCGTACCTCGTCCTGCTC GCCCCTCGTGTAAACAACAT
p-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
CD24 CTCCTACCCACGCAGATTTATTC AGAGTGAGACCACGAAGAGAC
CD44 CTGCCGCTTTGCAGGTGTA CATTGTGGGCAAGGTGCTATT
ALDH1 GCACGCCAGACTTACCTGTC CCTCCTCAGTTGCAGGATTAAAG
OCT4 CTGGGTTGATCCTCGGACCT CCATCGGAGTTGCTCTCCA
NANOG TTTGTGGGCCTGAAGAAAACT AGGGCTGTCCTGAATAAGCAG
SOox2 GCCGAGTGGAAACTTTTGTCG GGCAGCGTGTACTTATCCTTCT
TGF-p1 CTGACGGCCACGAACTTCC GCACTGACATTTGTCCCTTGA
TGF-f2 CTGGATGCAGCCTATTGCTT TGGTGAGCGGCTCTAAATCT
TGF-$3 AAGTGGGTCCATGAACCTAA GCTACATTTACAAGACTTCAC
E-cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
N-cadherin TCAGGCGTCTGTAGAGGCTT ATGCACATCCTTCGATAAGACTG
Vimentin GAGAACTTTGCCGTTGAAGC TCCAGCAGCTTCCTGTAGGT

PCR, polymerase chain reaction.

Rabbit monoclonal anti-SOX2 antibody (1:1,000, #ab93689);
and Rabbit monoclonal anti-B-actin antibody (1:5,000,
#ab8227). Goat anti-rabbit IgG H&L antibody (horseradish
peroxidase-labeled, 1:10,000, #ab7090) was used as secondary
antibody. Blot bands were quantified via densitometry with
Image ] software (National Institutes of Health Baltimore,
MD, USA). B-actin was used as an internal reference.

Construction of expression plasmid and transfection

The full-length complementary DNA (cDNA) of PRRX1A
(human PRRXIA, transcript variant pmx-la; NCBI
reference sequence: NM_006902.5) and PRRX1B (human
PRRXI1B, transcript variant pmx-1b; NCBI reference
sequence: NM_022716.4) were obtained from RiboBio
(Guangzhou, China) and ligated into the Hind III-
Bam HI site of the p3xFLAG-CMV-10 vector (Sigma-—
Aldrich, St. Louis, MO, USA). The Hind III, Bam HI
restriction enzymes, and T4 ligase were purchased from
Takara (Heidelberg, Germany). Then, 0.8 pg of plasmid or
empty vector was mixed with 4 pL. Lipofectamine™ 2000
transfection reagent (Thermo Scientific, Waltham, MA,
USA) in 0.5 mL OptMEM medium (Thermo Scientific,
Waltham, MA, USA), and this was applied to cells for
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4 h followed by a medium-refresh. After 24 h, the culture
medium was again refreshed.

Cell cycle analysis

To assess cell cycle distribution by quantification of DNA
content, cells were harvested, washed with ice-cold PBS,
and fixed overnight at 4 °C with ice-cold 70% ethanol.
Then, fixed cells were washed with ice-cold PBS 3 times
and incubated with a final concentration of 100 pg/mL
RNase A and 40 pg/mL propidium iodide (PI, Beyotime)
for 15 min in the dark. Then, cells were analyzed by 3 laser
Navios flow cytometers (Beckman Coulter, Brea, CA, USA).

Transwell assay

Matrigel purchased from Millipore (Darmstadt, Germany)
was diluted at a 1:3 concentration in SFM, and 50 pL of
diluted Matrigel was added to the upper chamber of the
Transwell plates and allowed to stand for 4 h. Single-
cells were resuspended in SFM and seeded into the upper
chamber at the amount of 1x10* cells/well. Subsequently,
600 pL of SFM supplemented with 20 ng/mL EGF,
10 ng/mL bFGF, and 2% B27 was added to the lower
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chamber. After 24-hour incubation, inserts were
collected, and the cells on the lower face were fixed in 4%
paraformaldehyde and stained with crystal violet for 15 min.
The cells in 5 random views were counted.

Co-immunoprecipitation

For co-immunoprecipitation, 1x10° cells were lysed using
radioimmunoprecipitation assay (RIPA) lysis buffer, and
the protein concentration was measured by performing
bicinchoninic acid (BCA) assay (Sigma) following the
manufacturer’s instruction. Next, 50 pL of protein A
agarose bead slurry was incubated with 10 pg of anti-
DDDK tag antibody overnight at 4 °C with rotation. Then,
the pellet beads were washed 3 times with PBS. The protein
A/antibody complex was then incubated with 500 pg of
lysate protein overnight with rotation, followed by 3 PBS
washes. Then, the complex was heated at 100 °C for 10 mL,
and 15 pL of eluted sample was loaded for the following
semiquantitative Western blot assay.

Statistical analysis

All data are presented as mean + SD (X x5 ). Student’s
t-test was performed to assess statistical significance.

The Wilcoxon signed-rank test was used to compare
paired samples, whereas Kruskal-Wallis and Mann-
Whitney U-tests were used to compare different groups. P
values <0.05 were regarded as statistically significant.

Results
The expression pattern of CSCs derived from NSCLCs

After being cultured in SFM, epithelial A549 and SPC-ALl
cells turned into spheres in suspension (Figure 1A4). The
proportion of CD133+ cells in parental A549 cells and
SPC-A1 cells reached 7.2% or 5.3%, respectively, while
the proportion of CD133+ cells in derived CSCs reached
approximately 77.5% or 75.4% (Figure 1A4). In the self-
renewal assay, CSCs derived from both A549 and SPC-Al
cells showed continuous self-renewal capacity (Figure 1B).
To determine the different expression patterns of EMT
markers, PRRX1A, and PRRX1B among these cells, reverse
transcriptase (RT)-qPCR assays were performed. It was
found that compared to HBE cells, A549 cells presented no
detectable differences in PRRX1A/B, EMT markers and,
stemness factors, while SPC-A1 cells presented a lower
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expression of PRRX1B and EMT markers (Figure 1C).
Remarkably, compared to parental cells, A549-CSCs and
SPC-A1-CSCs had a significantly higher expression of
PRRXI1A and EMT markers (Figure 1D). The protein levels
were consistent with their transcriptional levels (Figure 1E).

To evaluate the expression level of PRRX1 in
pathological tissues, we performed an expression analysis
by comparing lung adenocarcinoma (LUSC) and lung
squamous cell carcinoma (LUSC) to normal tissues by using
the GEPIA server. We found that PRRX1 was obviously
but no significantly increased in NSCLC tissues (Figure 1F).
Meanwhile, the human protein atlas verified an obvious
expression trend of PRRX1 protein within NSCLC tissues
(Figure 1G). Notably, PRRX1 expression was demonstrated
to be irrelevant to prognosis (Figure 1H).

The potential roles of PRRX1A in regulating malignant
bebaviors in CSCs derived from NSCLC

To investigate the biological roles of PRRX1A, we
overexpressed or downregulated PRRX1A or PRRX1B in
A549-CSCs and SPC-A1-CSCs (Figure 2A,B), verified the
efficiency, and observed changes in malignant behaviors.
Propidium iodide (PI) staining followed by flow cytometry
assays illustrated that, in both A549- and SPC-A1-CSCs,
overexpression of PRRX1A but not PRRX1B promoted
cell cycle progression from G1/GO to S phase (Figure 2C).
Notably, downregulation of both PRRX1A and PRRX1B
blocked the cell cycle at G1/G0. By performing a CCK-8
assay, the promoting effect of overexpressed PRRX1A and
the inhibitory effect of downregulated PRRX1A on cell
viability were further confirmed (Figure 2D).

By considering the significantly higher expression levels
of stemness factors and EMT markers in CSCs, we then
determined whether PRRX1A/B expression was involved
in regulating their processes. In the self-renewal capacity
assay, knockdown of PRRX1A and PRRX1A/B obviously
decreased self-renewal capacity in A549-CSCs and SPC-
A1-CSCs (Figure 2E,F). Notably, both the overexpression
of PRRXIA and PRRXI1B failed to promote self-renewal
capacity, potentially due to the endogenous protein level
being sufficient. We also performed a Transwell invasion
assay after overexpression or knockdown of PRRX1A/
B. As illustrated in Figure 2G (left panel for A549-CSCs,
right panel for SPC-A1-CSCs), knockdown of PRRXI1A
and PRRX1A/B significantly decreased the number of cells
transferred to the other surface membrane. Surprisingly,
overexpression of PRRX1A, but not PRRX1B, increased
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Figure 1 The enrichment of CSCs from NSCLCs and detection of the expressing levels of PRRX1A/B and EMT hallmarkers in CSCs
and NSCLC clinical samples. (A) CSCs from A549 and SPC-A1 cells were enriched. Then, the CD133+ proportion was analyzed by
performing flow cytometry. (B) Serial replating assay was performed to detect self-renewal capacity. (C) RT-qPCR was performed to
detect the expression patterns of stemness factors, PRRX1A/B and EMT hallmarkers; *, P<0.05, vs. HEB group. (D) RT-qgPCR was
performed to detect the expression patterns of PRRX1A/B and EMT hallmarkers between CSCs and their parental cells. *, P<0.05, vs.
A549 cells; !, P<0.05, vs. SPC-A1 cells. (E) Semi-quantitative Western blot was performed to detect the protein levels of PRRX1A/B and
EMT hallmarkers between CSCs and their parental cells; *, P<0.05, vs. A549 cells; *, P<0.05, vs. SPC-A1 cells. (F) Differential expression
of PRRX1 between tumor and adjacent normal tissues in NSCLC. (G) PRRXI protein expression in normal lung tissue and NSCLC

specimens. Images were obtained from the Human Protein Atlas online database. (H) Kaplan-Meier curves stratified by PRRX1 mRNA

expression. Data was available on GEPIA web server. CSCs, cancer stem-like cells; NSCLC, non-small cell lung cancer; PRRX1, paired-

related homeobox 1; EMT, epithelial-mesenchymal transition.
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Figure 3 The expression patterns of PRRX1A, PRRX1B, and TGF-p in lung cancer tissues. (A) RT-qPCR was performed to assess the
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PRRX1A and T'GF- in lung cancer tissue samples were positively correlated. The correlation between PRRX1 and TGF-1 (C), E-cadherin
(D), N-cadherin (E), and Vimentin (F) were analyzed by using the GEPIA server. PRRX1, paired-related homeobox 1.

invasive capacity, indicating that PRRXIA, but not
PRRX1B, plays a critical role in promoting invasiveness in
both A549-CSCs and SPC-A1-CSCs.

Expression levels of PRRX1A and TGF-f in lung cancer
cases

To determine the expression patterns of stemness factors,
PRRX1A/B and EMT markers in lung cancer tissues

© Translational Lung Cancer Research. All rights reserved.

compared to adjacent tissues, we examined their mRNA
levels in 30 paired clinical lung cancer tissues (Figure 34).
We found that PRRX1A, PRRX1B, and TGF-p were
significantly upregulated in lung cancer tissues compared
to paired adjacent tissues, which indicated the potential
correlation between all these genes. Furthermore, PRRX1A
and T'GF-B expression were positively correlated in lung
cancer tissues, but there was no correlation with PRRX1B
(Figure 3B).
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We also analyzed the correlation between PRRX1 and its
target genes, including TGF-B1 by using the GEPIA server.
Consistent with our clinical data, in 527 lung cancer clinical
tissues, PRRX1 was positively and significantly correlated
to TGF-B1 (Figure 3C). Despite of the irrelevance of
E-cadherin with TGF-1 (also termed CDHI, Figure 3D),
TGF-B1 was also positively correlated with N-cadherin
(also termed CDH2) and Vimentin (Figure 3E,F), which
demonstrates that PRRX1 is tightly associated with
TGF-p1 and EMT progression.

PRRX1A transcriptionally regulates TGF-ff and
subsequently modifies EMT processes

Transforming growth factor-p has 5 different isoforms,
3 of which are expressed in humans (TGF-B1, B2, and
B3). This prompted us to assess the modulatory roles of
overexpressed PRRX1A or PRRXI1B in regulating all
3 isoforms. As presented in Figure 44, the overexpression of
PRRXI1A significantly activated all 3 isoforms. To determine
whether PRRXI1A regulates EMT via the TGF-p signaling
pathway, SB431542, a TGF-p receptor (TGF-BR) inhibitor,
was employed to block TGF-B/TGF-BR signaling. By
performing RT-qPCR (Figure 4B) and semiquantitative
Western blotting (Figure 4C), it was observed that the
regulation of EM'T markers by overexpressed PRRX1A was
reversed by the addition of SB43142, demonstrating that
PRRX1A regulates EMT in a TGF-p/TGF-BR signaling
pathway-dependent manner. Invasion assays further
confirmed that PRRX1A promoted invasive capacity via the
TGF-p/TGF-PR signaling pathway in both A549 CSCs and
SPC-A1 CSCs (Figure 4D).

PRRX1A potentially regulates CSC stemness by stabilizing
the stemness factor SOX2

In the RT-qPCR assay, A549-CSCs and SPC-A1-CSCs
presented significantly higher levels of stemness factors
than their parental cells (Figure 5A). To determine whether
PRRX1A regulates CSC stemness, stemness factors were
then measured. The results demonstrated that knockdown
of PRRX1A and PRRX1A/B significantly decreased
CD24, ALDHI1, OCT4, Nanog, and Sox2 (Figure 5B, left
panel). However, overexpression of PRRX1A or PRRX1B
slightly affected stemness factors (Figure 5B, right panel),
which was consistent with previous findings (Figure 2E,F).
Shimozaki and colleagues reported that, in adult neural
stem/progenitor cells, PRRX1A/B plays critical roles in

© Translational Lung Cancer Research. All rights reserved.
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maintaining stemness via binding to SOX2 on its HMG-box
domain (23). This finding prompted us to confirm whether
overexpressed PRRX1A and PRRX1B bind to SOX2 in
A549 CSCs. As expected, overexpressed PRRX1A strongly
bound to the SOX2 protein (Figure 5C), and overexpressed
PRRX1B was also observed to bind to PRRX1B, but it is
unknown whether PRRX1B binds directly or indirectly
to SOX2. SOX2 protein detection revealed that PRRX1A
overexpression increased SOX2 protein by potentially
stabilizing SOX2, which was not affected by the blocking of
the TGF-B/TGF-BR signaling pathway (Figure 5D).

Sphere formation assays revealed that knockdown of
both PRRX1A/B and SOX2 obviously decreased sphere
formation ability in both A549-CSCs and SPC-A1-CSCs
(Figure 6A). To further confirm whether PRRXIA and
SOX2 maintained stemness via regulating cell proliferation,
the proportion of cells in each cell cycle phase was assessed.
Knockdown of PRRXI1A, but not SOX2 affected cell
cycle distribution significantly, indicating that PRRX1A
contributes to stemness maintenance partially via the
stabilizing of SOX2 (Figure 6B). To gain additional evidence
in vivo, tumor formation in nude mice was analyzed. By
injecting stable transfected CSCs into the backs of nude
mice, we observed that both PRRX1A/B and SOX2
knockdown significantly decreased the tumor size and
weight when compared to the control group (Figure 6C).

Discussion

We have shown that one of the isoforms of PRRX1,
PRRXI1A, but not PRRX1B, enhances the mesenchymal
phenotype of CSCs derived from NSCLC via
transcriptionally activating TGF-p, revealing a dependence
on the TGF-B/TGF-BR signaling pathway. Knockdown of
endogenous PRRX1A and PRRX1A/B obviously decreased
the stemness of CSCs, which was further confirmed to
exert a regulatory role by interacting with SOX2 and thus
stabilizing it. This result suggests that PRRX1A, at least
partially, is critical for maintaining stemness. Our data on
CSCs agree with several reports that showed that PRRX1
induces EMT progression and thus regulates metastasis and
results in poor prognosis (13) and that PRRX1 contributes
to maintaining stemness in CSCs derived from breast
cancer (5). However, in all these reports, whether the
2 isoforms of PRRX1, PRRX1A and PRRX1B, contribute
differently was not further investigated. In the current
study, PRRXIA was found to play more critical roles in
regulating EMT and stemness of CSCs. Higher expression
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levels of PRRX1A than PRRX1B in clinical NSCLC tissues
also indicated that PRRX1A may play a more critical role
in carcinogenesis and tumor progression. The roles of
PRRXI1B in regulating EM'T and stemness properties might
be diverse, and further studies are required.

In a previous report, PRRX1A was identified as a
transcriptional activator, and PRRX1B was found to exert
the opposing function as a transcriptional repressor (24).
Consistently, in our results, overexpression of PRRX1A
transcriptionally activated the TGF-B family and promoted
EMT progression in a TGF-B/TGF-BR signaling
pathway-dependent manner. However, overexpression
of PRRX1B failed to obviously affect TGF-p expression.
This observation suggests that endogenous PRRX1B
may be irrelevant to the regulation of the TGF-f family
in the context of CSC biology. One possibility is that the
functional characteristics of PRRX1A and PRRX1B are cell
type-specific. Due to the difficulty of specifically decreasing
PRRX1B without disturbing PRRX1A, we failed to provide

© Translational Lung Cancer Research. All rights reserved.

supporting evidence showing whether PRRX1B is relevant
to TGF-B activation. This is worth investigating in further
research.

Increasing evidence supports that the balance of EMT-
MET progression regulates cancer metastasis (25). Here,
downregulation of epithelial E-cadherin and upregulation
of mesenchymal N-cadherin and Vimentin were apparent
when PRRX1A, but not PRRX1B, was overexpressed,
while a consistent invasive phenotype was observed.
PRRXI1A exhibited precipitative effects in EMT, which is
consistent with a recent report revealing the critical roles
of PRRX1 in EMT progression (5). In that report, Shi and
colleagues reported that PRRX1 regulates the balance of
EMT-MET via regulating KLF4, a stemness factor, and
subsequently causes malignancy and stemness (5). In this
study, a coimmunoprecipitation assay showed that PRRX1A
and PRRX1B interact with the SOX2 protein. Compared
to PRRX1B, PRRX1A presents an obviously stronger
interaction with SOX2, indicating that PRRX1B might

Transl Lung Cancer Res 2020;9(3):731-744 | http://dx.doi.org/10.21037/tler-20-633
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form a heterotrimer with PRRX1A and SOX2 instead of
interacting directly with SOX2. The binding of PRRX1A
to SOX2 stabilized SOX2 and promoted stemness in CSCs,
while knockdown of SOX2 or PRRX1A obviously decreased
stemness in CSCs, indicating that PRRX1A potentially
regulates stemness in CSCs via regulating SOX2. Thus,
our results revealed a novel mechanism by which PRRX1
regulates the stemness of CSCs. We failed to uncover the
specific roles of PRRX1B, which may be due to our focus
on CSC biology.

Our findings collectively show that PRRX1A exerts dual
functions via different mechanisms; however, PRRX1B
was not found to be involved in these processes. Targeting
the PRRX1A-TGF-B-TGF-BR and PRRX1A-SOX2 axes
may offer a new therapeutic approach in curing metastatic
NSCLC. These results not only shed light on the role of
PRRXIA in regulating CSCs derived from NSCLC but
also further reveal the different roles of PRRXI1A and
PRRX1B in CSC origination, malignant transformation,
and metastasis.
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