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Abstract

Pancreatic adenocarcinoma upregulated factor (PAUF), a novel secreted protein highly
expressed in pancreatic ductal adenocarcinoma, also influences cell invasiveness, motility,
and proliferation in several cancer types. Transforming growth factor-beta (TGF-{3)-induced
PAUF expression enhances cancer cell migration and invasion in pancreatic ductal adeno-
carcinoma through mitogen-activated protein kinase (MEK)-extracellular signal-regulated
kinase (ERK) activation; however, the roles of PAUF in regulating epithelial-mesenchymal
transition (EMT) and promoting lung metastasis in hepatocellular carcinoma (HCC) re-
main unclear. Thus, we investigated the regulatory mechanisms and functional roles of
TGF-B-induced PAUF expression in the HCC cell lines HepG2 and Huh-7, which showed
high and low expression of intact TGF-f3 type I and II receptors, respectively. We found
that TGF--induced PAUF expression is mediated through the activation of the TGF-f3
type 1/1I receptor-Smads signaling pathway and that PAUF promotes EMT-associated
migration and invasion by stimulating the MEK-ERK signaling cascade. In vivo studies
further demonstrated that PAUF plays a critical role in lung metastatic potential, as PAUF
knockdown HepG2 cells exhibited markedly reduced pulmonary metastasis, whereas
PAUF-overexpressing Huh-7 cells showed substantially enhanced lung metastasis. This
study identifies PAUF as a critical promoter of lung metastatic potential in HCC cells and a
potential therapeutic target for HCC.

Keywords: PAUF; hepatocellular carcinoma; HepG2; Huh-7; TGF-3; TGF-BRI/II; Smads;
MEK-ERK signaling pathway; epithelial-mesenchymal transition; lung metastasis

1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most common malignancy and third
leading cause of cancer-related mortality worldwide [1]. Despite advances in diagnostic
technologies and therapeutic strategies, rates of early diagnosis and long-term survival
remain poor for patients with HCC [2]. Clinically, HCC is intrinsically metastatic, exhibiting
pronounced aggressiveness, strong intrahepatic invasiveness, and high rates of postop-
erative recurrence; this fundamental biological hallmark is the main cause of therapeutic
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failure and cancer-related mortality [3,4]. Epithelial-mesenchymal transition (EMT) is a
reversible biological process through which epithelial cells acquire mesenchymal pheno-
types under specific conditions [5]. This transition is accompanied by the loss of epithelial
polarity and cell—cell adhesion, cytoskeletal reorganization, and the acquisition of enhanced
migratory and invasive properties [5-7]. Accordingly, EMT is recognized as a key event in
the metastatic progression of various cancers, including HCC [8,9].

This phenotypic conversion is driven by EMT-inducing transcription factors, includ-
ing SNAI1, SLUG, and ZEB family proteins, which downregulate epithelial markers
(E-cadherin, ZO-1, claudin, and cytokeratin) and upregulate mesenchymal markers (N-
cadherin, fibronectin, and vimentin). These processes increase the migratory and invasive
capacities of cancer cells [10].

Transforming growth factor-beta (TGF-) is a potent inducer of EMT during cancer
progression [11]. TGF-f is a pleiotropic cytokine that regulates diverse cellular processes,
including proliferation, differentiation, wound healing, immune modulation, and cancer
progression [12,13]. Canonical TGF-f signaling is primarily mediated through Smads
transcription factors. Following ligand binding, TGF-f engages TGF-pRII, which recruits
TGF-BRI to form an active receptor complex. TGF-BRII then transphosphorylates TGF-
BRI at serine and threonine residues within the juxtamembrane glycine-serine-rich (GS)
domain, thereby activating TGF-BRI kinase activity. Activated TGF-BRI subsequently
phosphorylates Smad2/3, initiating downstream canonical TGF-f signaling [14,15]. Phos-
phorylated Smad2/3 then interacts with cytoplasmic Smad4 to form a heteromeric Smads
complex, which subsequently translocates into the nucleus to regulate the transcription
of TGF-p-responsive target genes [16,17]. This canonical TGF-3 pathway exerts tumor-
suppressive effects in cancer cells by transcriptionally upregulating genes associated with
cell cycle arrest (such as p21) and apoptosis (such as Bim) [18]. In addition to canonical
Smad-dependent signaling, TGF-f3 can activate several non-canonical signaling pathways,
including mitogen-activated protein kinase pathways, such as c-Jun N-terminal kinase,
p38, MEK, and extracellular signal-regulated kinases 1/2, as well as the phosphatidyli-
nositol 3-kinase/Akt pathway [19,20]. These Smad-independent signaling cascades are
closely associated with cancer progression and aggressive tumor phenotypes. Among
them, the MEK-ERK pathway has been implicated as a key mediator of TGF-3-driven EMT
during cancer progression [21] and is also involved in liver cancer progression and metasta-
sis [22,23]. Collectively, TGF-3-mediated Smads and non-Smads signaling pathways exert
dual and often contradictory effects on tumor growth and metastasis.

Pancreatic adenocarcinoma upregulated factor (PAUF), also known as ZG16B, is a
tumor-associated secretory protein that contributes to cancer progression. Initially iden-
tified as a gene highly upregulated in pancreatic ductal adenocarcinoma (PDAC), PAUF
has also been associated with the malignant progression of other solid tumors, including
ovarian cancer, colorectal cancer, and cervical cancer [24-26]. In pancreatic cancer, PAUF
promotes tumorigenesis by regulating the tumor microenvironment through autocrine
and paracrine mechanisms [27]. PAUF has been shown to bind toll-like receptor 4 (TLR4),
leading to TLR4-mediated PDAC cell migration and invasion, suggesting that PAUF may fa-
cilitate carcinogenesis and metastasis through activation of TLR4-dependent signaling [28].
Recently, we showed that TGF-f3-induced PAUF expression enhances cell migration and
invasion through MEK-ERK signaling pathway activation in the PDAC cell line Panc-1,
suggesting that PAUF may promote cancer metastasis by activating the TGF-3 signaling
pathway [29]. However, the biological functions of PAUF in regulating EMT processes and
promoting lung metastasis in HCC have not been studied either in vitro or in vivo.

In this study, we investigated the regulatory effects and functional roles of TGF-f3-
induced PAUF expression in HepG2 cells (high expression of intact TGF-ARI/II) and Huh-7
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cells (low expression of intact TGF-BRI/II) [30]. We found that TGF-p3-induced PAUF
expression was regulated through activation of the TGF-RI/II-Smads signaling pathway,
and promoted EMT-related cell migration and invasion via activation of the MEK-ERK
signaling cascade. We also assessed the PAUF-mediated lung metastatic potential of HCC
cells in vivo. PAUF-knockdown HepG2 cells exhibited markedly lower lung metastatic
potential than control HepG2 cells, whereas PAUF-overexpressing Huh-7 cells showed
markedly higher lung metastatic potential than control Huh-7 cells.

Overall, our findings suggest that PAUF plays a crucial role in promoting the lung
metastatic potential of HCC cells, and may represent a novel therapeutic target for HCC.

2. Results

2.1. Evaluation of TGF-B-Induced PAUF Expression and Cell Motility in the Human
Hepatocellular Carcinoma (HCC) Cells

First, we examined whether TGF-f3 regulates PAUF expression in three different HCC
cell lines: HepG2, Huh-7, and SNU-878. HepG2 cells exhibited the highest levels of PAUF
mRNA and protein expression, whereas Huh-7 cells showed the lowest levels under both
basal and TGF-f-treated conditions (Figure 1A). To determine whether TGF-{3-induced
differential PAUF expression is associated with the basal expression levels of TGF-BRI
and -BRII (TGF-BRI/II) in HCC cell lines, we confirmed the basal expression levels of
TGF-BRI/II in HepG2, Huh-7, and SNU-878 cells. As expected, the expression levels
of intact TGF-BRI/II were highest in HepG2 cells and lowest in Huh-7 cells (Figure 1B).
Next, we evaluated the mRNA expression levels of PAUF in TGF-{3-stimulated HepG2 and
Huh-7 cells at different time points. TGF-3 treatment significantly increased PAUF mRNA
levels in HepG2 cells after 8 h compared with vehicle treatment; this increase was further
enhanced at 16 h, whereas Huh-7 cells showed lower levels of PAUF mRNA expression
than HepG2 cells (Figure 1C). HepG2 cells exhibited higher expression levels of PAUF intra-
and extracellular proteins than Huh-7 cells under both basal and TGF-f3-treated conditions
(Figure 1D,E). Moreover, HepG2 cells exhibited more substantial EMT-like morphological
changes and increased cell motility compared to Huh-7 cells under both TGF-f3-treated and
TGF-B-untreated conditions (Figure 1D,F). These findings suggest that PAUF promotes the
metastatic potential of HCC cells.

2.2. TGF-B Induces PAUF Expression via Activation of the TGF-BRI/II-Smad2/3 Pathway in
HepG2 and Huh-7 Cells

Our recent study demonstrated that TGF-f3 induces PAUF expression in the PDAC cell
line Panc-1 via activation of Smad signaling [29]. To investigate TGF-3-induced differential
PAUF expression in the HCC cell lines HepG2 and Huh-7 (Figure 1A-D), we first confirmed
the expression or phosphorylation levels of TGF-f3-mediated TGF-RI/II-Smads signaling
molecules. The basal expression levels of TGF-BRI/Il and Smad4 were higher in HepG2
cells than in Huh-7 cells under both TGF-(3-treated and untreated conditions. As expected,
TGEF-f treatment induced a significant increase in Smad2/3 phosphorylation in HepG2 cells
compared with Huh-7 cells (Figure 2A). Consistent with our results, those of a previous
study demonstrated that basal expression of TGF-BRI/II and Smad4 proteins was high in
HepG2 cells. In contrast, Huh-7 and Hep3B cells expressed very low levels of TGF-BRI/II
and Smad4 proteins [30]. To assess whether TGF-§ signaling mediators are involved in
PAUF expression, we next examined the effects of TGF-BRI/II or Smad2/3 knockdown on
PAUF expression in TGF-p3-stimulated HepG2 cells. TGF-BRI/II or Smad2/3 knockdown
HepG2 cells were successfully generated, as confirmed by immunoblotting (Figure 2B,D).
Knockdown of TGF-BRI/II or Smad2/3 markedly reduced Smad2/3 phosphorylation,
mRNA and intracellular protein levels of PAUF, and EMT-associated morphological tran-

https://doi.org/10.3390/ijms27146213


https://doi.org/10.3390/ijms27146213

Int. J. Mol. Sci. 2026, 27, 6213

40f24

sitions compared with siRNA control (Ctrl)-transfected HepG2 cells treated with TGF-3
(Figure 2B-F). Additionally, to investigate whether knockdown of TGF-BRI/II or Smad2/3
regulates TGF-p-induced increases in PAUF transcriptional activity, HepG2 cells were
transiently transfected with the indicated siRNA alone or in combination with the PAUF
promoter-Luc vector and then stimulated with vehicle or TGF-3. TGF-3-induced PAUF pro-
moter activity was effectively inhibited by single knockdown of TGE-BRI/II or Smad2/3,
as well as by double knockdown of TGF-BRI/II and Smad2/3 (Figure 2G). As expected,
knockdown of TGF-BRI/II or Smad2/3 alone, as well as the combined knockdown of
TGEF-BRI/Il and Smad2/3, abolished the TGF-f3-induced increase in pSmad3 binding to the
Smad-binding element (SBE; —804/—801) within the —1.7 kb PAUF promoter (Figures 3D
and S1A). We next assessed the inhibitory effects of the TGF-RI kinase inhibitor SB-431532
on TGF--induced PAUF expression through the activation of TGF-f3/Smad signaling in
HepG2 cells. TGF- treatment significantly increased Smad2/3 phosphorylation, which
was effectively inhibited by SB-431532 (Figure 2H). Furthermore, the inhibitor abolished
TGF-B-induced increases in PAUF mRNA expression, PAUF promoter activity, pSmad3
binding enrichment at the SBE motif, and intracellular PAUF protein levels (Figures 2I-K
and S1B). To further assess whether TGF-(3-activated Smad proteins directly regulate PAUF
transcription in HepG2 and Huh-7 cells, we utilized PAUF promoter-Luc vectors (SBE"7,
SBEM#!, SBEA™ut) constructed in our previous study (Figure 3G) [29]. TGF-B markedly
increased the transcriptional activity of SBE within the PAUF promoter (SBE"'T), but not
that of SBE mutants (SBEM*, SBEA™#) in high-intact TGF-BRI/Il-expressing HepG2 cells.
Moreover, this increase was not observed in TGF-3RI/II-knockdown HepG2 cells treated
with TGF-3 (Figure 2L). Next, we performed gain-of-function experiments to restore the
expression of TGF-BRI/II in Huh-7 cells using a TGF-BRI/II expression vector (pTGF-
BRI/II). Ectopic expression of TGF-BRI/II was confirmed by immunoblotting (Figure 3A).
TGF-BRI/II overexpression markedly increased Smad2/3 phosphorylation, PAUF mRNA
and intracellular protein levels, pSmad3 binding enrichment at the SBE motif, and PAUF
promoter activity compared with control vector (Mock)-transfected Huh-7 cells stimulated
with TGF-p (Figure 3A—C,E,F). Moreover, TGF-f3 slightly increased the transcriptional
activity of REDD1 promoter SBE?, but not that of SBE mutants (SBEM“, SBEA"#) in
low-intact TGF-BRI/II-expressing Huh-7 cells; this slight increase significantly recovered
the transcriptional activity of the PAUF promoter (SBE"T), but not that of SBE mutants
in pTGF-BRI/II-overexpressing Huh-7 cells stimulated with TGF-f3 (Figure 3H). Overall,
these findings provide strong evidence that TGF-f3 upregulates PAUF through activation of
the TGF-BRI/II-Smads signaling pathway in HCC cells.

2.3. PAUF Knockdown Inhibits TGF-B-Induced Migration and Invasion in HepG2 Cells

To explore whether TGF-f3-induced PAUF expression contributes to EMT, we first
examined the effects of PAUF knockdown in the TGF-BRI/II-Smads signaling-positive
HCC cell line HepG2 stimulated with vehicle or TGF-3. PAUF knockdown cells were
successfully generated, as confirmed by qRT-PCR and sandwich ELISA (Figure 4A,B). The
Smad-independent MEK-ERK signaling pathway plays a pivotal role in TGF-B-mediated
cancer progression through EMT promotion [21,31] and is required for migration and
invasion in HCC cells [23]. Therefore, we evaluated the effects of PAUF knockdown on
TGEF-B-activated MEK-ERK signaling in HepG2 cells. PAUF knockdown markedly attenu-
ated both basal and TGF-p-induced phosphorylation of MEK1/2 and ERK1/2, whereas
control siRNA had no effect (Figure 4C). Previous studies have shown that TGF-f3 pro-
motes EMT by activating the MEK-ERK signaling pathway, which induces EMT-associated
transcription factors, including SNAI1 and ZEB1. This signaling cascade is accompanied
by increased expression of mesenchymal markers, such as N-cadherin, vimentin, and
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x-SMA, and reduced expression of epithelial markers, including E-cadherin, claudins,
and ZO-1, thereby enhancing tumor cell motility, invasion, and metastasis [32,33]. Based
on these findings, we investigated whether PAUF knockdown affects the expression of
TGF-p-regulated EMT-related factors in HepG2 cells. PAUF knockdown markedly atten-
uated the TGF-B-induced upregulation of SNAI1, ZEB1, vimentin, and «-SMA, while
restoring the expression of epithelial markers, including E-cadherin and ZO-1, compared
with control siRNA-transfected cells (Figure 4D). Furthermore, under the same experi-
mental conditions, PAUF knockdown markedly decreased TGF-3-induced increases in
EMT-associated morphological changes, migration, and invasion, whereas control siRNA
transfection had no effect. In addition, PAUF knockdown significantly inhibited basal
cell motility in TGF-f-untreated cells (Figure 4E). Taken together, these PAUF knockdown
results suggest that PAUF is involved in regulating EMT-associated cell motility, at least in
part through MEK-ERK signaling, under both basal and TGF-{3-stimulated conditions.
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Figure 1. TGF-p-induced pancreatic adenocarcinoma upregulated factor (PAUF) expression promotes
the metastatic potential of human hepatocellular carcinoma (HCC) cells. (A) HCC cell lines (HepG2,
Huh-7, SNU-878) treated with vehicle or TGF-3 (10 ng/mL) for 12 h. Levels of PAUF expression was
determined by RT-PCR and immunoblotting. (B) Basal expression levels of TGF-BRI and TGF-BRII
were analyzed by immunoblotting. (C) PAUF expression in HepG2 and Huh-7 cells stimulated with
vehicle or TGF-f for the indicated time periods, analyzed by qRT-PCR (n = 3). (D) Changes in cell
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morphology and intracellular PAUF expression levels in HepG2 and Huh-7 cells treated with vehicle
or TGF-f3 for 24 h, observed using an optical microscope (magnification, 100x) and immunofluo-
rescence staining (magnification, 400x) with Alexa 488-labeled anti-PAUF antibody, respectively;
nuclei were stained with DAPI. Scale bar, 50 um. PAUF-expressing cells were quantified in four
fields per sample using Image] software (1 = 4). (E) Levels of secreted PAUF in culture supernatants,
measured using immunoblotting and ponceau-S staining. (F) Cell migration and invasion examined
by transwell migration and Matrigel invasion assays, quantified in four fields per sample (n = 4).
Scale bar, 50 pm; magnification, 40 x. PAUF Statistical significance in (C,D,F) was calculated using
two-way ANOVA followed by post hoc multiple comparisons test with Bonferroni correction. Data
are presented as the mean =+ standard deviation (SD). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2. Inhibition of TGF-BR-Smad signaling suppresses TGF-f3-induced PAUF expression in
HepG2 cells. (A) Comparison of protein and phosphorylation levels of TGF-B-mediated TGF-BRI/II-
Smads signaling molecules in the human hepatocellular carcinoma (HCC) cell lines HepG2 and
Huh-7. HepG2 and Huh-7 cells were stimulated with vehicle or TGF-f3 (10 ng/mL) for 1 h. Protein
and phosphorylation levels of indicated signaling molecules analyzed by immunoblotting. HepG2
cells were transfected with 100 nM scrambled (Ctrl), (B,C) TGF-ARI/II or (D,E) Smad2/3 siRNAs,
then treated with vehicle or TGF-$ (10 ng/mL) for (B,D) 1 h or (C,EF) 24 h. (B,D) TGF-ARI/II
expression and Smad2/3 phosphorylation determined by immunoblotting. (C,E) Relative mRNA
levels of PAUF analyzed by qRT-PCR (n = 3). (F) Cell morphological changes and intracellular
PAUF expression visualized by an optical microscope (magnification, 100 x) and immunofluorescence
staining (magnification, 400 x) using an Alexa 488-labeled anti-PAUF antibody, respectively; nuclei
were counterstained with DAPI. Scale bar, 50 um. Relative number of PAUF-expressing cells was
quantified in four randomly selected fields per sample using Image] software (1 = 4). (G) Promoter
activity in HepG2 cells transfected with the indicated siRNA alone or in combination with the PAUF
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promoter—Luc vector (pLuc-PAUF), then treated with vehicle or TGF- for 24 h, measured using a
luminometer in cell lysates (1 = 3). HepG2 cells were pretreated with SB-431542 (10 uM) for 1 and
stimulated with vehicle or TGF-§ for (H) 1 or (I) 24 h. (H) Smad2/3 phosphorylation was assessed by
immunoblotting; (I) PAUF mRNA expression was analyzed by qRT-PCR (n = 3). (A,B,D,H) Densito-
metry was performed using Image J software (n = 3). (J) Promoter activity in HepG2 cells transfected
with pLuc-PAUF and treated with vehicle or TGF-f3 24 h after pretreatment with SB-431542 (10 uM)
for 1 h, measured using a luminometer in cell lysates (1 = 3). (K) HepG2 cells were pretreated with
SB-431542 (10 uM) for 1 h, followed by stimulation with vehicle or TGF-f3 (10 ng/mL) for 24 h.
Immunofluorescence staining was performed as described in upper panel, F. Scale bar, 50 um; magni-
fication, 400 x. (L) Promoter activity in HepG2 cells transfected with scramble (Ctrl) or TGF-BRI/II
siRNAs together with PAUF promoter-Luc vectors (SBET) or PAUF mutant promoter-Luc vectors
(SBEMut SBEAMUE) then stimulated with vehicle or TGF-B for 24 h, measured using a luminometer
in cell lysates (n = 3). Statistical significance was determined using two-way ANOVA followed by
post hoc multiple comparisons test with Bonferroni correction. Data are presented as the mean £ SD.
ns, not statistically significant, * p < 0.05, ** p < 0.01, ** p < 0.001.
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Figure 3. Ectopic expression of TGF-f receptor 1/II (TGF-BRI/II) augments the TGF-f3-induced
increase in PAUF expression in Huh-7 cells. Huh-7 cells were transfected with control vector pCMV6
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(Mock) or TGF-BRI/II expression vector (pTGF-BRI/II), then stimulated with vehicle or TGF-f3
(10 ng/mL) for (A) 1 or (B,C) 24 h. (A) Phosphorylation and protein levels of TGF-f3-mediated TGF-
BR/Smads signaling molecules determined by immunoblotting. Densitometry was performed using
Image J software (1 = 3). (B) PAUF mRNA expression analyzed by qPCR (1 = 3). (C) Intracellular
PAUF levels determined by immunofluorescence staining with an Alexa 488-labeled anti-PAUF
antibody; nuclei were stained with DAPI. Scale bar, 50 pm; magnification, 400x. PAUF. Relative
fluorescence intensities measured in four randomly selected fields per sample using Image]J software
(n = 4). (D) Schematic representation of the PAUF promoter (—1.7 kb), indicating the putative Smad-
binding element (SBE; —804/—801) used for chromatin immunoprecipitation (ChIP) analysis and
assessment of PAUF promoter activity. (E) Binding activity of pSmad3 to SBE within the PAUF
promoter of Huh-7 cells transfected with Mock or pTGF-BRI/II vector and treated with TGF-f3 for
1 h, measured using the ChIP assay. ChIP enrichment at the SBE motif (—804/—801) was quantified
as fold enrichment analysis and normalized to the input control (n = 3). (F) PAUF promoter activity
in Huh-7 cells transfected with Mock or pTGF-BRI/II vector with the PAUF promoter—Luc vector,
then stimulated with vehicle or TGF-3 for 24 h, measured using a luminometer in cell lysates (n = 3).
(G) Schematic diagram of the putative SBE motif within PAUF promoter (—1.7 Kb) with SBE mutants.
(H) Promoter activity in Huh-7 cells transfected with Mock or pTGF-BRI/II together with PAUF
promoter-Luc vectors (SBEVT, SBEM# or SBEA™), then treated with vehicle or TGF- for 24 h,
measured using a luminometer in cell lysates (n = 3). Statistical significance was assessed using
two-way ANOVA, followed by post hoc multiple comparisons test with Bonferroni correction. All data
are presented as the mean =+ SD. ns, not statistically significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

2.4. PAUF Overexpression Promotes TGF-B-Mediated EMT-like Phenotypes and Cell Motility in
Huh-7 Cells

We further investigated whether PAUF overexpression regulates the progression
of TGF-p-mediated EMT in the low-TGF-BRI/II-Smads signaling HCC cell line (Huh-
7). PAUF-overexpressing Huh-7 cells were successfully generated, as confirmed by im-
munoblotting and sandwich ELISA (Figure 5A,B). We next investigated whether PAUF
overexpression modulates EMT-associated MEK-ERK signaling in Huh-7 cells under
basal and TGE-{3-stimulated conditions. Although TGF-f3 treatment alone induced only
modest increases in MEK1/2 and ERK1/2 phosphorylation, ectopic PAUF expression
markedly enhanced MEK-ERK activation in TGF-f-stimulated cells. Notably, PAUF
overexpression also increased the phosphorylation levels of MEK1/2 and ERK1/2 un-
der basal conditions (Figure 5C). Compared with control vector (Lenti-Ctrl)-transfected
cells, PAUF-overexpressing Huh-7 cells showed increased expression of the MEK-ERK
signaling-regulated EMT-inducing transcription factors SNAI1 and ZEB1 under both basal
and TGEF-f-stimulated conditions. PAUF overexpression also further enhanced the TGF-
B-induced upregulation of mesenchymal markers, including «-SMA and vimentin, while
further suppressing the expression of epithelial markers, such as E-cadherin and ZO-1,
compared with Lenti-Ctrl-transfected cells (Figure 5D). Consistently, compared with control
cells, PAUF-overexpressing Huh-7 cells exhibited EMT-related spindle-shaped morphology
and increased cell motility, including migration and invasion, even in the absence of TGF-3
treatment. These biological processes were prominently enhanced by TGF-f3 stimulation
(Figure 5E). These results suggest that both TGF-3-induced PAUF and ectopically overex-
pressed PAUF contribute to EMT-related phenotypic changes and enhanced cell motility in
HCC cells through mechanisms involving MEK-ERK signaling.
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Figure 4. PAUF knockdown inhibits the TGF-3-mediated increase in epithelial-mesenchymal transi-
tion (EMT) in HepG2 cells. HepG2 cells were transfected with scramble (Ctrl) or PAUF siRNA and
treated with vehicle or TGF-f (10 ng/mL) for (C) 1 h or (A,B,D,E) 24 h. (A,B) Successful knockdown
of PAUF identified by qPCR (n = 3) and sandwich ELISA (n = 4). (C) Phosphorylation levels of
MEK1/2 and ERK1/2 assessed by immunoblotting; densitometric values of phospho-MEK1/2 and
-ERK1/2 were normalized to those of total MEK1/2 and ERK1/2 (n = 3). (D) Expression levels of
EMT-related signaling proteins determined by immunoblotting. (C,D) Densitometric analysis of
immunoblot bands was performed using Image]J software (1 = 3). (E) Cell morphological changes
observed using an optical microscope (magnification, 100 x), and cell migration and invasion revealed
by transwell migration and Matrigel invasion assays (magnification, 40x). Scale bar, 50 um. Cell
migration and invasion were quantified in four fields per sample (1 = 4). Statistical significance was
evaluated using two-way ANOVA, followed by post hoc multiple comparisons test with Bonferroni
correction. All data are presented as the mean + SD. ns, not statistically significant, * p < 0.05,
**p <0.01, *** p < 0.001.
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Figure 5. PAUF overexpression augments the TGF-3-induced increase in EMT-like characteristics
and cell motility in Huh-7 cells. Huh-7 cells were stably transfected with Lenti-Ctrl or Lenti-PAUF
expression vectors, then treated with vehicle or TGF-f for (C) 1 h or (A,B,D,E) 24 h. (A,B) Successful
ectopic expression of PAUF verified by qPCR (1 = 3) and sandwich ELISA (n = 4). (C) Phosphorylated
MEK1/2 and ERK1/2 levels determined by immunoblot analysis. (D) Expression levels of EMT-
related proteins examined by immunoblotting. (C,D) Densitometry was performed using Image J
software (n = 3). (E) Change in cell morphology observed using an optical microscope (magnification,
100x), and EMT-mediated cell motility analyzed by transwell migration and Matrigel invasion
assays (magnification, 40 ). Scale bar, 50 um. Densitometric analysis of cell migration and invasion
was performed in four fields per sample (n = 4). Statistical significance was calculated using two-
way ANOVA, followed by post hoc multiple comparisons test with Bonferroni correction. Data are
presented as the mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.5. PAUF Enhances Lung Metastatic Potential of HCC Cells In Vivo

To further explore whether PAUF promotes lung metastasis of HCC cells, PAUF-
knockdown HepG2 and PAUF-overexpressing Huh-7 cells were generated using luciferase-
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expressing HepG2 and Huh-7 (Luc-HepG2, Luc-Huh-7) stable cells. Successful knockdown
or ectopic expression of PAUF was confirmed by immunoblotting (Figure 6A). To validate
EMT processes in the stable cell lines, we next examined the regulatory effects of PAUF
on the mRNA expression of EMT-related marker genes in PAUF-knockdown HepG2 and
PAUF-overexpressing Huh-7 cells. PAUF knockdown markedly reduced the basal expres-
sion levels of mesenchymal marker genes but increased the expression of epithelial marker
genes compared to those in control shRNA-transfected HepG2 cells. Conversely, PAUF
overexpression significantly enhanced the expression of mesenchymal marker genes and
decreased the basal expression levels of epithelial marker genes compared with those in
Lenti-Ctrl-transfected Huh-7 cells (Figure 6B). Moreover, under the same experimental
conditions, PAUF-knockdown HepG2 cells exhibited significantly decreased cell migra-
tion and invasion compared with control shRNA-transfected HepG2 cells. In contrast,
PAUF-overexpressing Huh-7 cells showed strongly increased cell migration and invasion
compared with Lenti-Ctrl-transfected cells (Figure 6C). Next, to evaluate the function
of PAUF in vivo, PAUF-knockdown HepG2 and PAUF-overexpressing Huh-7 cells were
injected into mice via the tail vein to establish a lung metastasis model. The group in-
jected with PAUF-knockdown HepG2 cells showed markedly reduced lung metastasis
compared with the group injected with control HepG2 cells. In contrast, the group receiving
PAUEF-overexpressing Huh-7 cells exhibited significantly enhanced pulmonary metastasis
relative to the group injected with control Huh-7 cells (Figure 6D,E). Quantification of lung
metastatic foci by hematoxylin and eosin staining yielded consistent results (Figure 6F).
Taken together, our findings indicate that PAUF plays a pivotal role in promoting lung
metastasis of HCC cells.
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Figure 6. PAUF promotes lung metastasis of HCC cells in vivo. (A-F) Luciferase-expressing HepG2
and Huh-7 stable cells (Luc-HepG2, Luc-Huh-7) were generated by transfection with a luciferase
expression vector (pLenti-Luc), followed by puromycin selection. Luc-HepG2 cells were stably
transfected with expression vectors of scrambled (Ctrl) or PAUF shRNA, and Luc-Huh-7 cells were
transfected with Lenti-Ctrl or Lenti-PAUF expression vectors. Stable cell lines were then established
by puromyecin (10 pg/mL) selection. (A) Successful knockdown or ectopic expression of PAUF
confirmed by immunoblot analysis. (B) mRNA expression levels of mesenchymal and epithelial
marker genes determined by qPCR (1 = 3). (C) Cell motility of PAUF-knockdown HepG2 and PAUF-
overexpressing Huh-7 cells, evaluated using transwell migration and Matrigel invasion assays. Scale
bar, 50 um; magnification, 40 x. Densitometric analysis of migrated and invading cells was performed
in four fields per sample (1 = 4). (D-F) For lung metastatic imaging analysis, a lung metastasis model
was established in 6-week-old BALB/c-nude mice (1 = 5 mice per group). Mice were intravenously
injected with PAUF knockdown Luc-HepG2 or PAUF-overexpressing Luc-Huh-7 cells (2 x 10°
cells suspended in 200 uL PBS). (D,E) Lung metastasis visualized using the IVIS Lumina II system,
showing representative images of a mouse in each group, analyzed by bioluminescent intensity.
(F) Representative hematoxylin and eosin-stained lung sections indicating metastatic foci (indicated by
arrow). Scale bar, 200 um; magnification, 10x. Right-hand panels show the number of metastasis foci
(n = five mice per group). Statistical significance was evaluated using two-way ANOVA followed by
post hoc multiple comparisons test with Bonferroni correction. Data are presented as the mean £ SD.
**p <0.01, ** p < 0.001.

3. Discussion

In this study, we examined whether elevated PAUF expression contributes to EMT
induction, enhanced migration, and lung metastasis, and whether PAUF regulated by
TGF- downstream signaling further promotes EMT-associated motility in HCC cells.
Thus, we investigated the functional significance of differential basal PAUF expression
between HepG2 and Huh-7 cells, rather than focusing solely on the higher basal migratory
capacity of HepG2 cells compared with Huh-7 cells. HepG2 and Huh-7 are widely used
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HCC cell lines for evaluating migration, invasion, and EMT-associated signaling [34].
Although both cell lines can acquire enhanced migratory and invasive phenotypes in
response to pro-metastatic stimuli, such as TGF-f3 [35], their basal metastatic potential is
generally considered relatively low compared with highly metastatic HCC cell lines, such
as MHCC97L, MHCC97H, and HCCLM3 [36].

Our results showed high expression of TGF-BRI and TGF-pBRII in HepG2 cells, but
low expression of TGF-BRI and TGF-BRII in Huh-7 cells (Figures 1B and S1). These results
are consistent with analysis of the Human Protein Atlas (https://www.proteinatlas.org)
database, as well as previous research [30]. Moreover, our results showed that the TGF-3-
induced activation of the TGF-BRI/II-Smad signaling pathway (“canonical”; also known
as the Smad-dependent signaling pathway) played a critical role in regulating PAUF
expression in HepG2 and Huh-7 cell lines. TGF-f3 facilitates HCC progression by promoting
EMT mediated by canonical SMAD2/3 signaling, as well as non-canonical pathways, such
as the MEK-ERK signaling cascade [37,38]. Activation of TGF-B-mediated MEK-ERK
signaling enhances EMT-related gene expression and morphological changes, leading to
enhanced tumor cell motility, invasiveness, and metastatic potential [39]. Our findings
strongly support the regulatory mechanism identified in our previous study, whereby
the TGF-3-mediated activation of Smads increased PAUF expression in the PDAC cell
line Panc-1, which is crucial for promoting cell migration and invasion through activation
of the MEK-ERK signaling pathway [29]. In addition to the canonical Smad-dependent
pathway, TGF-f also activates non-Smad signaling pathways, including JNK, p38 MAPK,
and ERK1/2 [40]. These pathways regulate downstream transcription factors, such as
AP-1 and CREB. JNK and ERK1/2 signaling can enhance AP-1 activity through c-Jun
phosphorylation and c-Fos induction, whereas p38 MAPK and ERK1/2 may contribute
to CREB activation [41-44]. Notably, we used the ALGGEN PROMO program 3.0.2 to
identify putative binding sites for AP-1 and CREB within the —1.7 kb region of the PAUF
promoter. A putative AP-1-responsive element (ARE; 5'-TGACTCCAG-3) was predicted at
—395/—386 bp, and a putative CREB-responsive element (CRE; 5'-GCTACGTCA-3') was
predicted at —1226/—1217 bp. These findings suggest that AP-1 and CREB, as downstream
transcription factors of TGF-3-induced non-Smad signaling, may also participate in PAUF
transcriptional regulation. Therefore, future studies should investigate whether AP-1
and CREB directly bind to the PAUF promoter and contribute to TGF-p-induced PAUF
expression. Elucidating these mechanisms may provide important insights into the complex
transcriptional regulation of PAUF and facilitate the development of therapeutic strategies
targeting TGF-f3-induced, PAUF-mediated cancer metastasis.

In the present study, PAUF knockdown attenuated EMT-associated migration and
invasion in HepG2 cells under both basal and TGF-p3-stimulated conditions, accompa-
nied by reduced MEK-ERK signaling activation. Conversely, ectopic PAUF expression
enhanced migratory and invasive phenotypes in Huh-7 cells, even in the absence of TGF-{3
stimulation, and these effects were further enhanced by TGF-3 treatment. These results
suggest that secreted PAUF may enhance EMT-associated HCC migration and invasion
through activation of TLR4 signaling. PAUF induces pancreatic cancer metastasis through
activation of TLR4-mediated signaling [28]. Furthermore, activation of TLR4 signaling
can activate an MEK-ERK signaling cascade, thereby promoting cancer progression and
metastasis [45-47]. Upon TLR4 stimulation, MEK1/2 and ERK1/2 are phosphorylated,
leading to the induction of EMT-associated transcription factors (such as SNAI1, SLUG,
and ZEB1/2), the upregulation of mesenchymal markers, and the downregulation of ep-
ithelial markers. These processes promote cancer cell motility and invasiveness within
the tumor microenvironment. Taken together, TLR4-mediated activation of the MEK-ERK
signaling cascade serves as a pivotal enhancer of cancer metastasis by integrating intrinsic
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tumor cell plasticity with microenvironmental reprogramming [47,48]. Moreover, TLR4 is
endogenously expressed in both HepG2 and Huh-7 HCC cell lines [49,50].

In addition to TLR4 signaling, aberrant activation of receptor tyrosine kinases, includ-
ing EGFR, VEGFR2/3, and PDGFR-f3, has also been associated with EMT-mediated cancer
cell migration and invasion. These receptor tyrosine kinase pathways may contribute
to tumor progression through dysregulated downstream MEK-ERK signaling [51-54].
However, no studies have determined a direct association between these receptors and
TGF-B-induced PAUF in HCC cells. Thus, further investigation is required to elucidate the
precise regulatory mechanisms underlying EMT progression, particularly those involving
potential interactions between TGF-[3-induced PAUF and TLR4 or receptor tyrosine kinases.

Consistent with the in vitro experimental results, our in vivo analyses further demon-
strated the functional relevance of PAUF in metastatic progression. PAUF-knockdown
HepG2 cells showed markedly diminished lung metastasis compared with control cells,
whereas PAUF-overexpressing Huh-7 cells exhibited a pronounced increase in pulmonary
metastasis. These findings indicate that PAUF is a key determinant of the metastatic
capacity of HCC cells in vivo.

Biologically and mechanistically, our findings suggest that PAUF plays a functional
role in HCC metastatic progression by linking TGF-f signaling to EMT-associated cellular
plasticity and metastatic competence. In the present study, TGF-f induced PAUF expres-
sion through the TGF-f3 receptor-Smad signaling pathway, and increased PAUF expression
promoted EMT-related molecular alterations as well as enhanced the migratory and inva-
sive capacities of HCC cells. These phenotypic changes were associated with activation of
the MEK-ERK signaling pathway, suggesting that PAUF may function as a downstream
effector that connects TGF-f3 signaling to EMT-driven invasive and metastatic behavior.
Consistent with these in vitro findings, modulation of PAUF expression significantly af-
fected lung metastatic colonization in vivo, as PAUF knockdown attenuated pulmonary
metastasis of HepG2 cells, whereas PAUF overexpression enhanced lung metastatic burden
in Huh-7 cells. Thus, the TGF-3—-PAUF-MEK/ERK axis provides a mechanistic frame-
work for understanding how HCC cells acquire EMT-associated invasive properties and
metastatic potential. In the context of lung metastasis, PAUF may facilitate critical phases of
the metastatic cascade, including the acquisition of EMT-like plasticity, enhanced invasive
capacity, and colonization of the distant pulmonary niche. These findings have translational
implications, suggesting that PAUF, or the PAUF-MEK/ERK signaling axis, may represent
a potential biomarker and therapeutic target for suppressing EMT-driven invasion and
distant metastasis in HCC. Nevertheless, although our findings demonstrate the functional
relevance of the TGF-3—-PAUF axis in HCC cell models and experimental lung metastasis,
histological validation of this pathway remains to be performed. Immunohistochemical
analysis of TGF-BRI/II, phosphorylated Smad2/3, PAUF, and EMT-related markers in
primary HCC tissues and metastatic lesions would further strengthen the tissue-level
relevance and clinical significance of this pathway.

Beyond the genetic and molecular mechanisms described in the present study, HCC
progression should also be considered within the broader context of a dynamically evolv-
ing tumor ecosystem. Tumors are increasingly recognized as complex ecological systems
composed of malignant cells, stromal cells, immune cells, extracellular matrix components,
and soluble factors that continuously interact and co-evolve within the tumor microenvi-
ronment [55]. In this context, EMT is not simply a fixed molecular program, but rather
represents a plastic phenotypic transition that enables cancer cells to adapt to competitive
and selective pressures during tumor evolution [56]. The TGF-p-PAUF axis identified
in this study may contribute to such EMT-associated phenotypic plasticity by promoting
migratory and invasive traits that facilitate metastatic progression. Thus, PAUF-mediated
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EMT-like changes may represent an adaptive cellular response that enhances the fitness of
HCC cells within the evolving tumor ecosystem.

In addition, TGF- signaling is known to exert context-dependent and stage-
dependent effects during cancer progression. During early tumorigenesis, TGF-f3 can
function as a tumor suppressor by inhibiting cell proliferation and inducing apoptosis,
whereas in advanced tumors it often promotes EMT, invasion, immune evasion, and
metastatic dissemination [57]. In the present study, we focused on the pro-metastatic func-
tion of the TGF-B-PAUF axis in HCC cell models, particularly in relation to EMT-associated
migration, invasion, and lung metastatic colonization. However, we did not directly exam-
ine whether a stage-dependent functional switch of TGF-{3 occurs during HCC progression,
nor did we investigate multicellular tumor ecosystem dynamics or spatial interactions
within the tumor microenvironment.

Several methodological and experimental limitations should also be considered when
interpreting the present findings. First, although the tail-vein injection lung metastasis
model is a useful approach for assessing the lung colonization capacity of HCC cells,
it does not fully reproduce the complete process of spontaneous metastasis, including
primary tumor formation, local invasion, intravasation, and interactions with the liver
tumor microenvironment [58]. Thus, the pulmonary metastatic lesions observed in this
model should be interpreted primarily as evidence of metastatic colonization rather than as
a complete representation of spontaneous metastasis from a primary liver tumor. Second,
because BALB/c nude mice are athymic immunodeficient animals with impaired T-cell-
mediated immunity, this model does not fully account for the contribution of host anti-
tumor immune responses to HCC progression and metastasis [59]. In addition, the use of
selected HCC cell lines may limit the generalizability of our findings to other HCC cell
types or clinically heterogeneous disease settings.

Accordingly, future studies incorporating clinical HCC specimens and metastatic
tissues, stage-defined patient samples, additional HCC cell lines, orthotopic or spontaneous
metastasis models, immune-competent or humanized mouse models, patient-derived HCC
models, and single-cell or spatial profiling approaches will be important to validate the
relationship among TGF-f3 /Smad signaling activation, PAUF expression, EMT-associated
metastatic progression, and tumor ecosystem dynamics. These approaches will further clar-
ify whether the biological role of the TGF-3-PAUF axis differs between early and advanced
stages of HCC and strengthen the biological, translational, and ecological relevance of this
pathway in HCC progression and metastasis.

Collectively, our findings demonstrate that PAUF plays a pivotal role in the lung
metastatic potential of HCC cells and suggest that targeting PAUF may represent a promis-
ing therapeutic strategy for inhibiting metastatic progression in HCC.

4. Materials and Methods
4.1. Reagents and Chemicals

Antibodies against TGF-RI (cat# sc-518018; 1:1000), SNAI1 (cat# sc-271977; 1:1000),
ZEBI1 (cat# sc-515797; 1:1000), -smooth muscle actin (x-SMA; cat# sc-53142; 1:2000), ZO-1
(cat# sc-33725; 1:1000), vimentin (cat# sc-373717; 1:1000), SMADA4 (cat# sc-7966; 1:1000), and
[-actin (cat# sc-47778; 1:3000) were obtained from Santa Cruz Biotechnology (Dallas, TX,
USA). Antibodies against p-MEK1/2 (cat# 9121S; 1:1000), MEK1/2 (cat# 9122S; 1:1000),
p-ERK1/2 (cat# 9101S; 1:1000), ERK1/2 (cat# 9102S; 1:1000), p-SMAD2 (cat# 3108S; 1:1000),
p-SMAD3 (cat# 9520S; 1:1000), SMAD?2 /3 (cat# 8685S; 1:1000), and E-cadherin (cat# # 31955;
1:1000) were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies
against TGF-fRII (cat# ab259360; 1:2000) were purchased from Abcam (Cambridge, UK),
and those against PAUF (cat# MAB7777; 1:1000) were obtained from R&D systems, Inc.
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(Minneapolis, MN, USA). TGF-BRI kinase inhibitor SB-431542 and recombinant human
TGF-$ were purchased from Sigma-Aldrich (St. Louis, MO, USA) and R&D systems,
respectively. Smad2/3 siRNA (cat# sc-37238), ZG16B/PAUF siRNA (cat# sc-93479), control
siRNA (cat# sc-37007), ZG16B/PAUF shRNA plasmid (cat# sc-93479-SH), and control
shRNA plasmid (cat# sc-108060) were purchased from Santa Cruz Biotechnology. TGEF-
BRI (cat# SR322023) and TGF-BRII (cat# SR322024) siRNA oligo duplexes were obtained
from OriGene Technologies, Inc. (Rockville, MD, USA). pCMV6-XL5 (cat# PCMV6XL5),
PCMV-TGEF-BRI (cat# SC108520), pCMV-TGF-BRII (cat# SC302306), pLenti-control (cat#
PS100092), and pLenti-PAUF (cat# RC202244L.3), and pLenti-Luc (cat# PS100138) vectors
were obtained from OriGene Technologies, Inc.

4.2. Cell Culture

Human HCC cell lines HepG2 (cat. no. HB-8065; RRID:CVCL_0027) was purchased
from the American Type Culture Collection (ATCC; Manassas, VA, USA), and Huh-7 (cat.
no. 60104; RRID:CVCL_0336) and SNU-878 (cat. no. 00878; RRID:CVCL_5102) were
obtained from Korean Cell Line Bank (KCLB; Jongno-gu, Seoul, Republic of Korea). HepG2
and Huh-7 lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Carlsbad, CA, USA). SNU-878 cell line was maintained in RPMI-1640 medium (Corning Inc.,
Corning, NY, USA). All media were supplemented with 10% fetal bovine serum (FBS; Gibco)
and 1% penicillin/streptomycin (Gibco) at 37 °C in a humidified environment consisting of
95% air and 5% CO,. All cell lines were tested for mycoplasma contamination before use in
experiments using the e-Myco™ Mycoplasma PCR Detection Kit (ver. 2.0; cat. no. 25235;
iNtRON Biotechnology, Seongnam, Republic of Korea), and only mycoplasma-negative
cells were used.

4.3. Immunoblotting

Cell lysates were obtained according to previously reported procedures [60,61]. Protein
concentrations were determined using a BCA protein assay. For immunoblot analysis,
30-50 pg of total protein was combined with 5x loading buffer and denatured at 100 °C
for 10 min. The samples were separated on 8-15% sodium dodecyl sulfate-polyacrylamide
gels and subsequently transferred onto polyvinylidene fluoride (PVDF) membranes using
a transfer device. After transfer, the membranes were blocked for 1 h with either 3%
BSA or 5% skim milk prepared in Tris-buffered saline (T&I, Seoul, Republic of Korea)
containing 0.1% Tween-20 (Sigma-Aldrich). The membranes were then incubated with the
indicated primary antibodies, as described previously [62]. Detailed information on the
antibodies used in this study is provided in Section 2.1. Immunoreactive band intensities
were measured by densitometric analysis using Image] software version 1.54i (National
Institutes of Health, Bethesda, MD, USA; accessed on 3 March 2024). Statistical analyses of
the quantified data were performed using GraphPad Prism version 9.0 (GraphPad Software
Inc., San Diego, CA, USA.

4.4. Immunocytochemistry

To assess TGF-B-induced PAUF expression in HepG2 and Huh-7 cells, cells were
seeded on glass slides in 12-well plates and cultured for 24 h until they reached 60-70%
confluence. After TGF-f3 treatment, the cells were fixed with 3.7% formaldehyde and
permeabilized with 0.1% saponin solution. The slides were then washed twice with
phosphate-buffered saline (PBS), blocked with 3% BSA for 2 h, and incubated overnight
at 4 °C with mouse monoclonal anti-PAUF antibody (R&D Systems, Minneapolis, MN,
USA; 1:500). After washing with PBS, the slides were incubated with Alexa Fluor 488 goat
anti-mouse IgG secondary antibody (Thermo Fisher Scientific, Waltham, MA, USA; 1:1000)
at 4 °C for 2 h. To investigate the effects of TGF-BRI/II and Smad2/3 knockdown on
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TGEF-B-induced PAUF expression in HepG2 cells, the cells were transfected with scramble
control siRNA, TGF-BRI/II siRNA, or Smad2/3 siRNA at a final concentration of 100 nM.
The transfected cells were then seeded on glass slides in 12-well plates and cultured until
they reached 60-70% confluence. The transfected cells were treated with vehicle or TGF-3
(10 ng/mL) for 24 h, followed by fixation with 3.7% formaldehyde and permeabilization
with 0.1% saponin solution. The slides were rinsed twice with PBS and blocked with
3% BSA for 2 h. Subsequently, the slides were incubated overnight at 4 °C with mouse
monoclonal anti-PAUF antibody (1:500), followed by PBS washing and incubation with
Alexa Fluor 488 goat anti-mouse IgG secondary antibody (1:1000) at 4 °C for 2 h. To
evaluate whether SB-431542 (Sigma-Aldrich) inhibits TGF-3-induced PAUF expression
through the TGF-BRI/II-Smad2/3 signaling cascade, HepG2 cells were pretreated with SB-
431542 (10 uM) for 1 h before stimulation with vehicle or TGF-f3 (10 ng/mL) for 24 h. After
treatment, the cells were fixed with 3.7% formaldehyde, permeabilized with 0.1% saponin
solution, and washed twice with PBS. The slides were then blocked with 3% BSA for 2 h and
incubated overnight at 4 °C with mouse monoclonal anti-PAUF antibody (1:500). Following
two washes with PBS, the slides were incubated with Alexa Fluor 488 goat anti-mouse
IgG secondary antibody (1:1000) at 4 °C for 2 h. To assess the effect of ectopic TGF-BRI/II
expression on PAUF expression, Huh-7 cells were transfected with pCMV6 mock vector or
TGE-BRI/BRII expression vector (pTGF-BRI/II). The transfected cells were seeded on glass
slides in 12-well plates, cultured until they reached 60-70% confluence, and subsequently
treated with vehicle or TGF-f (10 ng/mL) for 24 h. Subsequent immunofluorescence
staining procedures were conducted using the same methods described above. For nuclei
staining, the slides were further incubated with 1 pg/mL 4',6-diamidino-2-phenylindole
(DAPI Sigma-Aldrich) for 15 min at room temperature. After mounting with Faramount
Aqueous Mounting Medium (Dako, Glostrup, Denmark), slide images were observed using
a Zeiss LSM710 confocal microscope (Carl ZEISS, Berlin, Germany) at 400 x magnification.
Fluorescence intensities were analyzed using Image] software.

4.5. Chromatin Immunoprecipitation (Chip) Assay

HepG2 cells were either pretreated with SB-431542 (10 uM) for 1 h or transfected with
the indicated siRNAs for 24 h, followed by stimulation with vehicle or TGF-f (10 ng/mL)
for 1 h. For ectopic receptor expression experiments, Huh-7 cells were transfected with
pCMV6 mock vector or pTGF-BRI/II expression vectors (pCMV-TGF-ARI and pCMV-TGF-
BRII) and subsequently treated with vehicle or TGF- for 1 h. Chromatin immunopre-
cipitation (ChIP) assays were conducted using a Chromatin Immunoprecipitation Assay
Kit (Millipore Corporation, Billerica, MA, USA) in accordance with the manufacturer’s
protocol. All experimental procedures were performed as previously described [29].

4.6. Enzyme-Linked Immunosorbent Assay (Elisa)

To measure secreted PAUF levels, PAUF-knockdown HepG2 cells and PAUF-
overexpressing Huh-7 cells were cultured in Dulbecco’s modified Eagle’s medium with or
without TGF-f3 (10 ng/mL) for 24 h. The culture supernatants were then collected, concen-
trated using Amicon Ultra-15 centrifugal filter units (Millipore, Burlington, MA, USA), and
subjected to enzyme-linked immunosorbent assay (ELISA) for quantification of secreted
PAUF. Plates were coated with anti-PAUF antibody (5 pg/mL) for 24 h at room tempera-
ture and subsequently incubated with concentrated culture supernatants for 2 h at 37 °C.
After incubation, biotin-conjugated PAUF detection antibody (250 ng/mL) was added and
incubated for 90 min at 37 °C, followed by treatment with streptavidin-HRP (1:5000) for
30 min at 37 °C. Absorbance was measured at 450 nm using a BioTek Epoch 2 Microplate
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Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). All procedures were
performed as previously described [24,28,29].

4.7. Reverse Transcription PCR (RT-PCR) and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from cultured cells using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). For RT-PCR analysis, 1 ug of total RNA was reverse transcribed into cDNA using
M-MLV Reverse Transcriptase (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. The relative mRNA levels of PAUF and GAPDH were then examined
by RT-PCR using gene-specific primers, and the primer sequences are listed in Table 1.
For quantitative mRNA expression analysis, cDNA was generated from 0.5 pg of total
RNA using ReverTra Ace™ qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka,
Japan), following the manufacturer’s recommended protocol. qRT-PCR was performed
using Power SYBR™ Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA) and gene-specific primers on a QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientific). The primer sequences used for qRT-PCR are provided in Table 2. Relative
mRNA expression levels were calculated using the 2~#4C4 method, with GAPDH serving
as the internal control. All assays were conducted in triplicate across three independent
experiments.

Table 1. Sequences of gene-specific primers used for RT-PCR.

Gene Forward Primer (5'-3') Reverse Primer (5'-3')
PAUF CATGAAATCACAGGGCTGCG CTGGGGTAGGCAGAGGAGAT
GAPDH ACATGTTCCAATATGATTCCACCC ATGGACTGTGGTCATGAGTCCTIT

Table 2. Sequences of gene-specific primers used for qRT-PCR.
Gene Forward Primer (5'-3') Reverse Primer (5'-3')
PAUF GCACCACTGAAGACTACGACCAT TGCAGGGTGACTTCCTGGGTATT
SNAI1 GAGCTGCAGGACTCTAATCC ATGAGCATTGGCAGCGAGG
ZEBI1 CTGCCCAGTTACCCACAATC AGGGTGGTTCTTGGACTGCA
ZEB2 AAGCCTCTGTAGATGGTCCA ATAATGGCTGTGTCACTGCG
TWIST1 ATTCAGACCCTCAAGCTGGC TCCATCCTCCAGACCGAGAA
FN1 GAGAACAGTGGCAGAAGGAA TTGTAGGACTGGCCAGTAGT
VTN GTACACGGTCTATGACGATG CTCAGGTTTCAGAACAGGTG
CDH?2 TCAGTGAAGGAGTCAGCAGA TCTGGCAAGTTGATTGGAGG
VIM CGCCATCAACACCGAGTTCA CCTTGAGCTGCTCGAGCT
ACTA2 AAGACAGCTACGTGGGTG GAGCAGGGTGGGATGCT
MMP?2 AGTGGTCCGTGTGAAGTATG AAAGTTGTAGGTGGTGGAGC
MMP9 ACCAATCTCACCGACAGGCA CAGGGACAGTTGCTTCTGGA
CDH1 TCTGGATAGAGAACGCATTGC GCTTGTTGTCATTCTGATCGGT
TJP1 CATCCACTCTGCTAATGCCT GGAATGATCAGAAGGCTCTG
CLDN1 CAGATCCAGTGCAAAGTCTT ATACACTTCATGCCAACGGT
OCLN TGGACAGGTATGACAAGTCC TTCCACATAGTCAGATGGGG
DSP TGAATACAAGCGTCAGGTGC AGTCACAGAGAGCTCTGAGA
PKP1 AACAAGGACCTGTCCTTTGG CAATGGCCTGGTACTTCTCA
JupP AACCTCTCAGATGTGGCCAC TGTCAGGTTGGAGAGTGTGC
CRB3 CTGGGGGCAAATACAGACCA AAGGCAGCCAAGAGGGAGAA
GAPDH GGGGCTCTCCAGAACATCAT GGTCAGGTCCACCACTGACA

4.8. PAUF Promoter-Luciferase Reporter Assay

To assess whether TGF-f-activated Smad proteins directly regulate PAUF transcription
in the HCC cell lines HepG2 and Huh-7, we used PAUF promoter—Luc vectors (Smad-
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binding element SBEWT, SBEM#, SBEA™!) generated in our previous study [29]. HepG2
cells were co-transfected with 100 nM scrambled (Ctrl), TGF-BRI/II (TGF-BRI and -BRII),
or Smad2/3 siRNAs alone or in combination with 1 ug of PAUF promoter—Luc vector
(pLuc-PAUF) and 1 pg of 3-gal expression vector (pCMV-LacZ; Clontech, Palo Alto, CA,
USA) using Lipofectamine 3000 reagent (Invitrogen). 6 h after transfection, the media were
replaced with complete growth media and stabilized for 24 h, then treated with vehicle
or TGF-$ (10 ng/mL) for 24 h. HepG2 cells co-transfected with pLuc-PAUF and pCMV-
LacZ were pretreated with SB-431542 (10 uM) for 1 h, then treated with or without TGF-3
(10 ng/mL) for 24 h. HepG2 cells were transfected with scrambled (Ctrl) or TGF-ARI/II
siRNAs together with PAUF promoter—Luc vector (Smad-binding element-wild type,
SBET or Smad-binding element-mutants, SBEMu“t and SBEA™4t) and pCMV-LacZ vector.
After 6 h of transfection, the media were replaced with complete growth media, and the cells
were stabilized for 24 h, followed by treatment with vehicle or TGF-3 (10 ng/mL) for 24 h.
Huh-7 cells were transfected with pCMV6 (Mock) or TGF-BRI/ARII (pTGF-BRI/II) vectors
together with PAUF promoter-Luc vectors (SBE"T, SBEM*, or SBEA") and pCMV-LacZ
vector. The transfected cells were stimulated with vehicle or TGF-f3 (10 ng/mL) for 24 h.
Luciferase activity was measured using the Luciferase Reporter Assay System (Promega,
Madison, WI, USA) according to the manufacturer’s instructions. 3-Galactosidase activity
was determined using ortho-nitrophenyl-f-galactosidase (Sigma-Aldrich, St. Louis, MO,
USA), and luciferase reporter activity was normalized against (3-galactosidase activity.

4.9. Cell Migration and Invasion Assays

Cell migration and invasion were evaluated using 24-well Transwell® plates equipped
with inserts containing 8 um pore-size membranes (Corning Inc., NY, USA). For invasion
assays, the upper chambers of the inserts were precoated with Matrigel® Matrix (Corning),
while uncoated inserts were used for migration assays. The lower chamber of transwell
plates was filled with 800 pL of culture medium containing 10% fetal bovine serum. HepG2
(5 x 10*), Huh-7 (5 x 10*), or PAUF knockdown HepG2 (5 x 10*) and PAUF-overexpressing
Huh-7 (5 x 10%) cells were suspended in 200 puL of serum-free medium in the presence
or absence of TGF-f3 (10 ng/mL) and seeded into the upper chambers. The cells were
incubated for 24 h at 37 °C to facilitate migration or invasion. After incubation, cells that
had migrated or invaded through the membrane were fixed with absolute methanol and
stained with 0.1% crystal violet solution. Cells remaining on the inner surface of the upper
chamber were carefully removed with cotton swabs. Images of migrated or invaded cells
were acquired using an inverted microscope, and cell numbers were quantified from four
randomly selected fields per sample using Image] software.

4.10. In Vivo Experiments

Male BALB/c-nude mice aged 6 weeks were obtained from JA BIO Co. (Suwon,
Republic of Korea) and acclimated for 1 week before the experiments. The mice were main-
tained in a pathogen-free animal facility under a 12 h light-dark cycle. To establish the lung
metastasis model, luciferase-expressing Luc-HepG2 or Luc-Huh-7 cells transfected with the
indicated vectors were resuspended in PBS at a density of 2 x 10° cells/200 uL PBS. The sus-
pended cells were then intravenously administered to mice via tail-vein injection. 8 weeks
after injection, the mice were sacrificed, and lung metastasis was assessed using the IVIS Lu-
mina Il imaging system (Caliper Life Sciences, Hopkinton, MA, USA). Paraffin-embedded
lung tissue sections were subjected to hematoxylin and eosin staining to assess metastatic
foci in the lungs (n = 5 mice per group). All animal experiments were reviewed and ap-
proved by the Institutional Animal Care and Use Committee of the Scripps Korea Antibody
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Institute (SKAI-250731-3). The experimental procedures were conducted in compliance
with institutional guidelines for animal care.

4.11. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 9.0 (GraphPad
Software Inc., San Diego, CA, USA). The number of replicates for each experiment is
indicated in the Figure legends, and representative data were obtained from at least three
independent experiments. Quantitative results are presented as the mean + standard
deviation. The normality of data distribution was assessed using the Shapiro-Wilk test
before applying parametric statistical analyses. For normally distributed data, Statistical
significance was assessed using two-way analysis of variance for analyses involving two
independent variables, followed by Bonferroni post hoc multiple-comparison tests, where
appropriate. When parametric assumptions could not be met or when non-parametric
analysis was considered more appropriate, the Wilcoxon rank-sum test, also known as the
Mann-Whitney U test, was used for comparisons between two independent groups. No
data points were excluded from the analysis unless predefined exclusion criteria were met.
A p-value of < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, the present study demonstrates that PAUF plays a critical role in
regulating the lung metastatic potential of HCC cells. Our findings suggest that PAUF
contributes to the acquisition of metastatic phenotypes by promoting EMT-associated
molecular alterations and enhancing the migratory and invasive capabilities of HCC cells.
Notably, modulation of PAUF expression significantly affected lung metastatic colonization
in vivo, further supporting its functional importance in HCC progression. Collectively,
these results provide evidence that PAUF acts as a pivotal mediator of HCC metastasis and
may represent a promising therapeutic target for suppressing metastatic progression and
improving clinical outcomes in patients with advanced HCC.
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