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ABSTRACT

KEYWORDS

Objective: Partitioning defective protein 3 (Par3) has recently been found to have important roles in cancer progression. Interestingly,
Par3’s functions vary among cancers: both Par3 elevation (in the prostate or liver) and loss (in the breast or lung) have been implicated
in cancer metastasis. Although Par3 overexpression has been correlated with diminished survival in renal cell carcinoma (RCC), data
indicating the role of Par3 in RCC metastasis are lacking. Given reports of interactions between Par3 and oncoproteins such as Yes-
associated protein (YAP)/WW domain-containing transcription regulator 1 (TAZ), we investigated whether Par3-mediated RCC
metastasis might be due to activation of the Hippo pathway components YAP and TAZ.

Methods: Par3 levels were analyzed in RCC cell lines and human RCC patient tissues by western blotting and immunohistochemical
(IHC) staining, as appropriate. Co-immunoprecipitation (co-IP) and immunofluorescence studies were conducted to examine the
interaction between Par3 and YAP. Quantitative PCR and luciferase assays were used to investigate the effects of Par3 on YAP target
gene expression and co-transcriptional regulation. PDZ domain deletion mutants of Par3 were generated to elucidate the structural
basis of the interaction between Par3 and YAP.

Results: Higher Par3 levels were found in distant-organ-RCC-metastasis-derived ACHN sublines than wild type ACHN cell lines.
Par3 levels were also higher in the patient tissue obtained from metastatic sites than in normal kidney and primary RCC tumor
tissues. Co-IP and IHC experiments demonstrated that Par3 directly interacted and co-localized with YAP/TAZ proteins. Moreover,
Par3 upregulated the transcription of YAP/TAZ downstream target genes and increased the luciferase activity of YAP/TAZ responsive
elements. PDZ domain 3 in the PARD3 gene was demonstrated to be particularly important in the interactions between Par3 and
YAP. Furthermore, Par3 was found to upregulate intracellular levels of YAP/TAZ molecules and promote nuclear translocation of
YAP.

Conclusions: Together, these results indicate the role of Par3 in RCC metastasis, via driving metastatic RCC progression by
promoting the YAP/TAZ pathway.

Renal cell carcinoma (RCC); Par3; YAP; metastasis

Introduction

Polarity protein complexes are critical in maintaining epithe-
lial apical-basal polarity in normal cells!. The core polarity
protein members include the partitioning protein (Par) com-
plex, comprising atypical protein kinase C (aPKC), Par3, Par6,
and Cdc42-GTP?3. However, the normal polarity regulatory
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function of the Par complex is lost in tumor formation and
cancer progression, and is frequently assumed to be a common
feature of cancer progression®.

Par3 is encoded by the PARD3 gene, which is evolutionarily
conserved across species. Par3 contains a conserved N termi-
nus and 3 PDZ domains (also known as Discs-large homolo-
gous regions or GLGF). Several Par3 isoforms (of 180 kDa, 150
kDa, and 100 kDa) are formed through alternative splicing of
the PARD3 gene, and multiple variants are often simultane-
ously expressed within a given cell type or tissue®. The 3 iso-
forms share a common N-terminal region and 3 PDZ domains,
but the 100 kDa isoform lacks the aPKC binding site®. Par3 is
phosphorylated by aPKCC/1 and Parl”. Furthermore, Par3 is
dephosphorylated by serine/threonine protein phosphatase
PP1 (predominantly the o form)”.
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Wu et al.® have demonstrated how Par3 regulates phospho-
inositide signaling during the cellular polarization process.
However, Par3 has been reported to control different signaling
pathways in cancer cells. Zhou et al.? have shown that elevated
Par3 expression inactivates the Hippo pathway in prostate
cancer cells, and Zhang et al.!% have revealed that downregula-
tion of Par3 potentiates TGF-B1-induced epithelial-to-mesen-
chymal transition and activation of Tiam1-Racl signaling in
thyroid cancer cells. Furthermore, depletion of Par3 increases
lung cancer metastasis!!, whereas overexpression (OE) of
Par3 decreases pancreatic cancer metastasis'%; both effects
have been shown to be associated with Par3 regulation of the
TIAM/RACI signaling pathway.

Par3’s role in tumorigenesis has been studied in many types
of cancers. Whether Par3 promotes or inhibits tumorigenesis
is controversial, given that the results vary by cancer type. In
breast!? and prostate!* cancers, loss of Par3 has been reported
to promote tumorigenesis by accelerating cell growth and
division. In contrast, elevated Par3 expression correlates
with poor prognosis in ovarian cancer'® and hepatocarci-
noma'®. Hence, a dual role of Par3 in tumorigenesis has been
suggested!”.

The role of Par3 in metastasis also varies among cancer
types. Whereas elevated levels of Par3 have been suggested
to promote metastasis in prostate cancer’, colorectal can-
cer'8, and hepatocarcinoma'?, loss of Par3 appears to promote
metastasis in breast cancer?’, bladder cancer?!, glioblastoma??,
and lung cancer!!. To date, the role of Par3 in renal cell car-
cinoma (RCC) metastasis has not been extensively studied,
although a correlation between Par3 OE and diminished sur-
vival has been reported®.

Yes-associated protein (YAP) and its partner WW
domain-containing transcription regulator 1 (TAZ) are key
members of the Hippo pathway. YAP and TAZ have been iden-
tified as oncoproteins, and elevated YAP expression has been
observed in various cancers?*?>. Consequently, these proteins
have been suggested to be primary mediators of metastatic
progression?%27,

Interestingly, Par3 co-localizes with YAP in the nuclei
in proliferating canine kidney MDCK cells?®. Nuclear-
cytoplasmic translocation of YAP under various physiologi-
cal and pathological conditions has been reported?*3?. YAP
has been suggested to translocate to the nucleus and subse-
quently drive gene transcription associated with proliferation
and metastasis when the Hippo pathway is “off”; however,

its subcellular location is restricted to the cytoplasm when
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the Hippo pathway is “on”®l. Phosphorylation by the LATS
(Warts homologs) tumor suppressor kinase leads to cytoplas-
mic translocation and inactivation of YAP32. The YAP/TAZ
complex interacts with the transcriptional enhancer associ-
ated domain transcription factors (TEAD1-4), thus promot-
ing the expression of proliferation- and metastasis-associated
molecules®.

Whether nuclear Par3 interacts with YAP and subse-
quently influences cancer metastasis has not been studied
to date. Herein, we focused on exploring the role of nuclear
Par3 as a cofactor for YAP/TAZ activation that promotes RCC

metastasis.
Materials and methods
Cell lines

Human Caki-1 (clear cell) and ACHN (papillary) RCC
cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). ACHN wild type (WT)
and its metastasized organ-derived cell lines were as previ-
ously described®*3>. HEK293T WT and Lenti X-HEK293 cell
lines were also obtained from the ATCC. All RCC cells were
cultured in RPMI1640 containing 10% FBS and 1x penicillin/
streptomycin, and HEK293 cell lines were grown in DMEM
containing 10% FBS and 1x penicillin/streptomycin. All cells
were maintained in a humidified 5% CO, environment at
37°C.

Creation of cell lines with Par3 overexpression
or knockdown

Transient transfection of siRNA-Par3 (Invitrogen, ID
132893, Cat no. AM16708) or negative scrambled (sc)
siRNA control plasmid (Cat no. 462001) was performed with
Lipofectamine3000 (Invitrogen) or Xfect (Takara Bio, San
Jose, CA), and cells were harvested 24-48 h after transfection.

EGFP-tagged mouse full-length Par3 (FL-Par3) and Par3
mutant forms with deleted PDZ domains (domain 1 deleted,
A1-Par3; domain 2 deleted, A2-Par3; domain 3 deleted, A3-
Par3; and domain 1/3 deleted, A1/3-Par3) were constructed
in the pEGFP-C2 vector®®. Cell extracts/total RNAs were
obtained and used in IP/luciferase experiments 24-96 h after
transient transfection.

To create clone cell lines with stable Par3 knockdown (KD),
we mixed shRNA-Par3 (Origene, TR302678, retroviral vector)
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or sc control plasmid (Origene, TR30012) with psPAX2 and
pMD2G in a 4:3:1 ratio to generate lentivirus in Lenti
X-HEK293 cells. Subsequently, RCC cells were infected with
viral supernatants (with polybrene, 6 ng/mL), and positive
cells were selected with puromycin (0.5 pg/mL). Caki-1-
derived cells with stable OE of Par3 or vector control were
obtained similarly through transfection of cells with the pEG-
FP-C2 vector containing full-length Par3, which were selected
with gradually increasing concentrations of G418 (200-800
pg/mL). After selection of individual clones, Par3 KD or OE
cell lines were subjected to western blotting or quantitative

PCR (qPCR) analyses to confirm Par3 levels.
Transwell migration and invasion assays

Migration assays were performed with Transwell chambers
(8 um pore size, Corning, Glendale, AZ). Cells (1 x 10* to 5 x
10%) were plated into the upper chamber in serum-free RPMI
culture medium (100 pL). A total of 700 pL of RPMI culture
medium with 20% FBS was added into the lower chamber as
the chemoattractant, and cells were incubated for 24 h. For
invasion assays, membranes were pre-coated with 50 pL of
1:6 Matrigel:medium. Cells were seeded at 1 x 10° and incu-
bated 48 h. After incubation, cells were fixed with methanol
for 15 min, then stained with 0.2% crystal violet in 20% meth-
anol. Cells that had migrated or invaded the lower chamber
were photographed with a Keyence BZ-X710 microscope. For
quantification of cell migration/invasion, crystal violet stain
was extracted with 300 puL of 10% acetic acid, and the absorb-
ance was measured at 570 nm wavelength with an Epoch
microplate spectrophotometer (Agilent Technologies Inc.,
Santa Clara, CA).

Luciferase assays

Luciferase assays were performed with the YAP/TAZ reporter
8xGTIIC-lux. Either Par3 expression vector or siRNA-Par3
was co-transfected with the luciferase reporter (50 ng/cm?)
into cells (2 x 10° cells in 24 well plates) that were harvested
24 h after transfection. Luciferase activity was detected with a
luminometer (Turner Biosystems, Sunnyvale, CA) and lucif-
erase activity kit (Promega, Madison, WI). Luciferase spe-
cific activity was normalized to the protein concentration in
each well. Each group was assayed in triplicate, and the entire

experiment was repeated at least 3 times.

Immunofluorescence staining

Cells (1 x 10%) were mounted on chamber slides (MilliCell EX
slide, EMD Millipore, Temecula, CA), fixed, and stained with
antibodies to Par3 (07-330, EMD Millipore) (1:200) and YAP
(sc-101199, Santa Cruz, Santa Cruz, CA) (1:200). Cy5 tagged
goat anti-rabbit (A10523), anti-mouse (A10524), and Alexa
Fluor 488 tagged goat anti-mouse (A11001), and anti-rabbit
(A11002) secondary antibodies (Invitrogen) (1:1000), were
subsequently added. Immunofluorescence (IF) images were
obtained with a fluorescence microscope (model BZ-X710,

Keyence, Plano TX).

Cell protein extraction and western blot
analysis

To obtain total cell extracts, we lysed cells in RIPA buffer (50
mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 1 mM EDTA, 1 pg/mL leupeptin, 1 pg/mL
aprotinin, and 0.2 mM PMSE). To obtain cytoplasmic, mem-
brane, and nuclear fractions, we used a Subcellular Protein
Fractionation kit (Cat no. 78840, Thermo Fisher Scientific,
Waltham, MA). Cells were harvested, incubated with cyto-
plasmic extraction buffer, membrane extraction buffer, and
nuclear extraction buffer, in a stepwise manner, according to
the manufacturer’s instructions (Fisher). Cell extracts (total,
20-40 pg; subcellular fraction, 10-20 pg) were separated on
4%-12% Tris-Glycine SDS/PAGE gels (Bio-Rad), then trans-
ferred to PVDF membranes (162-0177, Bio-Rad). After being
blocked in 5% non-fat dry milk, the membranes were incu-
bated with primary antibodies (abs) at the manufacturers’
suggested dilutions. Abs to the following targets were used:
E-cad (3195T), CYR61 (14479T), and ANKRD15 (69953S)
from Cell Signaling Technologies (Danvers, MA); actin (sc-
58673), GAPDH (sc-166574), YAP (sc-101199), and CTGF
(sc-373936) from Santa Cruz (Santa Cruz, CA); p-NF-«B
(MAB7226) from R&D system (Minneapolis, MN); Par3
(NBP1-88861), FAK (NBP2-67327), N-cad (NBP1-48309SS),
MMP2 (NB200-114SS), and GFP (NB600-597) from Novus;
TGF-B1 (A18692) from Abcam Inc. (Cambridge, MA);
vimentin (GTX100619), smad4 (GTX112980), and LDHA
(GTX101416) from Gentex Inc. (Irvine, CA); p-YAP (Ser127,
MBS9601097) from My BioSource (San Diego, CA); AREG
(Amphiregulin) (bs-3847R-TR) from Bioss (Woburn, MA);
NMP P84 (A8179) from ABclonal (Woburn, MA); and TAZ
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(WWTRI1) (66500-1-Ig) from ProteinTech (Rosemont, IL).
Membranes were then incubated with HRP-conjugated sec-
ondary antibodies [1:3000, 170-6516 (mouse) and 170-6515
(rabbit), Bio-Rad], and protein bands were visualized with an
Alpha Innotech Imager (Biocompare, San Francisco, CA) with
ECL developing reagents (Advansta Inc., San Jose, CA) from
Cell Signaling Technology.

qPCR analysis

Total cellular RNA extract was prepared with a Maxwell®
16 LEV Simply RNA Cell Kit (Promega, Madison, WI), and
2 pg RNA was reverse transcribed with Superscript III tran-
scriptase (Invitrogen, Carlsbad, CA). qPCR analyses were con-
ducted with specific primers (sequences in Table S1) mixed
with SYBR® Green master mix (Bio-Rad) in a Bio-Rad CFX96
system, to determine the mRNA expression levels of the gene
of interest. Expression levels were normalized to 18S mRNA

levels.
Co-immunoprecipitation (co-IP)

Co-IP, Dynabeads™ Protein G (Invitrogen) (50 pL per reac-
tion) were incubated with abs to either Par3 (NBP-1-88861,
Novus) (1:100) or YAP (sc-101199, Santa Cruz) (1:200).
Excess abs were removed by exposure of the tubes to a magnet.
After being washed, the ab-conjugated beads were incubated
with either total cell lysates (200 pg) or subcellular fractions
(100 pg) overnight. One-tenth of each lysate was used as the
input. After overnight incubation, unbound cell extracts were
removed. After 3 washes, elution buffer was added, and the
co-precipitated molecules were analyzed in western blot anal-

ysis with the appropriate antibodies.
Cytology and immunohistochemistry

Human patient tissues were obtained from the Simmons
Cancer Center’s Tissue Management Shared Resource.
Tumor tissues were fixed in 10% (v/v) formaldehyde in PBS,
embedded in paraffin, and cut into 5-pm sections. Tumor
tissue sections were deparaffinized in xylene solution, rehy-
drated, and processed for immunostaining. The antigen
retrieval process was performed in 10 mM citric buffer, pH
6.0, for 20 min in a pressure cooker before staining. After
staining, the tissues were counterstained with hematoxylin.
Abs to the following were used: Par3 (PA5-58475, 1:200,
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Invitrogen), E-cad (7904497, 1:200, Ventana-Roche, Tucson,
AZ), vimentin (347M-18, 1:200, Cell Marque, Rocklin, CA),
YAP (sc-101199, 1:200, Santa Cruz), and p-YAP (Serl27,
MBS9601097, 1:200, My Biosource). The research was
conducted with the approval of the Ethics Committee of
University of Texas Southwestern Medical Center on May 10,
2022 (approval No. STU-2022-0162).

Statistical analysis

The data are presented as mean + SEM. To compare differ-
ences between 2 groups with normal data distribution, we
used Student’s t-tests. A P-value < 0.05 was considered statis-

tically significant.
Results

Par3 promotes metastatic behavior of RCC
cells

To investigate the role of Par3 in promoting metastatic
behavior in RCC cells, we manipulated Par3 levels in 2 met-
astatic RCC cell lines. Because of the lower endogenous lev-
els of Par3 in Caki-1 cells than ACHN cells (Figure 1A), we
established Caki-1 Par3 OE cells (expression of metastatic
markers in RCC lines in Figure S1A). We observed higher
expression of several metastatic markers in Par3 OE Caki-1
(Caki-1Par3-2 and Caki-1Par3-4) cells than vector control
(Caki-1vec) cells (Figure 1B). Functional assays revealed
that the Caki-1Par3-2 and Caki-1Par3-4 cells consistently
exhibited higher migration/invasion ability than the Caki-
1vec cells (Figure 1C).

The effect of Par3 on RCC metastasis was further analyzed
in a series of ACHN-derived metastatic sublines from brain,
bone, lung, and kidney tissue*#* (described in Figure S1B).
We observed higher levels of metastatic markers (Figure 1D)
and Par3 (Figure 1E) in the metastatic sublines than in wt
cells. We also performed IHC staining on mouse tumor tis-
sues obtained from metastatic sites, which were the sources of
the ACHN sublines. We detected higher Par3 levels in tissues
from metastatic sites than in wt tumor tissues obtained from
the injection of original ACHN cells (Figure S1C), in agree-
ment with the cell line data (Figure 1E).

Expression of these metastatic markers in these sublines
decreased after Par3 KD with a specific siRNA (Figure 1F),

thus suggesting the potential effects of Par3 on the metastatic
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Figure1 Continued

behavior of these cells. In functional assays, we observed
higher migration/invasion ability in 2 metastatic sublines
(ACHN bone and ACHN lung) than in wt cells (Figure 1G).

Analysis of Par3 levels in RCC patient tissues

To validate the in vitro results, we analyzed Par3 lev-
els in patient tissues with RCC of various World Health
Organization (WHO) grades. Information regarding these

tissues is provided in Table S2. Analysis of Par3 expression

levels indicated greater Par3 levels in tumor samples than in
normal tissues (normal kidney tissues adjacent to tumors)
(Figure 2A).

Next, an investigation of Par3 levels in tumor tissues of
different grades revealed higher Par3 levels (Figure 2B) and
higher expression of metastatic markers in grade 3 and 4 tis-
sues than in lower grade tissues.

We further analyzed Par3 levels in tissues obtained from
distinct sites [non-malignant (normal kidney tissues adjacent

to primary tumors), primary tumors, and metastatic sites] in 4
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Figure 1 Par3 promotes the metastatic behavior of RCC cells. A. Western blot analysis of Par3 in Caki-1 and ACHN cells. B. Western blot

expression of metastatic markers in Par3 overexpressing Caki-1 cell lines (Caki-1vec, Caki-1Par3-2, and Caki-1Par3-4 cells). C. Migration and

invasion assays in the Par3 overexpressing Caki-1 cell line. Cells (Caki-1vec, Caki-1Par3-2, and Caki-1Par3-4) were plated in the upper chamber

in Transwell plates (8 um pore size) and assessed at 12 h for migration and at 24 h for invasion experiments. Quantification of three inde-

pendently performed experiments was performed. D, E. Western blot analysis of (D) metastatic markers and (E) Par3 in ACHN sublines (wt and

metastatic sublines). F. gPCR analyses showing transcriptional levels of PARD3 and metastatic gene markers in Par3 knockdown and sc control
ACHN brain, ACHN bone, ACHN lung, and ACHN kidney sublines. G. Metastatic ACHN cell line migration and invasion assays. ACHN wt, ACHN
bone, and ACHN lung cells were plated in the upper chamber of Transwell plates (8 um pore size) and assessed at 12 h for migration and at

24 h for invasion experiments. Quantification of three independent experiments was performed. *P < 0.05, **P < 0.01, ***P < 0.001.

patients (tissue data in Table S3). Protein analysis via western
blotting demonstrated (i) higher Par3 levels in tumors than in
normal tissues and (ii) higher Par3 levels in metastatic tumor
tissues than primary tumor tissues (Figure 2C).

Interestingly, the 100 kDa Par3 isoform was the major
detected isoform in metastatic tissue analysis (Figure 2),
whereas the 180 kDa isoform was the major isoform in met-
astatic cell studies (Figure 1). We analyzed the distribution
of 2 isoforms in cell lines and tissues by quantifying data
from 3 cell lines and 3 tissue samples. The 180 kDa and 100

kDa isoforms predominated in cell line data and tissue data,
respectively (Figure 2D).

We then performed IHC staining of tissue sample sets (nor-
mal, primary tumors, and metastatic tumor sites) from patients
A and B (Figure 2E), as well as patient E (Figure S2). Staining
of epithelial-to-mesenchymal transition markers such as E-cad
(an epithelial cell marker, top row of each figure) and vimen-
tin (mesenchymal marker, middle row of each figure) revealed
a lower number of E-cad-stained cells, and a higher num-

ber of vimentin-stained cells, in the metastatic tissues than
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Figure 2 Continued

the matched normal and primary tumor tissues from each
patient, as expected. In agreement with the western blot data
in Figure 2C, we observed higher levels of Par 3 in metastatic
tissues than in normal and primary tissue (bottom row of each

figure).
Par3 interacts with YAP/TAZ in RCC cells

Par3 has been reported to co-localize with YAP in the nucleus
in proliferating canine kidney MDCK cells?8. To assess whether
Par3 might interact with YAP and subsequently modulate

YAP/TAZ activity in RCC tumor cells, we examined YAP lev-
els in tumor samples and adjacent normal kidney tissue. Like
Par-3 levels, YAP and TAZ levels were also higher in metastatic
tumors than in normal tissues and primary tumors, according
to IHC (Figure 3A) and western blotting (Figure 3B).

Moreover, we observed similar expression patterns of
Par3 and YAP/TAZ in the ACHN cell line (wt and metastatic
sublines) (Figure 3C), particularly in the nuclear fractions
(Figure 3D).

Subsequently, we examined whether Par3 and YAP/TAZ

might interact with each other in the nucleus in RCC cells. In
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Figure 2 IHC determines Par3 expression in human RCC tissues. A. Western blot analysis of Par3 in non-malignant (normal) and malignant
(RCC) patient tissues of various WHO grades. Non-malignant tissues were obtained from kidney tissues adjacent to tumor sites. B. Western
blot analysis of Par3 and metastatic marker levels in RCC patient tissues of various WHO grades. C. Western blot analysis of Par3 and metastatic
marker levels in tissues of four patients (A-D) obtained from different sites [non-malignant (N), primary (P), and metastatic (M)]. D. Distribution
of 2 isoforms in cell line and tissue data. The 180 kDa and 100 kDa band intensities from three cell line data sets shown in Figure 1A, 1B, and
1C and three tissue datasets shown in Figure 2A and 2B were quantified with Imagel. E. IHC staining of vimentin, E-cad, and Par3 in tumor
tissues of patients A and B. Magnification, 40x. *P < 0.05.

nuclear fractions of Caki-1vec, Caki-1Par3-2, and Caki-1Par3-4 YAP, we detected co-immunoprecipitated TAZ and Par3 pro-
cells, using abs to Par3, we detected co-immunoprecipitated teins (Figure 3E, middle). Input analysis data are shown in the
YAP and TAZ proteins (Figure 3E, left). Similarly, using abs to right panel in Figure 3E.
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<
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cells and (F) ACHN bone and ACHN lung cells were immunoprecipitated with abs to either Par3 or YAP, and co-immunoprecipitated proteins

were analyzed with western blotting. The input (1/10th of nuclear extracts used in the co-IP experiment) analysis result is shown at the right

in each figure. G. Immunofluorescence (IF) staining results. Caki-1 and ACHN cells at two cell densities were stained with abs to Par3 and YAP,

followed by anti-rabbit Cy5 (red) and anti-mouse Alexa488 (green) secondary abs. Magnification, 40x (inserts, 60x). H. Western blot analysis

of metastatic marker levels in Caki-1Par3-2 and Caki-1Par3-4 cells after transfection with either siR-YAP or sc control plasmids (right). The

left panel shows qPCR analysis results demonstrating decreased expression of YAP downstream genes after siRNA-mediated YAP KD. *P <

0.05, **P < 0.01, ***P < 0.001.

Similar co-IP experiments on nuclear fractions from
the ACHN bone and ACHN lung sublines (Figure 3F), as
well as from parental Caki-1 and ACHN cells (Figure S3),
also demonstrated interaction between Par3 and YAP/TAZ
proteins.

We further investigated the co-localization of Par3 and
YAP via IF staining. Co-localization of these 2 proteins was
detected in the nucleus in Caki-1 cells (Figure 3G, upper) and
ACHN (Figure 3G, lower) cells at 2 different cell densities,
thus also supporting the hypothesis that Par3 interacts with
YAP in the nucleus in RCC cells.

To further confirm the interaction of Par3 and YAP mole-
cules, we assessed the effects of YAP KD on the expression of
metastatic markers in Caki-1Par3-2, Caki-1Par3-4, and Caki-
Ivec cells. qPCR data (Figure 3H, left) demonstrated dimin-
ished transcription of the YAP-regulated genes CYR61, CTGF,
and ANKRDI in siRNA-YAP transfected Caki-1Par3-2 and
Caki-1Par3-4 cells, thus indicating the specificity and effec-
tiveness of siRNA-YAP. Under these conditions, KD of YAP
in these cells reversed the elevated expression of metastatic

markers associated with Par3 OE (Figure 3H, right).

Par3 promotes YAP/TAZ transcriptional
activity

Given the interaction between Par3 with YAP/TAZ, we sub-
sequently investigated the effect of this interaction on down-
stream gene transcription by YAP/TAZ. First, we analyzed
the transcriptional levels of the YAP/TAZ downstream genes
CYR61, CTGF, and AREG in Caki-1vec, Caki-1Par3-2, and
Caki-1Par3-4 cells. Transcription of these genes was greater
in Par3 OE cell lines (Caki-1Par3-2 and Caki-1Par3-4 cells)
than vector control (Caki-1vec) cells (Figure 4A). In con-
trast, transcription of the YAP/TAZ downstream genes
(CYR61, CTGF, ANKRDI, and AREG) was lower in Par3 KD
(siR-Par3) ACHN bone (Figure 4B, left) and ACHN lung

(Figure 4B, right) cells than in sc control cells. These results

were confirmed through western blot analysis. As shown in
Figure 4C (Caki-1vec/Caki-1Par3-2/Caki-1Par3-4 cell set
data) and Figure 4D (ACHN bone sc/siR-Par3 and ACHN
lung sc/siR-Par3 cell set data), Par3 regulated the expression
of YAP downstream molecules.

We next measured the luciferase activity of the YAP/TAZ
reporter (8xGTIIC-lux) in RCC cells after manipulation of
Par3 levels. Higher Par3 levels correlated with greater lucif-
erase activity in cell lines with stable Par3 OE (Caki-1Par3-2
and Caki-1Par3-4 cells) than in vector control (Caki-1vec)
cells (Figure 4E). Elevated luciferase activity was also detected
in Caki-1 (Figure 4F), ACHN (Figure 4G), and HEK293
(Figure 4H) cells after transient transfection of the Par3
expression vector. Moreover, Par3 KD resulted in lower lucif-
erase activity in ACHN (Figure 4I), ACHN bone (Figure 4]J),
and ACHN lung (Figure 4K) cells than observed in sc control

cells.

The PDZ domain 3 of PARD3 is critical for
its interaction with YAP/TAZ and subsequent
YAP/TAZ transcriptional activation

The Par3 protein contains 3 PDZ domains, whereas both YAZ
and TAZ proteins have one PDZ binding domain each?”3
(Figure 5A). To further investigate which PDZ domain of
PARD3 is critical for interaction with YAP/TAZ molecules,
we used several Par3 mutants with domain deletions of PDZ1,
2, 3, or 1/3 (denoted Al-Par3, A2-Par3, A3-Par3, and Al1/3-
Par3), as previously described®®. Caki-1 cells were transfected
with either FL-Par3 or domain-deleted mutant forms of Par3,
and immunoprecipitation with either YAP ab or Par3 ab was
performed. We observed less interaction of Par3-YAP/TAZ
in cells transfected with A3-Par3 and Al/3-Par3 than with
other constructs (Figure 5B). These findings indicated that
Par3 interacted less with YAP when PDZ3-deletion mutants
were introduced, because these mutants diminished YAP

interaction.



Cancer Biol Med Vol 22, No 7 July 2025 823
A
B Caki-1vec
B Caki-1Par3-2
o 29 . * | Caki-1Par3-4
2
2
915
51.5
3
S 1
o
£
2o.
&
Q
o
Par3 CYR61 CTGF AREG
B
ACHN bone ACHN lung
12 OCon oCon
o B siR-Par3 c 1.2, msiR-Par3
.o 14== — —— eosi o o
§ ’1* g 14
— * fust
S 08 . I 08/ T
< 064 . < o6 »e .
[°4 = *k T
E 044 € 044 .
2 g
© 0.24 s |
;3 % 0.2
0 = 0
Par3 CYR61 CTGF ANKRD1 AREG Par3 CYR61 CTGF ANKRD1 AREG
C . N D ACHN bone N ACHN Iur;)g E
C > > > >
@ o > R <
S ,\3 § « «.,8" <« 2 45 .
(,'8{-\ (/'2;{'\ (/'3{'\ kDa 2 4] *
>
kDa - - 8w - 130 Par3 £ 35
e B s 130 Par3 o 31
-— -- 42 CYR61 C 25 4 3
> (R g I
= d
...a “-n 38 CTGF 2 15
- . — 38 CTGF 2z 1
| " — — ) \REG < 05 .
o w50 AREG e =
C o) >
36 ANKRD1 \2 y 4
—37 GAPDH o — — \i—"\} '8?,3’ \?&
& N &
> (J’b

————

Figure 4 Continued

A similar experiment in HEK293T cells also confirmed the
diminished Par3-YAP/TAZ interaction in cells transfected
with A3-Par3 (Figure S4A). These results suggested that PDZ
domain 3 is critical for the interaction between Par3 and YAP/
TAZ. Consistently, we observed lower transcription of the
YAP/TAZ downstream genes CYR61 and CTGF (Figure 5C),
and lower YAP/TAZ reporter luciferase activity, in Caki-1
(Figure 5D) or HEK293T (Figure S4B) cells transfected with
A3-Par3 or Al/3-Par3 vectors rather than other constructs.

Western blotting also demonstrated lower expression of

metastasis markers in Caki-1 cells transfected with A3-Par3
or A1/3-Par3 plasmids than observed in cells transfected with

other constructs (Figure 5E).

Par3 enhances YAP/TAZ levels and promotes
nuclear translocation of YAP

We next investigated whether Par3 might control intracellu-
lar levels of YAP/TAZ in RCC cells. We detected greater YAP
and TAZ protein levels in Par3 overexpressing Caki-1Par3-2
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Figure 4 Par3 promotes YAP/TAZ activity. A. qPCR analyses analyzing transcriptional levels of the PARD3 and YAP/TAZ downstream genes
CYR61, CTGF, and AREG in Caki-1vec, Caki-1Par3-2, and Caki-1Par3-4 cells. B. gPCR analyses of the transcriptional levels of the PARD3 and
YAP/TAZ downstream genes CYR61, CTGF, ANKRDI, and AREG in Par3-knockdown ACHN bone (left) and ACHN lung (right) cells and the
respective sc control cells. C, D. Western blot analysis of YAP downstream molecules in (C) Caki-1vec, Caki-1Par3-2, and Caki-1Par3-4 cells
and (D) in ACHN bone sc/siR-Par3 and ACHN lung sc/siR-Par3. E-H. Luciferase assay results with Par3 level manipulation. YAP/TAZ reporter
activity was measured in (E) Caki-1vec/Caki-1Par3-2/Caki-1Par3-4 cells, (F) Caki-1 cells with co-transfection of Par3 expression vector, (G)
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assay results in cells with Par3 KD. YAP/TAZ reporter activity was measured in (I) ACHN cells, (J) ACHN bone cells, and (K) ACHN lung cells after
co-transfection with siPar3 RNA constructs. *P < 0.05, **P < 0.01, ***P < 0.001.

and Caki-1Par3-4 cells than in Caki-1vec cells (Figure 6A,
left, western blot data; right, qPCR data). Meanwhile, we
observed downregulation of YAP and TAZ molecules in Par3
KD ACHN bone (Figure 6C, left) and ACHN lung (Figure
6C, right) cells than in sc control cells. These results suggested
that Par3 upregulates YAP/TAZ levels, as further evidenced
by greater IHC staining of Par3 (Figure 2E) and YAP (Figure
3A) in metastatic patient tissues than in normal and primary
tissues. In contrast to YAP, we detected lower phosphoryl-
ated YAP (p-YAP) levels in metastatic tissues than in normal
and primary tissues (Figure 6D; quantification of positively
stained cells shown at right).

Notably, the positive staining was concentrated in the

nuclear region in normal tissues but was observed in the

cytoplasm in primary and metastatic tissues. Given the sig-
nificantly differing YAP and p-YAP levels, we examined
whether Par3 might modulate YAP/TAZ (nuclear) and p-YAP
(cytoplasmic) levels in RCC cells. We first analyzed YAP and
p-YAP levels in the cytoplasmic and nuclear fractions of
Caki-1vec, Caki-1Par3-2, and Caki-1Par3-4 cells. Nuclear
YAP levels were higher, whereas cytoplasmic p-YAP levels
were lower, in Caki-1Par3-2 and Caki-1Par3-4 cells than in
Caki-1vec cells (Figure 6E). In contrast, we detected lower
nuclear YAP levels, and higher cytoplasmic p-YAP levels, in
Par3 KD ACHN lung and ACHN bone cells than in sc control
cells (Figure 6F).

Par3 regulation of YAP nuclear transport was further sup-
ported by IF staining results. We used 2 sets of cells: (i) the
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Caki-1vec/Caki-1Par3-2/Caki-1Par3-4 cell set and (ii) the
ACHN bone sc/siR-Par3 and the ACHN lung sc/siR-Par3
cell set. We subsequently examined YAP distribution in the

cytoplasmic and nuclear fractions. Higher amounts of YAP
were present in the nuclear fraction of Caki-1Par3-2 and Caki-
1Par3-4 cells than Caki-1vec cells (Figure 6G). Moreover, the
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Magnification, 40x (insets, 60x). I. Western blot analysis of YAP in the cytoplasmic and nuclear fractions of Par3 mutant-transfected cells.

*P < 0.05, **P < 0.01, ***P < 0.001.

YAP distribution in the nuclear fraction decreased after Par3
KD (Figure 6H, ACHN bone cell data, top; ACHN lung cell
data, bottom), thus supporting that Par3 promotes nuclear
translocation of YAP.

To demonstrate the critical role of the Par3 domain in medi-
ating YAP nuclear transport, we analyzed YAP levels in the
cytoplasmic and nuclear fractions of Par3 mutant-transfected
cells. As shown in Figure 61, nuclear YAP levels were dimin-
ished and cytoplasmic YAP levels were elevated in A2-Par3,
A3-Par3, and A1/3-Par3-transfected Caki-1 cells. These effects
were most pronounced in cells transfected with A3-Par3. This
finding suggested that domain 3 not only is important in the
binding of Par3 with YAP but also is critical in mediating
nuclear transport of YAP.

Discussion

Herein, we first sought to determine whether Par3 plays a nega-
tive or positive role in RCC metastasis, given that published data
support differing roles of Par3 according to cancer type®!1:18-23,
Using 2 metastatic RCC models (Caki-1 and ACHN cell lines)
(Figure 1) and clinical samples (Figure 2), we demonstrated
the role of Par3 in promoting RCC metastasis. This observa-
tion was consistent with prior data indicating an association
between Par3 OE and poor prognosis in patients with RCC?.
However, no studies to date have demonstrated the underlying
molecular mechanism of Par3 in RCC progression.

Three Par3 isoforms (180 kDa, 150 kDa, and 100 kDa

forms) arise from alternative splicing of the PARD3 gene®.
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The predominant Par3 isoforms differ among cancer types.
For instance, esophageal squamous cell carcinoma appears
to express all 3 isoforms in similar proportions®®, whereas
the 180 kDa form appears to be the major isoform in blad-
der cancer?! and glioma*’. Meanwhile, the 150 kDa isoform
is the major isoform in breast cancer cells*!. In this study,
the Par3 isoform profiles notably differed between RCC cell
lines and patient tissues. The 180 kDa isoform was the pre-
dominant form of Par3 in most cell lines, whereas the 100
kDa form was the major isoform in tumor tissues. Because
the RCC cell lines used in this study were not directly
derived from these specific patients with RCC, underlying

Lee et al. Par3 increases renal cell carcinoma metastasis via YAP activation

variations in genetic or histological classifications might
explain this difference.

We focused on the downstream effects of elevated Par3 lev-
els on cancer progression and metastasis in RCC. We exam-
ined the role of Par3 in regulating YAP activity in the nucleus.
Zhou et al.? had previously examined the role of Par3 in regu-
lating the Hippo pathway and consequently influencing pros-
tate cancer metastasis. However, they focused on cytoplasmic
Par3’s role in forming a complex with KIBRA but did not study
its direct interaction with YAP/TAZ in the nucleus. Similarly
to the findings for YAP, we observed substantial Par3 local-
ization in the nuclei in proliferating cells (Figure S5). The
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Figure 7 Integrated schematic of Par3 function in YAP/TAZ nuclear translocation and gene transactivation in RCC cell metastasis. Beyond
its roles in controlling cell polarity and division, Par3 might also contribute to cancer cell metastasis by regulating YAP/TAZ function in the
Hippo pathway. (1) Promotion of YAP/TAZ nuclear translocation via regulation of phosphorylation and dephosphorylation: (i) Par3 inhibits
the LAST1/2 kinases in the upper Hippo pathway, thus preventing YAP/TAZ phosphorylation?8. (ii) Protein phosphatase 1 (PP1A) has been
reported to bind Par3 and regulate Par3 phosphorylation’, thereby promoting YAP/TAZ dephosphorylation. Both pathways might promote
YAP/TAZ nuclear translocation by preventing cytoplasmic retention and degradation, a process potentially mediated through the interaction
of 14-3-3 with the phosphorylated form of YAP*. (2) Promotion of YAP/TAZ-mediated transactivation, as shown in this study: Par3 binds
YAP/TAZ in a PDZ domain 3-dependent manner in the nucleus and may enhance the transcription of metastasis-relevant candidate genes
such as CYR61, CTGF, ANKRD1, and AREG, possibly by acting in a complex with TEAD and other TFs. Elevated expression of these genes is
associated with increased cancer metastasis**-48, Nevertheless, the detailed molecular mechanism underlying such transactivation remains
to be explored. Par3, partition defective protein 3; YAP, yes-associated protein; TAZ, transcriptional coactivator with PDZ-binding motif; TF,
transcription factor; TEAD, transcriptional enhancer-associated domain; MST1/2, mammalian sterile 20-like kinases 1 and 2; LAST1/2, large
tumor suppressor homolog kinases 1 and 2; PP1A, protein phosphatase 1A. Figure created with BioRender (Toronto, Ontario). The lines in blue
represent existing findings in the literature.



Cancer Biol Med Vol 22, No 7 July 2025

expression profiles of Par3 and YAP in the nuclear fraction of
RCC cells were correlated, thus prompting further investiga-
tion into their relationship.

YAP/TAZ are co-transcription factors that mediate can-
cer progression and metastasis through interaction with
TEAD?73342 Nuclear translocation of YAP is a critical driver
of proliferation and metastasis of tumor cells*!. We confirmed
the interaction of Par3 and YAP proteins through co-IP exper-
iments, and demonstrated the co-localization of Par3 and YAP
in RCC cell lines (Figure 3). Furthermore, interaction with
Par3 increased the transcription of YAP/TAZ-regulated genes
and enhanced YAP/TAZ transcriptional activity, as evidenced
by increased luciferase reporter activity (Figure 4). We did not
observe an additive or synergistic effect on the transcription of
YAP downstream genes (Figure S6); therefore, Par3 might act
as a cofactor of YAP activation rather than as an independent
co-transcription factor. A crucial next step will be investigat-
ing the interaction of these 2 proteins at the chromatin level.

We found that the PDZ domain 3 of the Par3 protein is par-
ticularly important in Par3-YAP interactions in RCC tumor
cells (Figure 5). This result aligns with findings from Zhang
et al.8, who have reported an interaction between Par3’s PDZ
domain 3 and YAP in MDCK cells. We further demonstrated
that the attenuated Par3-YAP interaction in a Par3 PDZ domain
3 deletion mutant diminished the transcription of YAP/TAZ-
regulated genes (Figure 5C), YAP/TAZ transcriptional reporter
activity (Figure 5D), and metastatic marker levels (Figure 5E).
Interestingly, the marker levels in A1/3-Par3 transfected cells
were higher than those observed in A3-Par3 transfected cells.
We also observed similar results in the luciferase assays and
transcription experiments (Figure 5C and 5D). We interpreted
these findings as suggesting that the additional deletion of the
A1 domain induces a conformational change that subsequently
affects downstream gene and protein expression.

We also demonstrated that Par3 upregulated intracellular
levels of YAP and TAZ, and promoted dephosphorylation
of YAP at Serl127 as well as its nuclear translocation in RCC
cells (Figure 6). These findings are consistent with those from
Zhang et al.28, who have shown a similar effect of Par3 on YAP
dephosphorylation and its nuclear translocation in normal
kidney MDCK cells. Whereas cancer cells were used in other
studies, their research focused on the role of cytoplasmic Par3
in controlling the YAP phosphorylation process. Additionally,
the role of Par3 in triggering YAP phosphorylation in RCC
cells had not been reported previously. Herein, we provide new

evidence that the Par3 PDZ domain 3 is important in nuclear
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transport of YAP. In addition, Lv et al.*> have shown that Par3
inhibits phosphorylation of TAZ. Whether Par3 mediates the
nuclear transport of TAZ warrants future investigation.

In summary, we report that Par3 plays an important role
in promoting metastatic potential in RCC. We specifically
revealed that the mechanism of Par3 involves (i) physically
interacting with the YAP/TAZ protein, functioning as a
co-factor of YAP/TAZ activation, (ii) modulating intracellu-
lar translocation of YAP to the nucleus, and (iii) upregulating
the transcription of YAP/TAZ downstream genes (summary
in Figure 7).

Notably, elevated levels of Par3 are pro-metastatic in some
cancers, whereas in other cancers, diminished Par3 levels are
associated with metastasis. Evidence across multiple studies
and cancer types has demonstrated that Par3’s role in metas-
tasis is indeed cancer specific. Although the exact reasons for
this remain unclear, we speculate that, given Par3’s central role
in multiple critical pathways, both OE and depletion of Par3
might result in adverse effects.

Thus, Par3 appears to have distinct roles, either negative or
positive, in metastasis through differing underlying molecular

mechanisms.
Conclusions

Par3 plays an important role in promoting metastatic potential
in RCC. We specifically revealed that the mechanism of Par3
involves (i) physically interacting with the YAP/TAZ protein,
functioning as a co-factor of YAP/TAZ activation, (ii) modu-
lating intracellular translocation of YAP to the nucleus, and (iii)
upregulating the transcription of YAP/TAZ downstream genes
(Figure 7). Future studies should include mouse studies with
Par3 OE cells, Par3 KD cells, or patient-derived xenograft mouse
models to further clarify the role of Par3 in RCC metastasis.
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