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Abstract

Background PTEN is a tumor suppressor that is often mutated and nonfunctional in many types of cancer. The high hetero-
geneity of PTEN function between tumor types makes new Pten knockout models necessary to assess its impact on cancer
progression and/or treatment outcomes.

Methods We aimed to show the effect of CRISPR/Cas9-mediated Pten knockout on murine melanoma (B16 F10) and kid-
ney cancer (Renca) cells. We evaluated the effect of PTEN deregulation on tumor progression in vivo and in vitro, as well
as on the effectiveness of drug treatment in vitro. In addition, we studied the molecular changes induced by Pten knockout.
Results In both models, Pfen mutation did not cause significant changes in cell proliferation in vitro or in vivo. Cells with
Pten knockout differed in sensitivity to cisplatin treatment: in B16 F10 cells, the lack of PTEN induced sensitivity and, in
Renca cells, resistance to drug treatment. Accumulation of pAKT was observed in both cell lines, but only Renca cells showed
upregulation of the p53 level after Pten knockout. PTEN deregulation also varied in the way that it altered PAI-1 secretion
in the tested models, showing a decrease in PAI-1 in B16 F10 Pten/KO and an increase in Renca Pten/KO cells. In kidney
cancer cells, Pten knockout caused changes in epithelial to mesenchymal transition marker expression, with downregulation
of E-cadherin and upregulation of Snail, Mmp9, and Acta2 (a-SMA).

Conclusions The results confirmed heterogenous cell responses to PTEN loss, which may lead to a better understanding of
the role of PTEN in particular types of tumors and points to PTEN as a therapeutic target for personalized medicine.
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have PTEN-altered function or mutation [1]. The dysregu-
lation of PTEN activity can be associated with many fac-
tors, including genetic alteration, post-transcriptional and
post-translational modifications, or interactions with other
proteins [2]. The main role of PTEN is associated with its
lipid phosphatase activity, which acts as a negative regulator
of PI3K/AKT signaling, affecting many basic processes of
survival, growth, proliferation, angiogenesis, metabolism,
and migration [3-5]. PTEN can also act in a lipid-phos-
phatase-independent manner, which is related to its localiza-
tion in the cell [6]; nuclear PTEN affects DNA repair, cell
cycle regulation, and chromosome stability [7, 8]. PTEN is
known to interact with the other main tumor suppressor, p53.
PTEN-p53 mutual regulation may occur at the transcrip-
tional and protein levels, affecting major processes in cancer
progression [8, 9]. Multifunctional PTEN activity is also
crucial in modulating the tumor microenvironment (TME),
affecting not only cancer cells but also additional features
of the TME—immune response and angiogenesis [10, 11].

The diversity of PTEN cellular locations, corresponding
to distinct functions with consequences for tumor progres-
sion, together with the possibility of various modifications
of its expression and activity, makes the prognostic value of
PTEN largely unknown [12]. Substantial evidence indicates
that low PTEN levels correlate with poorer patient survival
rates. In melanoma patients, the loss of PTEN expression
correlates significantly with decreased overall survival and
a shorter time to brain metastasis formation [13]. Similar
results have been documented in other types of cancer,
where PTEN loss was associated with increased aggressive-
ness, metastasis, and poorer prognosis (breast cancer [14],
ovarian cancer [15] and hepatocellular carcinoma [16]). In
glioblastoma, PTEN levels affected tumor differentiation and
prognosis, but the impact of PTEN mutations was restricted
to highly malignant tumors only [17]. Inconsistencies have
also been found in kidney cancer—two independent meta-
analyses showed different results: a significant effect of
PTEN levels on tumor progression [18] and a low predictive
value [19] in renal cell carcinoma (RCC) patients.

In addition to the effects of PTEN on cancer progres-
sion, it is also known to modulate sensitivity to different
types of treatment. PTEN mutations caused resistance to
radiotherapy and chemotherapy of prostate cancer cells by
hyperactivating the AKT pathway [20]. In non-small cell
lung carcinoma (NSCLC) models, PTEN loss contributed to
radio-resistance, affecting the signaling pathways of DNA
damage [21]. Resistance to cisplatin, a chemotherapeutic
that causes DNA damage-mediated apoptotic signals, was
observed in ovarian cancer cells after PTEN knockout (KO)
[22]. A PTEN mutation in endometrial cancer cells resulted
in drug resistance to docetaxel, a cell division inhibitor [23].
The loss of PTEN caused resistance to apoptosis by activat-
ing the anti-apoptotic mechanisms mediated by MDM?2 in
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acute lymphoblastic leukemia models [24]. In kidney cancer,
PTEN alteration affected resistance to the tyrosine kinase
inhibitors (TKIs) sunitinib and sorafenib, drugs primarily
targeting tumor angiogenesis [25]. In melanoma, it was
reported that PTEN loss promoted immune resistance and
caused inferior outcomes of PD-1 (programmed death-1)
inhibitor therapy [26]. PTEN’s miscellaneous roles in the
response to various treatments are strictly related to its mul-
tifunctionality in targeting distinct signaling pathways and
cellular processes.

Thus, the high heterogeneity of tumor responses to PTEN
dysregulation and its importance in key tumor progression
processes make new PTEN knockout models necessary.
Here, we aimed to establish stable murine melanoma B16
F10 and kidney cancer Renca cells with a loss of PTEN
function to investigate the significance of this manipulation
in tumor progression, molecular changes, and responses to
treatment.

Materials and methods
Cell lines

Murine kidney cancer cells (Renca) were purchased from
ATCC (Cat# CRL-2947, LOT# 63,226,315 ATCC, USA).
Murine melanoma cells (B16 F10) were kindly gifted by
Prof. J6zef Dulak from the Department of Medical Biotech-
nology, Faculty of Biochemistry, Biophysics, and Biotech-
nology, Jagiellonian University, Cracow, Poland (authenti-
cated by the ATCC Cell Authentication Service in 2021).
The profiles of the B16 F10 samples were the same in 97%
of cases as the reference profile ATCC MUSA0830. Both
cell lines were cultured in RPMI-1640 GlutaMax™ medium
(Thermo Fisher Scientific, Waltham, MA, USA), with
10% fetal bovine serum (FBS) (Thermo Fisher Scientific,
Waltham, MA, USA) and regularly checked for the presence
of mycoplasma using PCR assay (Biomedica, Poland).

The CRISPR/Cas9 system was used to knock out Pten
expression in melanoma cells using the same protocol as
that used in the Renca cell line that was described previously
[27]. The same pSpCas9(BB)-2A-Puro(PX459)V2.0 (Gene
Script, Piscataway, NJ, USA) plasmids, containing gRNAs
targeting Pten (gRNA1l: CCAATTCAGGACCCACGC
GGCGG, gRNA2:GAACTGTCCTCCCGCCG-CGTGQG),
were used to transfect the B16 F10 cells. Cas9 nuclease
only was used as a control (WT-wild type); the cells were
transfected with empty plasmid and treated with the same
protocol as the Pten-modified cells.

The cells were seeded in 24-well plates 24 h prior to
transfection (1.25 x 10* per well), allowing them to adhere
to the surface of the well. Five hours before transfec-
tion, the cells were starved with a medium without FBS.
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Transfections were performed using Lipofectamine 2000
transfection reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. The
selection of plasmid-containing cells was performed using
puromycin (5 pg/mL; Thermo Fisher Scientific, Waltham,
MA, USA; concentration established in preliminary experi-
ments as effective for elimination of both cell lines) starting
5 h after transfection and continued for another 48 h. Cells
treated with Lipofectamine 2000 only served as a control
for selection with puromycin. Surviving cells transfected
with Pten or control plasmids were used to limit dilution
cloning. A single clone where Pten knockout was confirmed
by no detection of protein using western blotting and the
sequencing of the exon 7 fragment was selected. A WT
control clone was selected randomly and sequenced to con-
firm no effect on the Pten gene. Detailed sequencing data
of the obtained clones were prepared using the Mutation
Surveyor® software and are presented in Supplementary
Fig. 1. The sequences of both types of cells were compared
to the original cells before transfection (termed Renca and
B16 F10). Cells with Pten knockout are henceforth referred
to as Pten/KO cells, while negative controls (transfected with
empty plasmids) are referred to as Pten/WT.

In vivo experiments

To verify the effect of Pten knockout on tumor growth
in vivo, Renca or B16 F10 cells in the Pten/WT and Pten/
KO variants were implanted subcutaneously into the legs
of mice—Renca into BALB/c and B16 F10 into C57BL6,
respectively. The mice were obtained from the Medical Uni-
versity of Bialystok, Poland. The animal care and experi-
mental procedures were approved by the Second Warsaw
Local Ethics Committee for Animal Experimentation
(approval no. WAW?2/76/2017) and performed following
Directive 2010/63/EU regulations. The mice were housed
in a controlled environment (12 h light / 12 h dark cycle)
with ad libitum access to tap water and a fully-fledged diet.

Details about the Renca cells implanted into BALB/c
mice have been shown previously [27]. Melanoma cells—
B16 F10 (2x 10’ cells) with Matigel™ (Corning, NY,
USA) diluted 1:3 in PBS—were implanted into the legs of
six- to eight-week-old female C57BL6 mice as subcutane-
ous tumors. After 22 days of tumor growth, the mice were
euthanized, and the tumors were weighed and measured.
Fragments of tumor tissue were used for RNA isolation. The
experiment was performed using two separate sets of ani-
mals, each containing four mice.

Assessment of susceptibility to treatment

The Pten/WT and Pten/KO cells of both tested models
were cultured in standard conditions: 37 °C; 21% pO,; 5%

CO,. To assess the resistance to cisplatin (Sigma-Aldrich,
Darmstadt, Germany) and sunitinib (Sigma-Aldrich, Darm-
stadt, Germany) treatments, experiments were performed
in 96-well plates. Cells were seeded (5 000 cells per well
Renca; 1 500 cells per well B16 F10) and cultured for 24 h,
and the medium was exchanged to remove unadhered cells.
After an additional 24 h, drugs were added at their final
concentrations—cisplatin: 2.50, 3.75, 5.0, 7.5, 10.0, 15.0,
20.0, and 24.0 pM; sunitinib: 1.875, 2.5, 3.75, 5.0, 7.5, 10.0,
and 15.0 uM. Cell viability was checked after 48 h of cul-
ture with the drug using Alamar Blue assay (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufac-
turer’s protocol. Fluorescence was measured using a Vari-
oScan Lux (Thermo Fisher Scientific, Waltham, MA, USA),
and the results are presented as a percentage of the untreated
control. The IC50 dose (half-maximal inhibitory concentra-
tion) was calculated using GraphPad Prism 9.0.

Colony formation assay

The soft agar colony formation test was performed on
24-well plates coated with 1.5% agar. Renca cells (Pten/WT
and Pten/KO) were seeded on the 1.5% agar layer at a very
low density (900 cells per well resuspended in 0.6% agar in
RPMI 1640 10% FBS). A full medium was applied above
the cell-agar layer to avoid drying. The cells were cultured
for another three weeks under standard oxygen conditions:
37 °C; 21% pO,; 5% CO,. The formed colonies were fixed
and stained with crystal violet. The number and average size
(diameter [cm]) of the colonies were estimated using ImageJ
software.

Protein detection using western blot

Proteins for western blot were collected from cells cultured
in T75 flasks, detached with Accutase solution (Biolegend,
USA), washed twice with PBS, and lysed with RIPA buffer
containing Cocktail inhibitors (both from Thermo Fisher
Scientific, Waltham, MA, USA). Total protein concentra-
tion was assessed by BCA assay. Twelve micrograms (12
pg) of protein were solubilized in a Laemmli sample buffer
(AlfaAesar, Haverhill, MA, USA), separated on 12% poly-
acrylamide gel, and transferred onto nitrocellulose mem-
branes (BioRad, Hercules, CA,USA). Proteins were detected
on the membranes using Ponceau S staining. Nonspecific
binding was diminished by a blocking step in 5% skimmed
milk (2 h; room temperature). Membranes were incubated
overnight at 4 °C in the solution of primary antibodies
(Table 1) and then incubated for a further 2 h at room tem-
perature, with the relevant secondary antibody conjugated
with horseradish peroxidase (HRP) (Table 1). Bands were
detected using Luminol as an HRP substrate (Santa-Cruz,
CA, USA) with X-ray films. Quantification of the integrated
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Table 1 List of antibodies used

. Antibody #Cat Number Dilution

in Western Blot
anti-AKT #sc-5298, Santa Cruz Biotechnology 1:700
anti-PTEN #9549, Cell Signalling Technology 1:750
anti-pAKT #MAB887, R&D System, USA 1:1000
anti-Snail #3879 Cell Signalling Technology 1:1000
anti-p53 #2524, Cell Signalling Technology 1:1000
anti-E-cadherin #3195, Cell Signalling Technology 1:1000
anti-Vinculin (loading control) #sc-59803, Santa Cruz Biotechnology 1:1000
anti-Rabbit IgG Antibody (secondary antibody) #P1-1000 Vector Laboratories, USA 1:10 000
anti-Mouse IgG Antibody (secondary antibody) #P1-2000 Vector Laboratories, USA 1:10 000

optical density (IOD) of the bands was calculated using
Imagel software and normalized to the IOD of the loading
control protein Vinculin.

Gene expression assessment by qRT-PCR

RNA was isolated from fragments of tumor tissue or cells
cultured in T75 flasks using the column method (RNeasy
Mini Kit; Qiagen, Germany). The samples were freed from
DNA using the TURBO DNA-free kit (Thermo Fisher
Scientific, USA), and reverse transcription was performed
using 2 pg of total RNA for the tumor samples and 1.5 ug
for the cell culture samples (High-Capacity cDNA Reverse
Transcription Kit; Thermo Fisher Scientific, USA). Real-
time PCR was performed using TagMan™ Gene Expres-
sion Master Mix with TagMan probes (all from Thermo
Fisher Scientific, USA; listed in Table 2), or using Pow-
erUp SYBR Master Mix (Thermo Fisher Scientific, USA)
with the primers listed in Table 2. Reactions were run on
a Bio-Rad CFX384 qPCR system (BioRad, Hercules, CA,
USA). The relative mRNA levels were calculated using the

2(-Delta C[T]) method, with normalization to the expression
of f-Actin as a housekeeping gene.

Detection of VEGF-A and PAI-1 secretion

The levels of VEGF-A (vascular endothelial growth fac-
tor A) and PAI-1 (plasminogen activator inhibitor 1) were
measured in conditioned media from Pten/WT and Pten/
KO B16 F10 and Renca cells using commercially available
enzyme-linked immunosorbent assays Mouse VEGF Duo-
Set ELISA and Mouse PAI-1 DuoSet ELISA (both R&D
Systems, USA), according to the manufacturer’s protocol.
Concentrations were calculated against the standard curve
using recombinant proteins provided in the kits. Absorbance
(450 nm) was measured using a VarioScan Lux (Thermo
Fisher Scientific, Waltham, MA, USA).

In vitro experiments in hypoxic conditions
To assess Pten/WT and Pten/KO cells’ susceptibility to cis-

platin treatment in hypoxia (1% pO,), cells were seeded in
96-well plates under standard oxygen conditions and allowed

Table 2 List of TagMan probes
and primers sequences used in

TagMan probes (Assay ID)

real-time PCR Vegfa MmO00437306
Pten Mm00477208
Aktl Mm00437306
p53 MmO01731287
P-Actin Mm02619580

Primers sequences

Forward Reverse
Serpinel (PAI-1) CCTCCACAGCCTTTGTCATCT TTCGTCCCAAATGAAGGCGT
Mmp9 CAGCCGACTTTTGGTCTTC CGGTACAAGTATGCCTCTGCCA
Acta2 (a-SMA) CTTCGTGACTACTGCCGGAGC AGGTGGTTTCGTGGATGCC
p-Actin CCTAGGCACCAGGGTGTGA GTTGGCCTTAGGGTTCAGGG
Vegfr2 AAACAAAACTGTAAGTACGCTGGTC GCAGCAGGTTGCACAGTAATTT
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to adhere to the culture surface. After 24 h, the medium
was changed to a pre-equilibrated hypoxic medium, and the
cells were cultured in an XVivo X3 workstation (Biospherix,
USA) in 1% pO, and 5% CO, at 37 °C for a further 24 h.
Next, cisplatin was added at the final testing concentrations,
as previously used in normoxic conditions, and Alamar Blue
was used, as described above. The conditioned media were
collected from cells cultured in hypoxia for 72 h without
drugs, and PAI-1 secretion was detected using a Mouse
PAI-1 DuoSet ELISA (R&D Systems, USA), as described
above.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 9.0 software. The normality of the data distribution
was checked using the Shapiro—Wilk’s test. Student’s t-test
or the Mann—Whitney U test were used where applicable.
The data are expressed as the mean + standard error of the
mean (SEM) for parametric data or as box plots with medi-
ans for non-parametric data. Detailed information is pro-
vided in the figure captions.

Results

Pten knockout does not affect melanoma or kidney
cancer progression

To determine the effect of PTEN on melanoma and kidney
cancer progression, CRISPR/Cas9-mediated Pten knockout
models were developed. The morphology and PTEN pro-
tein levels of the B16 F10 cells are presented in Fig. 1A,
while data concerning kidney cancer (Renca) cells were
shown previously [27]. In both models, the Pten muta-
tion did not cause significant changes in cell proliferation
in vitro (Fig. 1B), measured as the changes in fluorescence
in the Alamar Blue assay. A lack of Pten/KO impact on cell
proliferation and survival in kidney cancer cells was also
demonstrated in the colony formation assay (Fig. IC-E); no
changes were observed in the size or number of colonies
formed in the soft agar.

As the TME is a complex system, and interactions
between tumor cells and other components of the TME are
important for cancer progression, the effect of Pten knockout
was also checked in the in vivo models. Subcutaneous B16
F10 or Renca tumors, induced using Pten/WT or Pten/KO
cells, were assessed (Fig. 1F). Despite the presence of other
components of the TME, the reduced Pten expression was
maintained in the tumor mass both at the transcript (Fig. 1G)
and protein (Supplementary Figure S2A, B) levels. Although
significant changes in PTEN levels were maintained, there

was no difference in tumor weight in both tested tumor types
(Fig. 1H).

Pten knockout causes differential changes
in cisplatin sensitivity in Renca and B16 F10 cells

Since no significant changes in the progression of Pten/KO
tumors were observed, the sensitivity of cells to antican-
cer treatment was assessed in vitro. We performed initial
experiments for drug sensitivity using cisplatin and suni-
tinib, which represent different models of action. Only
cisplatin sensitivity was affected by Pten knockout. In the
melanoma model, P ten/KO cells showed lower resistance
to cisplatin treatment than Pten/WT cells in the whole range
of tested concentrations (Fig. 2A). Based on this, the cal-
culated IC50 dose was almost two times lower for B16 F10
Pten/KO (Fig. 2B). An inverse relationship was observed
in the kidney cancer model—the IC50 dose was higher for
Pten-mutated cells compared to wild-type cells (Fig. 2B).
No significant changes in viability were observed for suni-
tinib (Supplementary Figure S3A, B), which suggests that
the effect of Pten knockout on cell sensitivity to drugs is
closely related to the mechanism of drug action. However,
the differences between the two tested cancer types may be
related to the distinct modulation of signaling pathways after
Pten knockout.

Pten knockout induces distinct molecular changes
in renal cell carcinoma and melanoma

To identify molecular changes in Pten/KO cells, the levels
of proteins involved in PTEN-related signaling pathways
were assessed. In both types of cancer, pAKT accumulated
in Pten/KO cells (Fig. 3A, B). The inverse effect of Pten
mutation in melanoma and RCC was demonstrated in p53
and AKT expression. Pten/KO Renca cells had higher levels
of p53 than WT cells, while in B16 F10 cells, p53 tended
to be downregulated after Pten knockout (Fig. 3A, C). AKT
expression was reduced in Pten/KO cells in the kidney can-
cer model but not in the melanoma model (Fig. 3A, D). Such
modifications of p53, AKT, and pAKT expression as a result
of Pten knockout observed in both types of cancer were also
confirmed in vivo in the tumors (Supplementary Figure S2A,
D, E).

In addition to intracellular changes, secretory potential,
which modulates TME, may also influence distinct drug sen-
sitivity. In the tested models, Pten knockout did not cause
changes in the secretion of the main proangiogenic factor
VEGF-A in vitro (Fig. 3E)—which may correspond to the
lack of changes in susceptibility to sunitinib (Supplementary
Figure S3A, B). Also, in vivo, the expressions of Vegfa and
Vegfr2 (vascular endothelial growth factor receptor 2) were
similar in Pten/WT and Pten/KO tumors in both melanoma
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Fig.1 Effect of Pten knockout on melanoma and kidney cancer
growth. A Cell morphology (scale bar: 200 um) and PTEN pro-
tein levels assessed by western blot in B16 F10 Pten/WT and Pten/
KO cells. B Cell proliferation measured as mitochondrial activity,
after 72 h culture, of B16 F10 and Renca cells with different PTEN
statuses, shown as fluorescence units (FU); values are shown as the
mean+SEM; Student’s t-test (B16 F10, not significant; Renca, not
significant). C Representative photos of colony formation by Renca
Pten/WT and Pten/KO cells. D Quantification of colony numbers
formed by Renca cells with different PTEN statuses; values are
shown as the mean+ SEM; Student’s #-test (not significant). E Quan-

and renal cell carcinoma (Supplementary Fig. 4A, B).
PAI-1 was also assessed due to its TME-modulating func-
tions, which promote tumor progression [28]. PAI-1 secre-
tion, high in B16 F10 Pten/WT cells, was downregulated
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Hm B16 F10 tumors EE Renca tumors

Hm B16 F10 tumors E® Renca tumors

tification of colony size, measured as diameter, formed by Renca cells
with different PTEN statuses; values are shown as the mean + SEM;
Student’s #-test (not significant). F Representative photos of B16 F10
and Renca tumors formed by cells with different PTEN statuses. G
Box plot represents relative to f-Actin Pten expression in Pten/WT
and Pten/KO tumor masses; middle line in box represents the median;
Mann—Whitney U test (B16 F10: U=4, n, =n,=6, p-value=0.0260,
two-tailed; Renca: U=1, n; =n, =6, p-value=0.0043, two-tailed). H
Weight of tumors formed by B16 F10 and Renca cells with different
PTEN statuses; values are shown as the mean +SEM; Student’s #-test
(n=3, not significant)

by Pten/KO (Fig. 3F), which corresponds to a lower cispl-
atin IC50 dose in Pfen mutations (Fig. 2B). Decreased Ser-
pinel (gene encoding PAI-1) expression was also observed
in B16 F10 Pten/KO tumors compared to the wild-type
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Fig.2 Effect of Pten knockout on cisplatin sensitivity in B16 F10
and Renca cells. A Viability of B16 F10 and Renca cells with differ-
ent PTEN statuses after various doses of cisplatin treatment, meas-
ured by Alamar Blue, shown as a percentage of untreated control for

control (Supplementary Fig. 4C). This was not observed in
the Renca model due to low, close to the limit of detection,
PAI-1 secretion. However, the induction of PAI-1 secretion
by low oxygen tension (Fig. 3G) showed that Pten/KO cells
secreted more PAI-1 than Pten/WT cells, which corresponds
to the changes in IC50 doses for cisplatin—higher in Renca
Pten/KO cells in hypoxic conditions (Fig. 3G-1I).

Pten knockout induces epithelial-to-mesenchymal
transition in Renca cells

In the kidney cancer model, Pfen knockout caused changes in
cell growth and morphology—-cells became more dispersed
without forming tight groups (Fig. 4A). This prompted us
to investigate the effect of PTEN downregulation on the
induction of epithelial-to-mesenchymal transition (EMT).
Pten/KO Renca cells were characterized by a lower level
of E-cadherin with a simultaneous increase in Snail level
(Fig. 4B, E). Compared to Pten/WT cells, the expression of
Acta?2 (gene encoding a-SMA; smooth muscle alpha-actin)
and Mmp9 (matrix metalloprotease 9) was upregulated in
Pten/KO cells (Fig. 4C, D). Changed gene expression was
also confirmed in vivo; however, E-cadherin and Snail pro-
tein levels did not reach a statistically significant level of
change in the tumor mass (Supplementary Figure SSA-D).

Discussion

PTEN is a tumor suppressor [29, 30] that is among the
most often mutated genes in cancers [2]; however, its
prognostic value in most cancers remains debatable [31].
Here, we characterized the effect of Pten knockout in two
different cancer cell models that were shown previously to
differ in PTEN-related regulation [32]. PTEN is a master

Cisplatin [uM]

each PTEN variant normalized to 100%. B IC50 dose (half-maximal
inhibitory concentration) of cisplatin for different PTEN variant cells;
values are shown as the mean+SEM; Student’s t-test (B16 F10: **
p-value=0.0011, t;=5.846, Renca: *** p-value=0.0001, t;=8.579)

regulator of several cellular processes; it controls prolifer-
ation, migration, and apoptosis [6]. However, in our mod-
els, despite pAKT accumulation, PTEN-lacking cells were
not significantly different functionally from WT cells.
We observed that the lack of PTEN does not influence
cell proliferation, clonogenicity in vitro, or, importantly,
tumor growth in vivo. In many models, such as breast can-
cer, glioma, and colon cancer, it has been observed that
PTEN-mutated cells proliferate faster [33-36]; however,
in other models, it has been reported that PTEN status
does not always alter proliferation [37]. It is worth not-
ing that in some models, PTEN loss causes growth arrest
[38], related to senescence; therefore, the functional effect
of PTEN knockout is strongly dependent on the cell type.
In our model, no effect on cell growth was observed in
anchorage-independent growth in the clonogenic assay. In
mammary carcinoma and prostate cancer, the depletion
of PTEN leads to the increased formation of colonies in
terms of their size and/or number [39-41]. In our case,
there was a tendency (p-value =0.2) for Pten/KO cells to
form larger colonies; however, no change was observed
in their number. Therefore, our study confirms that heter-
ogenous cell responses to PTEN loss are dependent upon
the type of cancer.

Because PTEN downregulation did not alter cancer pro-
gression in the tested models, we examined other mecha-
nisms that could be affected. PTEN is a prognostic factor
of treatment response in cancer patients, and it has been
observed that PTEN status affects tumor sensitivity to drugs
[42]. Indeed, we observed that Pfen mutated cells responded
differently to some chemotherapeutics; however, again, the
response was not uniform. Out of both tested drugs, only
resistance to cisplatin was significantly affected by PTEN
status, but, importantly, the effect was inverse in RCC and
melanoma cells. In Renca cells, PTEN loss increased cell
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resistance to the drug, with IC50 values being over twice
those of WT cells.

This is in accordance with observations carried out in
ovarian cancer, where cells with high PTEN levels were
sensitive to cisplatin treatment [43]. However, melanoma
cells were more sensitive to the drug after PTEN deple-
tion. To explain the differential effect of PTEN inactiva-
tion on the cells, we checked the level of p53, since it
was shown that p53 is required for cisplatin toxicity in

@ Springer

PTEN-overexpressing cells [43]. The effect of Pten knock-
out on p53 expression was inverse in RCC and melanoma,
similar to cisplatin resistance. However, sensitized mela-
noma cells tended to downregulate p53, while desensitized
RCC cells increased this protein. Although both cell lines
carry functional p53 [44, 45], the mechanism of PTEN
and p53-mediated response to cisplatin was different from
that previously reported in ovarian cells. It may be that the
different reactions of cells to PTEN loss can be related
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«Fig.3 Effect of Pten knockout on molecular changes and secretory
factors in melanoma and kidney cancer models. A AKT, pAKT, and
p53 detection by western blot, with Vinculin as loading control, in
B16 F10 and Renca with different PTEN statuses. The gap between
Pten/WT and Pten/KO shows that samples on the gel were in a differ-
ent order and were rearranged for the figure. B pAKT level relative to
Vinculin in B16 F10 and Renca cells with different PTEN statuses;
values are shown as the mean+ SEM; Student’s ¢-test (B16 F10: *
p-value=0.0167, t;=8.579; Renca: * p-value=0.021, t,=3.285).
C Box plot represents fold change of p53 level relative to Vinculin
in Pten/KO cells compared to Pten/WT cells normalized to 1; mid-
dle line in box represents the median; Mann—Whitney U test (B16
F10: U=0, n;=n,=3, p-value=0.100, two-tailed; Renca: U=0,
ny=n,=5, * p-value=0.0079, two-tailed). D AKT level relative to
Vinculin in B16 F10 and Renca cells with different PTEN statuses;
values are shown as the mean + SEM; Student’s #-test (B16 F10: not
significant; Renca: p-value=0.0911, t;=1.920). E VEGF-A secre-
tion by B16 F10 and Renca cells with different PTEN statuses, meas-
ured by ELISA; values are shown as the mean+SEM; Student’s
t-test (B16 F10, not significant; Renca, not significant). F Box plot of
PAI-1 secretion by B16 F10 cells with different PTEN statuses, meas-
ured by ELISA; middle line in box represents the median; Mann—
Whitney U test (U=0, n; =n,=4, * p-value=0. 0286, two-tailed). G
PAI-1 secretion by Renca cells with different PTEN statuses cultured
in normoxia and hypoxia, measured by ELISA; values are shown as
the mean+SEM; Student’s t-test (normoxia: n=4, not significant;
hypoxia: * p-value=0.03, t;=2.830). H Viability of Renca Pten/
WT and Pten/KO cells after various doses of cisplatin in hypoxic
conditions, measured by Alamar Blue, shown as a percentage of the
untreated control for each PTEN variant. I IC50 dose (half-maximal
inhibitory concentration) of cisplatin treatment in Pten/WT and Pten/
KO Renca cells in hypoxia; values are shown as the mean+SEM;
Student’s r-test (* p-value =0.026, t;=3.014)

to their starting sensitivity to cisplatin. The IC50 value
of the WT melanoma cells was over 20 uM and 10 times
smaller for the RCC cells; therefore, we could treat B16
F10 cells as intrinsically resistant, while Renca was sensi-
tive to cisplatin.

As p53 expression could not explain cisplatin sensitiv-
ity, other mechanisms of drug resistance were examined for
their possible modulation by Pten knockout. The complex
tumor microenvironment and, thus, cancer development can
be diversely shaped by factors secreted by cells of differ-
ent origins that compose the tumor tissue. We evaluated the
levels of VEGF, as the major angiogenic factor, and PAI-1,
an extracellular matrix (ECM)-regulating protein affect-
ing, among others, cell survival, migration, and invasion
[46]. The production of VEGF-A was not altered by PTEN
dysregulation, either in highly proangiogenic RCC cells or
VEGF-low-secreting melanoma cells. It has been established
in other models that PTEN regulates VEGF expression
through the control of the AKT/HIF-1a pathway [47]. Lack
of regulation of the VEGF pathway could partly explain no
observed effect of PTEN loss on resistance to antiangio-
genic therapy in our model. Other studies have shown that
Pten knockout promotes RCC cell resistance to sunitinib and
sorafenib in vitro [25], while in our study, in murine RCC,
there was no effect on TKI sensitivity.

However, in our study, PTEN dysregulation caused a very
strong decrease in PAI-1 secretion in melanoma cells. This
effect could not be observed in RCC cells, which are poor
PAI-1 secretors. Nonetheless, when exposed to hypoxia,
the production of PAI-1 was induced in RCC cells and was
potentiated by Pten knockout. Therefore, an inverse reaction
of melanoma and RCC cells was evidenced again, similar
to cisplatin resistance. These phenomena could be related;
indeed, it has been observed that both overexpression and
addition of recombinant PAI-1 protect cancer cells from cis-
platin-induced apoptosis [48, 49]. A product of the Serpinel
gene, PAI-1 is a member of the serine protease inhibitor
family and a key modulator of the plasminogen/plasminase
system [50]. It has also been reported to play a role in can-
cer; it induces tumor migration, invasion, and angiogenesis,
and thereby promotes the progression and metastasis of
tumors. However, the specific molecular mechanisms under-
lying the role of PAI-1 in cancer remain insufficiently docu-
mented. In our study, melanoma cells, characterized by high
IC50 cisplatin values, displayed high basic PAI-1 secretion.
Upon PTEN loss, Serpinel production was halted, which
could mediate reduced cisplatin resistance, as observed for
paclitaxel [S1].

Renca cells, which are sensitive to cisplatin, have low
background PAI-1 expression, and PTEN dysregulation did
not alter it. However, it has been shown that cisplatin and
carboplatin treatment can induce the secretion of this pro-
tein, both by cancer and stromal cells [49, 52]. Here, we
observed that hypoxia increased the production of PAI-1,
which was accompanied by increased cisplatin IC50 values.
The effects of hypoxia and Pten knockout were additive both
in the case of cisplatin resistance and in PAI-1 production.
Therefore, our results suggest that the differential effects of
Pten knockout on drug resistance might be related to distinct
Serpinel regulation, although we could not explain the back-
ground of this phenomenon. It has previously been reported
that Serpinel modulates the AKT/PI3K/PTEN pathway and
that PAI-1 loss causes the activation of AKT and the inacti-
vation of PTEN [31]. Consequently, our results suggest that
the status of PTEN and, thus, AKT may reciprocally affect
PAI-1 regulation.

EMT is a fundamental mechanism of cancer resistance
that can be induced by PTEN modification and the regula-
tion of drug response. In breast cancer, it has been reported
that Pren knockout induces more epithelial phenotypes
in vitro, although the cells migrated more actively than WT
cells [39]. In the case of our model, Pten knockout RCC
cells acquired more mesenchymal phenotypes—there was
a reduced expression of E-cadherin with a concomitant
increase in EMT markers (Snail, Mmp9, and Acta2), which
was also partly maintained in tumors in vivo. Our data are in
concordance with observations showing that PTEN down-
regulation leads to EMT [53]. Additionally, it was observed
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Fig.4 Effect of Pten knockout on EMT markers in kidney cancer
model. A Representative photos showing Renca Pten/WT and Pten/
KO morphology; scale bar: 200 um. B EMT (epithelial to mesenchy-
mal transition) markers: E-cadherin and Snail detection by western
blots with Vinculin as loading control in Renca Pten/WT and Pten/
KO cells. The gap between Pten/WT and Pten/KO shows that sam-
ples on the gel were in a different order and were rearranged for
the figure. C Expression of Acta2? (encoding a-SMA) relative to
P-Actin in Renca Pten/WT and Pten/KO cells; values are shown as

that PTEN-loss-mediated EMT causes upregulation of can-
cer stem cell (CSC) populations within tumor cells [54],
which could mediate the reduced sensitivity to cisplatin, as
CSCs are largely responsible for drug resistance in cancers
[55]. Therefore, it may be that Pten knockout induced cis-
platin resistance in Renca cells by EMT induction and the
protective secretion of PAI-1.

Conclusions
Our data show the diversity of cell responses to PTEN

loss. Although tumor growth was unaffected in both cell
models, drug sensitivity was modulated differently by

@ Springer

the mean+SEM; Student’s r-test (p-value=0.0483, t;=2.472). D
Expression of Mmp9 relative to f-Actin in Renca Pten/WT and Pten/
KO cells; values are shown as the mean+SEM; Student’s #-test
(p-value=0.0273, t;;=2.583). E Box plot represents fold change
of Snail and E-cadherin levels relative to Vinculin in Pten/KO cell
compared to Pten/WT cells normalized to 1; middle line in box rep-
resents the median; Mann—Whitney U test (Snail: U=6, n;=n,=6, *
p-value=0.0476, two-tailed; E-cadherin: U=0, n,=n,=4, *
p-value =0.0286, two-tailed)

Pten mutations in RCC and melanoma cells. We showed
that Pten knockout can alter the cell microenvironment by
regulating secreted factors, including PAI-1, which could
explain the differential cell reactions to drug treatment.
Additionally, PTEN loss causes EMT features in RCC
cells that could contribute to cisplatin resistance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43440-023-00523-y.

Author’s contribution KB: conceptualization, methodology, investiga-
tion, analysis, writing, review; AM: conceptualization, methodology,
investigation, analysis, writing, review; AF-D: investigation, review;
CK: conceptualization, review.


https://doi.org/10.1007/s43440-023-00523-y

Pten knockout affects drug resistance differently in melanoma and kidney cancer

1197

Funding This research was funded by a subvention from the Ministry
of Education and Science, Military Institute of Medicine (intramural
grant no 1/8974 [519]). Experiments related to PAI-1 were funded
by the National Science Centre (grant no 2020/37/N/NZ5/04024).
AF-D was supported by the European Social Fund: POWER, “Next
generation sequencing technologies in biomedicine and personalized
medicine.”

Data availability All data presented in this manuscript (raw and ana-
lyzed results) are available upon request from the corresponding author.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Masson GR, Williams RL. Structural Mechanisms of PTEN Regu-
lation. Cold Spring Harb Perspect Med. 2020. https://doi.org/10.
1101/cshperspect.a036152.

2. Fusco N, Sajjadi E, Venetis K, Gaudioso G, Lopez G, Corti C,
et al. PTEN alterations and their role in cancer management: are
we making headway on precision medicine? Genes (Basel). 2020.
https://doi.org/10.3390/genes11070719.

3. Stiles B, Groszer M, Wang S, Jiao J, Wu H. PTENIless means
more. Dev Biol. 2004;273(2):175-84. https://doi.org/10.1016/].
ydbio.2004.06.008.

4. Simpson L, Parsons R. PTEN: life as a tumor suppressor. Exp Cell
Res. 2001;264(1):29-41. https://doi.org/10.1006/excr.2000.5130.

5. Manning BD, Cantley LC. AKT/PKB signaling: navigating down-
stream. Cell. 2007;129(7):1261-74. https://doi.org/10.1016/j.cell.
2007.06.009.

6. Chen CY, Chen J, He L, Stiles BL. PTEN: tumor suppressor and
metabolic regulator. Front Endocrinol (Lausanne). 2018;9:338.
https://doi.org/10.3389/fendo.2018.00338.

7. Song MS, Salmena L, Pandolfi PP. The functions and regula-
tion of the PTEN tumour suppressor. Nat Rev Mol Cell Biol.
2012;13(5):283-96. doi: https://doi.org/10.1038/nrm3330

8. Freeman DJ, Li AG, Wei G, Li HH, Kertesz N, Lesche R, et al.
PTEN tumor suppressor regulates p53 protein levels and activity
through phosphatase-dependent and -independent mechanisms.
Cancer Cell. 2003;3(2):117-30. https://doi.org/10.1016/s1535-
6108(03)00021-7.

9. Nakanishi A, Kitagishi Y, Ogura Y, Matsuda S. The tumor sup-
pressor PTEN interacts with p53 in hereditary cancer (Review).
Int J Oncol. 2014;44(6):1813-9. https://doi.org/10.3892/ij0.2014.
2377.

10. Ma J, Sawai H, Ochi N, Matsuo Y, Xu D, Yasuda A, et al.
PTEN regulates angiogenesis through PI3K/Akt/VEGF sign-
aling pathway in human pancreatic cancer cells. Mol Cell

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Biochem. 2009;331(1-2):161-71. https://doi.org/10.1007/
s11010-009-0154-x.

Vidotto T, Melo CM, Castelli E, Koti M, Dos Reis RB, Squire JA.
Emerging role of PTEN loss in evasion of the immune response
to tumours. Br J Cancer. 2020;122(12):1732-43. https://doi.org/
10.1038/541416-020-0834-6.

Bazzichetto C, Conciatori F, Pallocca M, Falcone I, Fanciulli M,
Cognetti F, et al. PTEN as a prognostic/predictive biomarker in
cancer: an unfulfilled promise? Cancers (Basel). 2019. https://doi.
org/10.3390/cancers11040435.

Bucheit AD, Chen G, Siroy A, Tetzlaff M, Broaddus R, Mil-
ton D, et al. Complete loss of PTEN protein expression cor-
relates with shorter time to brain metastasis and survival in
stage I1IB/C melanoma patients with BRAFV600 mutations.
Clin Cancer Res. 2014;20(21):5527-36. https://doi.org/10.1158/
1078-0432.CCR-14-1027.

Li S, Shen Y, Wang M, Yang J, Lv M, Li P, et al. Loss of PTEN
expression in breast cancer: association with clinicopathological
characteristics and prognosis. Oncotarget. 2017;8(19):32043—
54. https://doi.org/10.18632/oncotarget.16761.

Martins FC, Couturier DL, Paterson A, Karnezis AN, Chow
C, Nazeran TM, et al. Clinical and pathological associations
of PTEN expression in ovarian cancer: a multicentre study
from the Ovarian Tumour Tissue Analysis Consortium. Br
J Cancer. 2020;123(5):793-802. https://doi.org/10.1038/
$41416-020-0900-0.

Hu TH, Huang CC, Lin PR, Chang HW, Ger LP, Lin YW,
et al. Expression and prognostic role of tumor suppressor gene
PTEN/MMACI1/TEP1 in hepatocellular carcinoma. Cancer.
2003;97(8):1929-40. https://doi.org/10.1002/cncr.11266.
Rasheed BK, Stenzel TT, McLendon RE, Parsons R, Fried-
man AH, Friedman HS, et al. PTEN gene mutations are seen
in high-grade but not in low-grade gliomas. Cancer Res.
1997;57(19):4187-90.

Que WC, Qiu HQ, Cheng Y, Liu MB, Wu CY. PTEN in kid-
ney cancer: A review and meta-analysis. Clin Chim Acta.
2018;480:92-8. https://doi.org/10.1016/j.cca.2018.01.031.
Tang L, Li X, Gao Y, Chen L, Gu L, Chen J et al. Phosphatase
and tensin homolog (PTEN) expression on oncologic outcome
in renal cell carcinoma: A systematic review and meta-analysis.
PLoS One. 2017;12(7):e0179437. doi: https://doi.org/10.1371/
journal.pone.0179437.

Chang L, Graham PH, Hao J, Ni J, Bucci J, Cozzi PJ, et al.
PI3K/Akt/mTOR pathway inhibitors enhance radiosensitivity
in radioresistant prostate cancer cells through inducing apop-
tosis, reducing autophagy, suppressing NHEJ and HR repair
pathways. Cell Death Dis. 2014;5(10):e1437. doi: https://doi.
org/10.1038/cddis.2014.415.

Fischer T, Hartmann O, Reissland M, Prieto-Garcia C, Klann
K, Pahor N, et al. PTEN mutant non-small cell lung cancer
require ATM to suppress pro-apoptotic signalling and evade
radiotherapy. Cell Biosci. 2022;12(1):50. https://doi.org/10.
1186/s13578-022-00778-7.

Wu H, Cao Y, Weng D, Xing H, Song X, Zhou J, et al. Effect of
tumor suppressor gene PTEN on the resistance to cisplatin in
human ovarian cancer cell lines and related mechanisms. Can-
cer Lett. 2008;271(2):260-71. https://doi.org/10.1016/j.canlet.
2008.06.012.

Zhang H, Wang S, Cacalano N, Zhu H, Liu Q, Xie M, et al.
Oncogenic Y68 frame shift mutation of PTEN represents
a mechanism of docetaxel resistance in endometrial cancer
cell lines. Sci Rep. 2019;9(1):2111. https://doi.org/10.1038/
$41598-019-38585-9.

Zhou M, Gu L, Findley HW, Jiang R, Woods WG. PTEN reverses
MDM?2-mediated chemotherapy resistance by interacting

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1101/cshperspect.a036152
https://doi.org/10.1101/cshperspect.a036152
https://doi.org/10.3390/genes11070719
https://doi.org/10.1016/j.ydbio.2004.06.008
https://doi.org/10.1016/j.ydbio.2004.06.008
https://doi.org/10.1006/excr.2000.5130
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.3389/fendo.2018.00338
https://doi.org/10.1038/nrm3330
https://doi.org/10.1016/s1535-6108(03)00021-7
https://doi.org/10.1016/s1535-6108(03)00021-7
https://doi.org/10.3892/ijo.2014.2377
https://doi.org/10.3892/ijo.2014.2377
https://doi.org/10.1007/s11010-009-0154-x
https://doi.org/10.1007/s11010-009-0154-x
https://doi.org/10.1038/s41416-020-0834-6
https://doi.org/10.1038/s41416-020-0834-6
https://doi.org/10.3390/cancers11040435
https://doi.org/10.3390/cancers11040435
https://doi.org/10.1158/1078-0432.CCR-14-1027
https://doi.org/10.1158/1078-0432.CCR-14-1027
https://doi.org/10.18632/oncotarget.16761
https://doi.org/10.1038/s41416-020-0900-0
https://doi.org/10.1038/s41416-020-0900-0
https://doi.org/10.1002/cncr.11266
https://doi.org/10.1016/j.cca.2018.01.031
https://doi.org/10.1371/journal.pone.0179437
https://doi.org/10.1371/journal.pone.0179437
https://doi.org/10.1038/cddis.2014.415
https://doi.org/10.1038/cddis.2014.415
https://doi.org/10.1186/s13578-022-00778-7
https://doi.org/10.1186/s13578-022-00778-7
https://doi.org/10.1016/j.canlet.2008.06.012
https://doi.org/10.1016/j.canlet.2008.06.012
https://doi.org/10.1038/s41598-019-38585-9
https://doi.org/10.1038/s41598-019-38585-9

1198

K. Brodaczewska et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

with p53 in acute lymphoblastic leukemia cells. Cancer Res.
2003;63(19):6357-62.

Sekino Y, Hagura T, Han X, Babasaki T, Goto K, Inoue S, et al.
PTEN is involved in sunitinib and sorafenib resistance in renal cell
carcinoma. Anticancer Res. 2020;40(4):1943-51. https://doi.org/
10.21873/anticanres.14149.

Peng W, Chen JQ, Liu C, Malu S, Creasy C, Tetzlaff MT, et al.
Loss of PTEN promotes resistance to T cell-mediated immuno-
therapy. Cancer Discov. 2016;6(2):202—16. https://doi.org/10.
1158/2159-8290.CD-15-0283.

Majewska A, Brodaczewska K, Filipiak-Duliban A, Kajdasz A,
Kieda C. miRNA pattern in hypoxic microenvironment of kid-
ney cancer-role of PTEN. Biomolecules. 2022. https://doi.org/10.
3390/biom12050686.

Kubala MH, DeClerck YA. The plasminogen activator inhibi-
tor-1 paradox in cancer: a mechanistic understanding. Cancer
Metastasis Rev. 2019;38(3):483-92. https://doi.org/10.1007/
$10555-019-09806-4.

Suzuki A, de la Pompa JL, Stambolic V, Elia AJ, Sasaki T, del
Barco BI, et al. High cancer susceptibility and embryonic lethal-
ity associated with mutation of the PTEN tumor suppressor gene
in mice. Curr Biol. 1998;8(21):1169-78. https://doi.org/10.1016/
50960-9822(07)00488-5.

Di Cristofano A, Pesce B, Cordon-Cardo C, Pandolfi PP. Pten is
essential for embryonic development and tumour suppression. Nat
Genet. 1998;19(4):348-55. https://doi.org/10.1038/1235.
Balsara RD, Castellino FJ, Ploplis VA. A novel function of plas-
minogen activator inhibitor-1 in modulation of the AKT path-
way in wild-type and plasminogen activator inhibitor-1-deficient
endothelial cells. J Biol Chem. 2006;281(32):22527-36. https://
doi.org/10.1074/jbc.M512819200.

Majewska A, Brodaczewska K, Filipiak-Duliban A, Kieda C.
Comparative analysis of the effect of hypoxia in two different
tumor cell models shows the differential involvement of PTEN
control of proangiogenic pathways. Biochem Cell Biol. 2023.
https://doi.org/10.1139/bcb-2023-0047.

Bowen KA, Doan HQ, Zhou BP, Wang Q, Zhou Y, Rychahou PG,
et al. PTEN loss induces epithelial-mesenchymal transition in
human colon cancer cells. Anticancer Res. 2009;29(11):4439-49.
Wu J, Gao H, Ge W, He J. Over expression of PTEN induces
apoptosis and prevents cell proliferation in breast cancer cells.
Acta Biochim Pol. 2020;67(4):515-9. https://doi.org/10.18388/
abp.2020_5371.

Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan ZA, Niki M, et al.
Crucial role of p53-dependent cellular senescence in suppression
of Pten-deficient tumorigenesis. Nature. 2005;436(7051):725-30.
https://doi.org/10.1038/nature03918.

Banerjee S, Crouse NR, Emnett RJ, Gianino SM, Gutmann DH.
Neurofibromatosis-1 regulates mMTOR-mediated astrocyte growth
and glioma formation in a TSC/Rheb-independent manner. Proc
Natl Acad Sci U S A. 2011;108(38):15996-6001. https://doi.org/
10.1073/pnas.1019012108.

Nowak DG, Cho H, Herzka T, Watrud K, DeMarco DV, Wang
VM, et al. MYC Drives Pten/Trp53-Deficient Proliferation
and Metastasis due to IL6 Secretion and AKT Suppression via
PHLPP2. Cancer Discov. 2015;5(6):636-51. https://doi.org/10.
1158/2159-8290.CD-14-1113.

Kim JS, Lee C, Bonifant CL, Ressom H, Waldman T. Activation
of p53-dependent growth suppression in human cells by mutations
in PTEN or PIK3CA. Mol Cell Biol. 2007;27(2):662-77. https://
doi.org/10.1128/MCB.00537-06.

Dayoub A, Fokin Al, Lomakina ME, James J, Plays M, Jacquin T,
et al. Inactivation of PTEN and ZFHX3 in Mammary Epithelial
Cells Alters Patterns of Collective Cell Migration. Int J Mol Sci.
2022;24(1). doi: https://doi.org/10.3390/ijms24010313.

@ Springer

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Chiang KC, Chen HY, Hsu SY, Pang JH, Wang SY, Hsu JT, et al.
PTEN insufficiency modulates ER+ breast cancer cell cycle
progression and increases cell growth in vitro and in vivo. Drug
Des Devel Ther. 2015;9:4631-8. https://doi.org/10.2147/DDDT.
S586184.

Takao A, Yoshikawa K, Karnan S, Ota A, Uemura H, De Velasco
MA, et al. Generation of PTEN-knockout (-/-) murine prostate
cancer cells using the CRISPR/Cas9 system and comprehen-
sive gene expression profiling. Oncol Rep. 2018;40(5):2455-66.
https://doi.org/10.3892/0r.2018.6683.

Nagata Y, Lan KH, Zhou X, Tan M, Esteva FJ, Sahin AA, et al.
PTEN activation contributes to tumor inhibition by trastuzumab,
and loss of PTEN predicts trastuzumab resistance in patients. Can-
cer Cell. 2004;6(2):117-27. https://doi.org/10.1016/j.ccr.2004.06.
022.

Yan X, Fraser M, Qiu Q, Tsang BK. Over-expression of PTEN
sensitizes human ovarian cancer cells to cisplatin-induced apopto-
sis in a p53-dependent manner. Gynecol Oncol. 2006;102(2):348—
55. https://doi.org/10.1016/j.ygyno.2005.12.033.

Kiweler N, Wunsch D, Wirth M, Mahendrarajah N, Schneider G,
Stauber RH, et al. Histone deacetylase inhibitors dysregulate DNA
repair proteins and antagonize metastasis-associated processes. J
Cancer Res Clin Oncol. 2020;146(2):343-56. https://doi.org/10.
1007/s00432-019-03118-4.

Ingelshed K, Spiegelberg D, Kannan P, Pavenius L, Hacheney J,
Jiang L, et al. The MDM2 inhibitor navtemadlin arrests mouse
melanoma growth in vivo and potentiates radiotherapy. Cancer
Res Commun. 2022;2(9):1075-88. https://doi.org/10.1158/2767-
9764.CRC-22-0053.

Yang JD, Ma L, Zhu Z. SERPINEI as a cancer-promoting gene
in gastric adenocarcinoma: facilitates tumour cell prolifera-
tion, migration, and invasion by regulating EMT. J Chemother.
2019;31(7-8):408-18. https://doi.org/10.1080/1120009X.2019.
1687996.

Tian T, Nan K-J, Wang S-H, Liang X, Lu C-X, Guo H, et al.
PTEN regulates angiogenesis and VEGF expression through
phosphatase-dependent and -independent mechanisms in HepG2
cells. Carcinogenesis. 2010;31(7):1211-9. https://doi.org/10.
1093/carcin/bgq085.

Pavon MA, Arroyo-Solera I, Tellez-Gabriel M, Leon X, Viros D,
Lopez M, et al. Enhanced cell migration and apoptosis resistance
may underlie the association between high SERPINE1 expression
and poor outcome in head and neck carcinoma patients. Onco-
target. 2015;6(30):29016-33. https://doi.org/10.18632/oncotarget.
5032.

Che Y, Wang J, Li Y, Lu Z, Huang J, Sun S, et al. Cisplatin-
activated PAI-1 secretion in the cancer-associated fibroblasts
with paracrine effects promoting esophageal squamous cell car-
cinoma progression and causing chemoresistance. Cell Death Dis.
2018;9(7):759. https://doi.org/10.1038/s41419-018-0808-2.
Wang S, Pang L, Liu Z, Meng X. SERPINEI associated with
remodeling of the tumor microenvironment in colon cancer pro-
gression: a novel therapeutic target. BMC Cancer. 2021;21(1):767.
https://doi.org/10.1186/s12885-021-08536-7.

Zhang Q, Lei L, Jing D. Knockdown of SERPINEL reverses resist-
ance of triple-negative breast cancer to paclitaxel via suppression
of VEGFA. Oncol Rep. 2020;44(5):1875-84. https://doi.org/10.
3892/0r.2020.7770.

Pan JX, Qu F, Wang FF, Xu J, Mu LS, Ye LY, et al. Aberrant
SERPINE1 DNA methylation is involved in carboplatin induced
epithelial-mesenchymal transition in epithelial ovarian cancer.
Arch Gynecol Obstet. 2017;296(6):1145-52. https://doi.org/10.
1007/s00404-017-4547-x.

Kohnoh T, Hashimoto N, Ando A, Sakamoto K, Miyazaki S, Aoy-
ama D, et al. Hypoxia-induced modulation of PTEN activity and


https://doi.org/10.21873/anticanres.14149
https://doi.org/10.21873/anticanres.14149
https://doi.org/10.1158/2159-8290.CD-15-0283
https://doi.org/10.1158/2159-8290.CD-15-0283
https://doi.org/10.3390/biom12050686
https://doi.org/10.3390/biom12050686
https://doi.org/10.1007/s10555-019-09806-4
https://doi.org/10.1007/s10555-019-09806-4
https://doi.org/10.1016/s0960-9822(07)00488-5
https://doi.org/10.1016/s0960-9822(07)00488-5
https://doi.org/10.1038/1235
https://doi.org/10.1074/jbc.M512819200
https://doi.org/10.1074/jbc.M512819200
https://doi.org/10.1139/bcb-2023-0047
https://doi.org/10.18388/abp.2020_5371
https://doi.org/10.18388/abp.2020_5371
https://doi.org/10.1038/nature03918
https://doi.org/10.1073/pnas.1019012108
https://doi.org/10.1073/pnas.1019012108
https://doi.org/10.1158/2159-8290.CD-14-1113
https://doi.org/10.1158/2159-8290.CD-14-1113
https://doi.org/10.1128/MCB.00537-06
https://doi.org/10.1128/MCB.00537-06
https://doi.org/10.3390/ijms24010313
https://doi.org/10.2147/DDDT.S86184
https://doi.org/10.2147/DDDT.S86184
https://doi.org/10.3892/or.2018.6683
https://doi.org/10.1016/j.ccr.2004.06.022
https://doi.org/10.1016/j.ccr.2004.06.022
https://doi.org/10.1016/j.ygyno.2005.12.033
https://doi.org/10.1007/s00432-019-03118-4
https://doi.org/10.1007/s00432-019-03118-4
https://doi.org/10.1158/2767-9764.CRC-22-0053
https://doi.org/10.1158/2767-9764.CRC-22-0053
https://doi.org/10.1080/1120009X.2019.1687996
https://doi.org/10.1080/1120009X.2019.1687996
https://doi.org/10.1093/carcin/bgq085
https://doi.org/10.1093/carcin/bgq085
https://doi.org/10.18632/oncotarget.5032
https://doi.org/10.18632/oncotarget.5032
https://doi.org/10.1038/s41419-018-0808-2
https://doi.org/10.1186/s12885-021-08536-7
https://doi.org/10.3892/or.2020.7770
https://doi.org/10.3892/or.2020.7770
https://doi.org/10.1007/s00404-017-4547-x
https://doi.org/10.1007/s00404-017-4547-x

Pten knockout affects drug resistance differently in melanoma and kidney cancer 1199

EMT phenotypes in lung cancers. Cancer Cell Int. 2016;16:33. 55. Li Y, Wang Z, Ajani JA, Song S. Drug resistance and Cancer

https://doi.org/10.1186/s12935-016-0308-3. stem cells. Cell Commun Signal. 2021;19(1):19. https://doi.org/
54. Qi Y, Liu J, Chao J, Scheuerman MP, Rahimi SA, Lee LY, 10.1186/s12964-020-00627-5.

et al. PTEN suppresses epithelial-mesenchymal transition and

cancer stem cell activity by downregulating Abil. Sci Rep.

2020;10(1):12685. https://doi.org/10.1038/s41598-020-69698-1.

@ Springer


https://doi.org/10.1186/s12935-016-0308-3
https://doi.org/10.1038/s41598-020-69698-1
https://doi.org/10.1186/s12964-020-00627-5
https://doi.org/10.1186/s12964-020-00627-5

	Pten knockout affects drug resistance differently in melanoma and kidney cancer
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell lines
	In vivo experiments
	Assessment of susceptibility to treatment
	Colony formation assay
	Protein detection using western blot
	Gene expression assessment by qRT-PCR
	Detection of VEGF-A and PAI-1 secretion
	In vitro experiments in hypoxic conditions
	Statistical analysis

	Results
	Pten knockout does not affect melanoma or kidney cancer progression
	Pten knockout causes differential changes in cisplatin sensitivity in Renca and B16 F10 cells
	Pten knockout induces distinct molecular changes in renal cell carcinoma and melanoma
	Pten knockout induces epithelial-to-mesenchymal transition in Renca cells

	Discussion
	Conclusions
	Anchor 25
	References




