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Abstract
The transcriptional regulator YAP plays an important role in cancer progression and is negatively
controlled by the Hippo pathway. YAP is frequently overexpressed in human cancers, including
bladder cancer. Interestingly, YAP expression and activity can be inhibited by pro-oxidant
conditions; moreover, YAP itself can also affect the cellular redox status through multiple
mechanisms. 4-Hydroxynonenal (HNE), the most intensively studied end product of lipid
peroxidation, is a pro-oxidant agent able to deplete GSH and has an anti-tumoral effect by affecting
multiple signal pathways, including the down-regulation of oncogene expressions. These
observations prompted us to investigate the effect of HNE on YAP expression and activity. We
demonstrated that HNE inhibited YAP expression and its target genes in bladder cancer cells
through a redox-dependent mechanism. Moreover, the YAP down-regulation was accompanied by
an inhibition of proliferation, migration, invasion, and angiogenesis, as well as by an accumulation
of cells in the G2/M phase of cell cycle and by an induction of apoptosis. We also established the
YAP role in inhibiting cell viability and inducing apoptosis in HNE-treated cells by using an
expression vector for YAP. Furthermore, we identified a post-translational mechanism for the HNEinduced YAP expression inhibition, involving an increase of YAP phosphorylation and
ubiquitination, leading to proteasomal degradation. Our data established that HNE can posttranslationally down-regulate YAP through a redox-dependent mechanism and that this modulation
can contribute to determining the specific anti-cancer effects of HNE.

Introduction
Yes-associated protein (YAP) is a transcriptional co-activator belonging to the Hippo tumorsuppressor pathway. This signaling pathway plays a key role as a regulator of organ size, and it has
been involved in the control of cell proliferation, apoptosis, and differentiation [1]. Hippo pathway
consists of a core kinase cascade in which the Mammalian Ste20-like kinases 1/2 (MST1/2)
phosphorylate and activate the Large Tumor Suppressor 1/2 (LATS1/2). When the pathway is
active, Lats 1/2 can phosphorylate and inhibit YAP, one of the major effectors of this signaling
cascade. YAP can be phosphorylated at multiple sites. When the Ser 127 is phosphorylated, this
results in YAP binding to the adapter protein 14–3–3, leading to its cytoplasmic retention [2]. In
addition to the inhibition of nuclear YAP translocation, phosphorylation by Lats1/2 and other
kinases through the phosphorylation in Ser 381/384/387 also suppresses YAP activity by inducing
proteasomal degradation [3]. On the contrary, when the Hippo cascade is inactive, the
unphosphorylated form of YAP can translocate into the nucleus and form complexes mainly with
the transcription family TEAD (TEA domain family member), leading to the expression of target
genes involved in proliferation, cell survival, migration, epithelial-mesenchymal transition (EMT),
and angiogenesis; such as the growth factor CTGF (connective tissue growth factor), survivin,
which is able to affect cell cycle progression and to inhibit apoptosis, the c-Myc oncogene, and the
angiogenic factor CYR61 (angiogenetic inducer rich in cysteine 61) [4-7].
Hippo pathway deregulation occurs in many human cancers and its effector YAP was
initially identified as an oncogene in a variety of tumors, where it was shown to promote growth
factor-independent proliferation, EMT, survival, and stemness [8-10]. Frequently correlated with a
poor prognosis and tumor progression, high expression of YAP has been observed in numerous
malignancies [11-12], including bladder cancer [13]. Moreover, we have recently demonstrated that
constitutive expression and activation of YAP is inversely correlated with “in vitro” and “in vivo”
cisplatin sensitivity of urothelial carcinoma cells [14].
Interestingly, it has been demonstrated that YAP expression can be regulated by the cellular
oxidative redox state in HepG2 hepatocarcinoma cancer cells [15]; in particular, the use of diethyl
maleate (DEM), a pro-oxidant agent able to deplete GSH, inhibited YAP expression; whereas, the
pre-pretreatment with the antioxidant N-acetylcysteine (NAC), an aminothiol and synthetic
precursor of intracellular cysteine and GSH, substantially abolished the DEM action on YAP
expression. These authors identified the mechanisms of this redox-dependent regulation, consisting
in the inactivation of the GABP transcription factor, an Ets family member, able to induce the YAP
transcription [15]. Our previous results also confirmed that the treatment with buthionine

sulfoximine (BSO), a GSH-depleting agent, reduced the YAP expression in bladder cancer cells
[16].
On the other way round, it has been demonstrated that YAP itself can affect the cellular
redox status with multiple mechanisms. For instance, YAP can also bind the transcription factor
FoxO1, and the YAP-FoxO1 complex can bind the promoters of antioxidant genes, such as catalase
and manganese superoxide dismutase (MnSOD), stimulating their transcription [17]. Moreover, the
interaction with the transcription factor Pitx2 has also been proposed as a mechanism for the YAP
inducing antioxidant genes in cardiomyocytes [18]. Recently, we have demonstrated a cross-talk
between YAP and the transcription factor Nrf2 (NF-E2-related factor 2), the master regulator of
antioxidant and cytoprotective systems. In bladder cancer, the two genes cooperate in maintaining
the antioxidant potential, which plays an important role in chemoresistance [16].
This interplay between the transcriptional co-activator YAP and the redox cellular state
prompted us to investigate a possible role of 4-hydroxynonenal (HNE), the most intensively studied
end product of lipid peroxidation [19-20], in affecting YAP activity. Indeed, it is well known that
HNE, as DEM, is a pro-oxidant agent, able to deplete GSH in several cells and tissues [21-23].
Moreover, and more interestingly, at micromolar concentrations, similar to those found in human
plasma and tissues [20], HNE can inhibit cell proliferation, induce apoptosis and/or differentiation
[19, 24], inhibit cell adhesion [25], and angiogenesis [26] in a variety of both hematological and
solid tumors [27]. It has been shown that HNE elicits its biological effect by affecting multiple
signal pathways, also through the modulation of the expression of a broad range of key genes,
including oncogenes such as c-myc [28-31], c-myb [32], cyclin D1/D2 /A [33-34], telomerase
reverse transcriptase hTERT [31, 35].
In consideration of these characteristics, this experimental work aimed to verify if HNE
treatments could affect YAP expression and its activity in YAP over-expressed bladder cancer cells
and whether this modulation could be redox-dependent. Furthermore, the mechanisms of YAP
expression inhibition in HNE-treated bladder cancer cells were also investigated.

Materials and Methods
Cells, culture conditions and HNE preparation
Human bladder cancer T24 cells, human breast cancer CRL-2335 cells, and human melanoma A375
cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
Human bladder 253J, 253J B-V, and UM-UC-3 cell lines were kindly provided by Dr. Colin

Dinney (MD Anderson Cancer Center). UM-UC-3 were cultured in Eagle's Minimum Essential
Medium, while all the others in RPMI 1640. Both media were supplemented with 10% FBS, 100
units/ml penicillin and 100μg/ml streptomycin in a 5% CO 2, 37 °C incubator.
Human Umbilical Vein Endothelial Cells (HUVECs) were isolated from human umbilical veins by
trypsin treatment (1%) and cultured in M199 medium, with the addition of 20% FCS, 100 U/ml
penicillin, 100 μg/ml streptomycin, 5 UI/ml heparin, 12 μg/ml bovine brain extract, and 200 mM
glutamine. HUVECs were grown to confluence in flasks and used at passages two through five.
For the HNE-treatment, the aldehyde was purchased from Calbiochem-Merk (393204) (Milan,
Italy) and it was prepared as follows: HNE was dissolved in ethanol that was evaporated through a
gentle flow of N2 and subsequently resuspended in sterile phosphate-buffered saline, 1x concentrate
pH 7.4 (1xPBS). The concentration was measured by spectrophotometer recording the absorbance
of an aliquot of HNE diluted 1:200 in water at 223 nm (ε = 13,750 l/mol/cm).
NAC, DEM, and the proteasome inhibitor MG132 were purchased from Sigma-Aldrich (Milan,
Italy).

Lysate preparation and western blot analysis
Lysate preparation and western blot (WB) analysis were performed as previously described [16],
with minor modification. Briefly, cells were seeded in 6-well plates (250,000 cells/well) and treated
as indicated in the “Results” section. Subsequently, the cells were harvested, washed once in icecold 1×PBS; resuspended in a lysis buffer composed of 20 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5
mM EDTA, 1% v/v Triton X-100, phosphatase (Sigma–Aldrich P2850), and protease (Sigma–
Aldrich P8340) inhibitor cocktails; and incubated for 30 min at 4 °C. Samples were centrifuged at
12,000 rpm for 25 min at 4 °C, the supernatants were collected, and the protein concentration was
determined using a commercially available kit (Bio-Rad Laboratories, Segrate, MI, Italy). Western
blot analysis was performed using home-made 7.5% SDS–polyacrylamide gels or 5–15% gradient
SDS–polyacrylamide precast gels (Bio-Rad Laboratories). 20-40 μg of proteins were mixed with
20μl of Laemmli sample buffer (Bio-Rad Laboratories 161-0737), containing 10% 2mercaptoethanol, boiled for 5 min, and loaded onto the gels.
The run was performed at the constant voltage of 100 V. Afterwards, proteins from the gel were
transferred to nitrocellulose membranes with the Trans-Blot Turbo Transfer System (Bio-Rad
Laboratories). The membranes were subsequently blocked for 1 h with 5% nonfat dry milk
dissolved in TBS–Tween 20, incubated overnight at 4 °C with primary antibodies, washed three
times with TBS–Tween 20, and incubated with HRP-conjugated secondary antibodies for 1 h at
room temperature. Antibodies used were as follows: cleaved Poly (ADP-ribose) polymerase

(PARP) Asp214 (#9541), total PARP (9542S), glyceraldehyde 3 phosphate dehydrogenase
(GAPDH) (#5174), p-YAP ser 387 (D1E7Y), and p-YAP ser 127 (D9W2I) from Cell Signaling
(Boston, MA, USA); YAP (sc-15407), survivin (sc-17779), ubiquitin (P4D1) (sc-8017), Cyr61 (sc13100), and MnSOD (sc-30080), vascular endothelial growth factor (VEGF) (sc-152) from Santa
Cruz (Dallas, TX, USA); β-actin, clone A1978 from Sigma-Aldrich; α-tubulin (04-1117) from
Millipore (Billerica, MA, USA). The detection of the bands was carried out after reaction with
chemiluminescence reagents (ECL Prime Western Blotting RPN2236, Sigma-Aldrich), through ﬁlm
(Santa Cruz Biotechnology sc-201697) autoradiography or with a camera imaging system
(Imagequant LAS 4000, GE Healthcare, Little Chalfont, UK).

Immunofluorescence staining of YAP and Ki-67 proteins
Immunofluorescence analysis was performed as previously described [16], with slight
modifications. Briefly, T24 cells (5x104) were plated into the channels of a µ–Slide VI0.4 (Ibidi,
Giemme Snc, Milano, Italy). After treatments, cells were fixed for 15 min in 4% paraformaldehyde
and permeabilized with 1% Triton X-100 for 30 min at room temperature and washed with 1xPBS.
Then, the cells were incubated with 1%BSA in 1xPBS for 30 min at room temperature, after which
they were incubated for 1 h at room temperature with the primary monoclonal antibody against
YAP (sc15407) or Ki67 (MIB-1, Dako Agilent Technologies Italia S.p.A., Italy) in 1% BSA
dissolved in 1xPBS. The cells were subsequently washed, incubated for 1 h at room temperature
with the secondary FITC-conjugated antibody (1:100 in 0.1%BSA in 1xPBS; Sigma-Aldrich) for
YAP staining, and with Cy3‐conjugated antibody (1:1000 in 0.1%BSA in 1xPBS; GE Healthcare,
USA) for Ki67 staining. Nuclei were stained by using 4,6‐diamino‐2‐phenylindole (DAPI) in YAPstained cells, and Hoechst 33342 (B-2883, Sigma-Aldrich) in Ki67-stained cells. After washing
with 1xPBS, cover glasses were mounted with 50% glycerol, 15 mM NaN3 in 1xPBS. The cells
were then analyzed under a fluorescence microscope (Axiovert 35; Carl Zeiss MicroImaging
GmbH, Jena, Germany).
Cell counting
T24 cells were seeded at 10,000 cells/well in a 24-well plate. After treatments, cells were
trypsinized and incubated in a trypan blue solution (0.4% w/v final dye concentration, SigmaAldrich). Non-stained viable cells were counted by using the Bürker chamber.
MTT assay
Cell viability after HNE treatments was determined through the 3-(4,5-dimethyl thiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay, as previously described [16]. Briefly, T24, CRL2335,

and A375 cells were seeded at 1,000 cells/well in 96-well plates in 200 μl of serum-supplemented
medium and treated as indicated in the “Results” section. Untreated cells were used as control.
After this period, the drug was removed and the MTT assay was performed. MTT was added to
control and treated cells to a final concentration of 0.5 mg/ml (Sigma–Aldrich) for 2 h. The medium
was then removed, and the cells were lysed with 100 μl of DMSO. Absorbance was recorded at 530
nm by a 96-well-plate ELISA reader (iMark Microplate Reader, Bio-Rad Laboratories). This
colorimetric assay may be interpreted as a measure of both cell viability and cell proliferation [37].

Apoptosis
T24 cells were seeded in 6-well plates (250,000 cells/well), treated and collected as indicated in the
“Results” section. Adherent and nonadherent cells were harvested after cell treatments, washed in
1xPBS, and subsequently stained with FITC-Annexin 5 and PI according to the manufacturer
protocol (FITC Annexin V Apoptosis Detection Kit, Cat. N° 556547, BD Biosciences, Milan,
Italy). Cells were analyzed by a FACScan cytometer (Becton Dickinson, Accuri).

Cell cycle
T24 cells were seeded in 6-well plates (250,000 cells/well), treated and collected as indicated in the
“Results” section. Adherent and non-adherent treated and control cells were harvested after the cell
treatments. Cells were washed with 1xPBS, fixed in 70% cold ethanol, resuspended in a buffer
containing 0.02 mg/ml RNase A (Sigma-Aldrich), 0.05 mg/ml propidium iodide (PI) (Sigma–
Aldrich), 0.2% v/v Nonidet P-40 (Sigma–Aldrich), 0.1% w/v sodium citrate (Sigma–Aldrich), and
analyzed with a FACScan cytometer (Becton Dickinson, Accuri).

Cell motility assay
In the wound-healing assay, after starvation for 18–24 h in serum-free medium, T24 cells were
plated onto 6-well plates (106 cells/well) and grown to confluence. Cell monolayers were wounded
by scratching with a pipette tip along the diameter of the well, and they were washed twice with
serum-free medium before the 10 µM HNE treatment. In order to monitor cell movement into the
wounded area, five fields of each wound were photographed immediately after the scratch (T0) and
after 24 h [38]. The endpoint of the assay was measured by calculating the reduction in the width of
the wound after 24 h and compared to T0 which is set at 100%. The area of wound healing was
calculated by using the ImageJ software [39].

Cell invasion assay

In the Transwell Boyden chamber (BD Biosciences, Milan, Italy) invasion assay, T24 cells (8,000)
were plated onto the apical side of Matrigel-coated (50 µg/ml) filters in serum-free medium with or
without HNE 10 µM. Medium containing FCS 20% was placed in the basolateral chamber as
chemoattractants. The chamber was incubated at 37 °C under 5% CO2. After 24 h, the cells on the
apical side were wiped off with Q-tips. The cells that migrated to the bottom of the filter were
stained with crystal violet and counted (all fields of each quadruplicate filter) with an inverted
microscope. Five different experiments were performed. The results are expressed as the number of
invading cells per high-power field.
Angiogenesis assay
In the tube-formation assay, HUVEC cells were seeded onto 24-well plates (5×104 cells/well)
previously coated with 150 μl growth factor–reduced Matrigel (BD Biosciences) in the presence of
conditioned media derived from T24 untreated or treated with HNE, as described in the “Results”
section. The morphology of the capillary-like structures formed by the HUVECs was analyzed after
6 h of culture using an inverted microscope and was photographed with a digital camera. Tube
formation was analyzed with an imaging system (Image-Pro).

Measurement of HNE disappearance from the medium of T24 cell cultures.
T24 cells were seeded in 24-well plates (50,000 cells/well). They were untreated or incubated with
10 µM HNE in RPMI medium with 10% FCS and maintained at 37 °C in a humidified atmosphere
of 5% CO2. After 0, 30, 60 min, 3 h, and 6 h aliquots of medium were added to an equal volume of
C2H3N / CH3COOH 96:4 (v/v) and injected in the HPLC (L2 Binary Pump, Perkin Elmer
instrument,), equipped with a UV-vis detector (Waters S.p.A., Vimodrone, Milan, Italy). HNE was
then separated at the following conditions: RP-18 column (Merck, Darmstadt, Germany), C2H3N
/water (H2O) 42:58 (v/v) as mobile phase, 1.0 ml/min flow rate, 223 nm optical density UV detector
setting with 0.05 absorbance units for full recorder scale, 20 μM injected sample volume. Peak
identification and quantification were based on reference chromatograms and a calibration curve
obtained from standard HNE solutions (1 to 10 mM) in H2O / C2H3N / CH3COOH.

Analysis of GSH contents
The GSH contents were assessed by determining non-protein sulphydryl contents with the Ellman’s
method, as previously reported [40]. Briefly, T24 cells were seeded in Petri dishes 100 mm (2x106

cells/dish) and treated as indicated in the “Results” section. After washing in cold 1xPBS, 4x106
cells were collected by using a cell scaper and centrifuged 1,000 rpm for 10 min at 4 °C. Pellets
were resuspended in 5% Trichloroacetic acid (TCA) and 5 mM EDTA. Insoluble proteins were then
discarded by high-speed centrifugation at 4 °C. The supernatants were collected and added to a 0.4
M Tris-EDTA buffer pH 8.9 for GSH concentration measurement, while the pellets were
resuspended in 50 µl NaOH 1M to measure the protein content, as above described. GSH
concentration was determined after 2 min incubation with 5,5′-dithiobis-2-nitrobenzoic acid
(DTNB) by measuring the production of 5′-thio-2-nitrobenzoic acid (TNB) at 412 nm on a
spectrophotometer. GSH standard curve was used to calculate the concentration of GSH in the
samples. These results were expressed nmol GSH per mg of proteins.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
T24 cells were seeded in 6-well plates (250,000 cells/well), treated and collected as indicated in the
“Results” section. Total RNA was isolated using the TRIZOL reagent according to the
manufacturer's instructions (Invitrogen, Milan, Italy). For reverse transcription, 1 μg of cells total
RNA, 25 mM random hexamers and 100 U of Reverse Transcriptase (Thermo Fisher Scientific,
Milan, Italy) were used. Gene expression levels were measured by quantitative real-time PCR
(qRT-PCR) in an iCycler (Bio-Rad Laboratories, Segrate-Milan, Italy). Abelson (Abl) gene was
utilized as housekeeping control. The following TaqMan® Gene Expression Assay (Thermo Fisher
Scientific) were used: Hs00371735_m1, Life Technologies for YAP gene and Hs00245445_m1 for
Abl gene. For each PCR reaction, 50 ng of cDNA was added to PCR reaction mix containing 1x
TaqMan Universal PCR Master Mix (Thermo Fisher Scientific), 1x TaqMan® Gene Expression
Assay (Thermo Fisher Scientific) and distilled water to a final volume of 10 ul. All analyses were
carried out in duplicate; the results showing a discrepancy greater than one cycle threshold in one of
the wells were excluded. The results were analyzed using the ΔΔCt method [41].

Immunoprecipitation assay
T24 cells were seeded in 6-well plates (250,000 cells/well), treated and collected as indicated in the
“Results” section. For the IP assay, at least 500,000 cells were resuspended in a lysis buffer
composed of with 20 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% v/v Triton X-100,
PMSF 1 mM (P-7626, Sigma- Aldrich) + sodium orthovanadate 1 mM (S-6508, Sigma- Aldrich),
the CompleteTM Protease Inhibitor Cocktail (sc-29130, Santa Cruz) and incubated on ice for 10 min;
the lysates were then passed through a 25-gauge needle of a syringe. After centrifugation (10,000 g

for 10 min at 4 °C), the supernatants were collected, and the protein concentration was determined
by using a commercially available kit (Bio-Rad Laboratories). After that, 500 µg of cell lysate was
incubated with 1.2 µg of YAP (sc15407) on a rocking shaker overnight at 4 °C. The
immunocomplexes were captured by adding 40 µg Protein A Sepharose Beads (P-6649, SigmaAldrich) for 1 h at 4 °C. The immunocomplex-sepharose beads were then collected with brief
centrifugation at 14,000 rpm for 5 sec; the pellets were collected by centrifugation and supernatants
were discarded. The pellets were washed extensively in the lysis buffer. For the last washing step, a
solution containing lysis buffer plus 0.2 M Tris/HCl buffer, pH 6.8, 2% SDS, 30% glycerol, and
16% 2-mercaptoethanol was used. The pellets were then boiled for 2 min. The supernatants were
collected and subjected to SDS/PAGE, followed by Western blot analysis for ubiquitin.
Transient transfection
For transient transfection experiments, T24 cells were seeded in 6-well plates (90,000 cells/well),
and incubated 24 h before transfecting with pCMV6_YAP1 (1.5 µg of YAP1 cDNA), or pCAMV6empty Vectors (Origene, Rockville, MD, USA), both kindly provided by Prof. Rosa M. Pascale
(University of Sassari, Italy) [42],

by FuGene HD reagent (SwitchGear Genomics, USA),

according to manufacturer's protocol. After 30 h from trasfection, the cells were treated with HNE
10 µM and 20 µM for 6 h and 24 h. YAP expression was determined by WB, while PARP cleavage,
also evaluated by WB, was analyzed as a measure of apoptosis. For MTT analysis, T24 cells were
seeded in 96-well plates (1,000 cells/well), and incubated 24 h before transfecting with
pCMV6_YAP1 (0.1 µg of YAP1 cDNA) or pCAMV6-empty Vectors. After

30 h form

transfection, the cells were treated with HNE 10 µM and 20 µM and MTT analysis was performed
as previously described at 24 h, 48 h, and 72 h.
Statistical analysis
Data were expressed as means ± SD. Significance between experimental groups was determined by
one-way ANOVA followed by the Bonferroni multiple comparison post-test using GraphPad InStat
software (San Diego, CA, USA). Values of p≤0.05 were considered statistically significant.

Results
HNE inhibited YAP expression and its target genes in T24 human bladder cancer cells

To examine the effect of HNE on YAP expression in bladder cancer cells, at first we evaluated the
basal protein expression of YAP in four different bladder cancer cell lines: T24, 253J, 253J B-V,
and UM-UC-3. We found that T24 cells showed the highest level of this protein (Figure S1 A), so
they were selected for the study. T24 cells were then treated with 10 and 20 µM HNE and the YAP
protein content was measured at 3 h, 6 h, 24 h, and 48 h (Fig 1A). After 3h we didn’t find any
modulations after treatments, while after 6 h we observed a strong down-regulation of this protein
with both concentrations of HNE. At 24 h from the treatment, 20 µM HNE still inhibited YAP
expression significantly, but its expression was higher than that detected at 6 h. After 24 h from 10
µM HNE treatment, the expression of YAP was similar to control values. After 48 h (Fig.1A) and
72 h (data not shown), both 10 and 20 µM HNE did not modify YAP expression with respect to
control. Moreover, we confirmed by IF analysis the down-regulation of YAP protein at 6 h after
HNE treatments (Fig 1B). Finally, we demonstrated that the reduction of YAP protein, 6 h after
HNE treatment, corresponded to the inhibition of YAP activity, by obtaining a down-regulation of
target genes controlled by the complex YAP-TEAD, such as survivin and Cyr6 (Fig 1C). On the
contrary, at 6 h the target gene MnSOD, controlled by the complex YAP-FoxO1, was not affected
by HNE treatments.

Fig 1: HNE inhibited YAP protein expression and its target genes in T24 cells. Panel A: WB analysis of
YAP in T24 untreated (0) or treated cells with 10 µM and 20 µM HNE at 3 h, 6 h, 24 h, and 48 h from the
treatment. Equal protein loading was confirmed by exposure of the membranes to the anti-β-actin antibody.
Below quantification of protein products was performed by densitometric scanning. Data were normalized
using the β-actin signal and are indicated as the mean ± SD from three independent experiments. ** p-value
≤0.01 vs. untreated control cells (0). Panel B: IF analysis of YAP protein expression in untreated T24 cells
(control, C) or treated with for 6 h 10 µM and 20 µM HNE. YAP was detected by using an anti-YAP
antibody and a FITC-conjugated secondary antibody (green). The mounting medium contained DAPI to
highlight the cellular nucleus (blue). These are images of one representative experiment from a series of
three with similar results (data not shown). Panel C: WB analysis of survivin, Cyr61, and MnSO, three
target genes of YAP, in T24 cells untreated (0) or treated with 10 µM and 20 µM HNE, 6 h from the
treatment. Equal protein loading was confirmed by exposure of the membranes to the anti-β-actin antibody.
Below quantification of protein products was performed by densitometric scanning. Data were normalized
using the β-actin signal and are indicated as the mean ± SD from three independent experiments. ** p-value
≤0.01 vs. untreated control cells (C).

HNE inhibited cell proliferation and induced cell death in T24 cells
Since YAP is a powerful regulator of cell proliferation and survival, we wanted to verify if the YAP
inhibition in HNE-treated T24 cells was accompanied by an inhibition of these two parameters.
Thus, T24 cells were treated with 20 and 10 µM HNE, and the counting of cells, MTT values and
Ki67 expression were evaluated. Results demonstrated that HNE induced a significant
concentration-dependent inhibition of the number of cells counted by Bürker chamber (Fig 2A), as
well as a reduction of the MTT values (Fig. 2B), at 24 h, 48 h, and 72 h from the treatment.
Moreover, we evaluated Ki67 expression, as an index of proliferation, 48 h after HNE treatments.
Results confirmed a reduction of Ki67 expressing cells after treatment with both HNE
concentrations.

Fig 2. HNE inhibited cell proliferation in T24 cells. Panel A: T24 cell growth after treatments with 10 µM
and 20 µM HNE, or untreated (control, C). Cells were seeded at 10,000 cells/well in 24-well plates, and the
cell number was evaluated at 24 h, 48 h, and 72 h by counting in a Bürker chamber. Data are the means ± SD
of three separate experiments, each performed in triplicate. *p≤0.05vs C. **p≤0.01vs C. Panel B: MTT
assay of T24 untreated (Control, C) or treated cells with 20 µM and 10 µM HNE at 24 h, 48 h, and 72 h.
Results are the mean ± SD of three separate experiments, each performed in sextuplicate. **p≤0.01vs C.
Panel C: IF analysis of Ki67 protein expression in untreated T24 cells (control, C) or treated with 10 µM and
20 µM HNE at 48 h from the treatment. Ki67 was detected by using an anti- Ki67 antibody and a Cys-3
secondary antibody (red). The mounting medium contained Hoechst 33342 to highlight the cellular nucleus
(blue). These are images of one representative experiment from a series of three experiments with similar
results. On the right, the quantification of Ki67 positive cells is shown, expressed as percentage of total cells.
Three samples were analyzed in each condition and at least 100 cells were counted in each sample. Results
are the mean ± SD. *p≤0.05vs C. **p≤0.01vs C.

The MTT assay, by assessing the metabolic activity, can be a measure of both cell viability and cell
proliferation [37]; thus, to measure the contribution of cell death to the above-observed inhibition of
MTT value, Annexin-V/IP assay was performed in T24 cells untreated or treated with 10 and 20
µM HNE at 15h and 24 h from the treatment (Fig. 3A). This assay can discriminate early apoptosis

(annexin V-positive and PI-negative cells), late apoptosis (annexin V-positive and PI-positive cells),
and necrotic (annexin V-negative and PI-positive) cell populations. At 15 h from the treatment, we
did not observe any significant increase. Conversely, 24 h from the treatment with 20 µM HNE, but
not with 10 µM HNE, a modest but significant increase of early and late apoptotic cells (13.85 ±
1.23 % and 6.91 ± 0.99 %, respectively) (Fig 3A) was observed. To confirm the ability of 20 µM
HNE in inducing apoptosis, we evaluated the cleaved PARP expression, a well-known apoptosis
marker. According to the results obtained with the Annexin-V/IP assay, the cleaved form of PARP
was present in T24 cells 24 h after the treatment with the highest dose of HNE (20 µM), but not
with 10 µM HNE.

Fig. 3 HNE induced apoptosis in T24 cells. Panel A: Cytofluorimetric analysis of annexin V/PI staining in
T24 cells untreated (Control, C), or treated with 10 µM and 20 µM HNE at the indicated time. Results show
early apoptosis (annexin V-positive and PI-negative cells), late apoptosis (annexin V-positive and PI-positive
cells), and necrotic (annexin V-negative and PI-positive) cell population Results were expressed as means ±
SD of three independent experiments, each performed in duplicate. **p≤0.01 vs. C. Below the flow

cytometry profiles of a representative experiment in Annexin V/IP stained T24 cells at 24 h are shown. The
quadrants Q were defined as Q1-LL=live (Annexin V- and PI-negative), Q1-LR=early stage of apoptosis
(Annexin V-positive/PI-negative), Q1-UR= late stage of apoptosis (Annexin V- and PI-positive) and Q1UL=necrosis (Annexin V-negative/PI-positive). Panel B: WB analysis of the apoptosis marker, the cleaved
PARP, in T24 untreated (0) or treated cells with 10 µM and 20 µM HNE at 24 h from the treatment. Equal
protein loading was confirmed by exposure of membranes to the anti-β-actin antibody. Below, quantification
of protein products was performed by densitometric scanning. Data were normalized using the β-actin signal
and are indicated as the mean ± SD from three independent experiments. ** p-value ≤0.01 vs. untreated
control cells (C).

HNE induced an increase of T24 cells in the G2/M phase
To further study the antiproliferative activity of HNE we performed an analysis of the cell cycle in
T24 cells at 24 h (Fig 4). The flow cytometry profiles of a representative experiment, with the
relative percentages found, are shown in panel A. At 24 h from the treatment, both 10 and 20 µM
HNE induced a significant increase in the proportion of G2/M cells. 10 µM HNE induced a higher
increase (28.31%) of G2/M cells with respect to that obtained after 20 µM HNE treatment
(20.35%). In Fig. 4B the cell cycle distribution analysis of three independent experiments is shown.

Fig. 4 HNE treatments induced G2/M cell accumulation. Panel A: Cell-cycle analysis of T24 untreated
(Control, C) or treated with 10 µM and 20 µM HNE at 24 h from the treatment. The data were captured by
using a BD Accuri Flow cytometer and analyzed by using FCS Express Plus. Representative images and
relative percentages are shown. Panel B: Percent of cell cycle distribution in T24 untreated (Control, C) or
treated with 10 µM and 20 µM HNE at 24 h from the treatment. Data are the mean ± SD of 3 separate
experiments, each performed in duplicate. *p≤0.05 vs. C, **p≤0.01 vs. C.

HNE inhibited cell migration, invasion, and angiogenesis in T24 cells
As mentioned in the introduction, YAP regulates genes and signalling pathways that are critical for
tumor cell migration and angiogenesis, both essential components of the metastatic cascade. Thus,
we decided to investigate these two parameters after treatment with the lowest and non-toxic
concentration of HNE (10 µM) on T24 cells (Fig 5). Random cell migration in untreated or 10 µM
HNE- treated cells was measured after 24 h from the treatment (Fig 5A); we observed that HNEtreated cells were able to migrate into the scratch slower than untreated control cells (cell migration
was reduced by around 50% with respect to the control). To further investigate the function of HNE
in the invasion of T24 cells, the Transwell Boyden Chamber assay in matrigel was performed. The
results revealed that the invasion was remarkably inhibited in 10 µM HNE-treated T24 cells (Fig.
5B).

Fig. 5 HNE treatments inhibit cell migration. Panel A: wound healing assay at 0 (T0) and at 24 h in T24
cells untreated (C) or treated with 10 µM HNE. On the right, the quantification of wound healing is shown.
The endpoint of the assay was measured by calculating the reduction in the width of the wound after 24 h
and compared to T0 which is set at 100%. The data are the mean ± SD of three independent
experiments.**p-value≤0.01 vs. C. Panel B: Boyden chamber assay at 18h in T24 cells untreated (C) or
treated with 10 µM HNE. The results are expressed as the number of invading cells per high-power field, as
the mean ± SD of five independent experiments.**p-value≤0.01 vs.C.

For the angiogenesis assay, T24 cells were treated with 10 µM HNE or untreated (control). After 6
h, the conditioned cell culture media were collected and we assess their ability to affect the tubuleformation of HUVEC. The morphology of capillary-like structures formed by HUVEC was
analyzed after 6 h of culture (Fig 6A). With 10 µM HNE, the structure and the organization of the
tubules were significantly lower (19.5 ± 5.2 and 8.5 ± 3.5 number of tubes per field in untreated and
10 µM HNE treated T24 cells, respectively).

In order to check if in the conditioned medium was still present 10 µM HNE, HNE disappearance
was measured in the culture medium of T24 cells at 0 min, 30 min, 60 min, 3 h, and 6 h from the
treatment. As shown in Fig. 6B, 10 µM HNE disappeared from the medium within 1 h, and it is not
any more detectable after 3 h and 6 h (data not shown). To state whether VEGF, one of the most
important regulatory factors of angiogenesis, was involved in the HNE anti-angiogenic effect, we
also evaluated its protein expression in HNE-treated T24 cells. As shown in Fig. 6C, both 10 and 20
µM HNE concentrations were able to significantly down-regulate VEGF expression.

Fig. 6. Panel A: Tube formation assay on HUVEC after exposure to the conditioned media from untreated
(C) or previously 10 µM HNE-treated for 6 h. Tube formation was then photographed after 6 h incubation
with these conditioned media and evaluated by counting the total number of tubes in three wells; three
different experiments were performed. The results are shown in the histogram below. The data are the mean
± SD of three independent experiments.*p-value≤0.05 vs. C. Panel B: HNE disappearance in T24 cell
suspension. 10 μM HNE was added to the cell culture. After 0, 30, 60 min, aliquots of medium were
analyzed by HPLC. Results are expressed as percentage of T0 values (9 ± 1.3 µM). The data are the mean ±
SD of three independent experiments. Panel C: WB analysis of VEGF in T24 untreated (0) or treated cells
with 10 and 20 µM HNE at 6 h from the treatment. Equal protein loading was confirmed by exposure of the

membranes to the anti-β-actin antibody. On the right quantification of protein products was performed by
densitometric scanning. Data were normalized using the β-actin signal and are indicated as the mean ± SD
from three independent experiments. ** p-value ≤0.01 vs. untreated control cells (C).

HNE inhibited YAP expression and the MTT values in CRL2335 breast and A375 melanoma
cancer cells.
To determine whether the effect of HNE in inhibiting YAP expression was specific for T24 bladder
cancer cells or a more common effect on tumor cells, YAP expression was analyzed after HNE
treatments also in CRL2335 breast and A375 melanoma cancer cells, characterized by high levels
of YAP protein content (Fig. S1 B). As performed in T24 cells, both cell lines were treated with 10
and 20 µM HNE and the YAP protein content was measured at 6 h after the treatment (Fig 7A). We
observed a significant down-regulation of this protein with both concentrations of HNE in A375
cells, and a significant inhibition only with the highest HNE concentration in CRL2335 cells.
Moreover, in the same experimental conditions, we observed a significant concentration-dependent
inhibition of the MTT values by HNE (Fig. 7B) in the A375 cell line, at all the times tested (24 h,
48 h, 72 h), while a significant inhibition was observed only with the highest HNE concentration in
CRL2335 cells 72 h after the treatment.

Fig 7. HNE inhibited YAP protein expression in melanoma A375 and CRL2335 breast cancer cells, and
reduced the MTT values. Panel A: WB analysis of YAP in A375 and CRL2335 untreated (0) or treated cells
with 10 µM and 20 µM HNE, 6 h after the treatment. Equal protein loading was confirmed by exposure of
the membranes to the anti-β-actin antibody. On the right quantification of protein products was performed by
densitometric scanning. Data were normalized using the β-actin signal and are indicated as the mean ± SD
from three independent experiments. ** p-value ≤0.01 vs. untreated control cells (C).Panel B: MTT assay of
A374 and CRL2335 untreated (Control, C) or treated cells with 10 µM and 20 µM HNE at 24 h, 48 h, and 72
h. Results are the mean ± SD of three separate experiments, each performed in sextuplicate. *p≤0.05 vs. C,
**p≤0.01 vs. C.

Redox regulation of YAP in T24 cells
To further study the mechanism of action of HNE on YAP protein inhibition, we evaluated whether
this effect could be ascribed to the ability of aldehyde in perturbing the cellular redox state. As a
first step, we verified if YAP could be regulated by altering the oxidative status of T24 cells. T24
cells were treated with the GSH-depleting agent DEM (0.5 mM), with or without 2 h pre-incubation
with the antioxidant NAC (5 mM), a precursor of GSH. According to literature data and our
previous results [15-16], after 24 h we confirmed that DEM treatment caused a substantial decrease

in the GSH level, while the NAC significantly increased it; moreover, the pre-treatment with NAC
completely prevented the inhibition exerted by DEM (Fig 8A). In these experimental conditions, we
analyzed YAP protein expression by WB and IF (Fig. 8B and C), with overlapping results: a
significant down-regulation of YAP protein content in DEM-treated cells was observed; conversely,
NAC treatment alone didn’t affect YAP expression, while pre-treatment with NAC abolished YAP
inhibition caused by DEM. Therefore, these results confirmed that the expression of YAP may also
be subjected to the control of the cellular redox state in the T24 bladder cancer cell line.

Fig 8. DEM inhibited YAP protein expression in T24 cells and the pre-treatment of NAC prevented this
inhibition. Panel A: GSH level was evaluated in T24 untreated (control, C) or treated cells with 0.5 mM
DEM, 5 mM NAC or 5 mM NAC (2 h pretreatment) + 0.5 mM DEM (NAC+DEM) at 24 h from the
treatment. Values are the mean ± SD of 3 separate evaluations; ** p-value ≤0.01 vs. C. Panel B: WB
analysis of YAP in untreated or treated T24 cells as described in panel A. Equal protein loading was
confirmed by exposure of the membranes to the anti-β-actin antibody. Below quantification of protein
products was performed by densitometric scanning. Data were normalized using the β-actin signal and are
indicated as the mean ± SD from three independent experiments. ** p-value ≤0.01 vs. untreated control cells
(C). Panel C: IF analysis of YAP protein expression in untreated or treated T24 cells, as described in panel

A. YAP was detected by using an anti-YAP antibody and a FITC-conjugated secondary antibody (green).
The mounting medium contained DAPI to highlight the cellular nucleus (blue). These are images of one
representative experiment from a series of three with similar results (data not shown).

HNE, as DEM, is a pro-oxidant agent, able to deplete GSH in several cells and tissues [21-23].
Thus, we evaluated if the HNE-induced YAP inhibition could be redox-dependent and if this
phenomenon could be parallel to a reduction in the GSH content. T24 cells were treated with 10 µM
and 20 µM HNE, with or without 2 h pre-incubation with 5 mM NAC. The GSH level was
determined after 2 h and 24 h (Fig 9A) from the treatment. We demonstrated that 20 µM, HNE
caused a significant reduction of GSH level after 2 h, while this inhibition disappeared after 24 h.
As previously reported, NAC significantly increased the GSH content, while the pre-treatment with
NAC completely prevented the reduction elicited by HNE.
In Fig 9B and C the YAP protein expressions detected by WB and IF after 6 h from the treatment
with 20 µM HNE, with or without 2 h pre-incubation with 5 mM NAC, are reported. In these
experimental conditions we obtained similar results with both methods. In particular, we observed a
significant down-regulation of YAP protein content in HNE-treated cells; NAC treatment alone
didn’t affect YAP expression, while pre-treatment with NAC abolished the inhibition of YAP
expression caused by the aldehyde. Moreover, in the same experimental conditions, survivin, and
Cyr6, two YAP target genes, were also regulated with redox-dependent mechanisms, both
paralleling to YAP protein level (Fig 9C).

Fig 9. HNE inhibited YAP protein expression in T24 cells and the pre-treatment of NAC prevented this
inhibition. Panel A: GSH level was evaluated in T24 untreated (control, C) or treated cells with 5 mM NAC,
20 µM HNE, or 5 mM NAC (2 h pre-treatment) + 20 µM HNE(NAC+HNE) at 2 h and 24 h from the
treatment. Values are the mean ± SD of three separate evaluations; ** p-value ≤0.01 vs. C. Panel B: WB
analysis of YAP in untreated or treated T24 cells as described in panel A at 6 h from the treatment. Equal
protein loading was confirmed by exposure of the membranes to the anti-β-actin antibody. Below
quantification of protein products was performed by densitometric scanning. Data were normalized using the
β-actin signal and are indicated as the mean ± SD from three independent experiments. ** p-value ≤0.01 vs.
C. Panel C:WB analysis of YAP target genes, survivin and Cyr61, in untreated or treated T24 cells, as
described in panel A. Equal protein loading was confirmed by exposure of the membranes to the anti-β-actin
antibody. Below quantification of protein products was performed by densitometric scanning. Data were
normalized using the β-actin signal and are indicated as the mean ± SD from three independent experiments.
** p-value ≤0.01 vs. C. Panel D: IF analysis of YAP protein expression in untreated or treated T24 cells as
described in panel A. YAP was detected by using an anti-YAP antibody and a FITC-conjugated secondary
antibody (green). The mounting medium contained DAPI to highlight the cellular nucleus (blue). These are
images of one representative experiment from a series of three with similar results (data not shown).

Pre-treatment with NAC not only prevented the HNE-induced down-regulation of YAP, but
also all the biological effects elicited by HNE in T24 cells.
We investigated if NAC pretreatment could abolish the biological effects caused by the aldehyde on cell
proliferation, apoptosis, cell cycle distribution, migration, and angiogenesis.
As reported in Fig 10A, we demonstrated that NAC was able to prevent the inhibition of cell proliferation
induced by 10 and 20 µM HNE at all the time tested (24 h, 48 h, 72 h), the induction of apoptosis by 20 µM
HNE (Fig. 10B), as well as the increase of the G2/M by 10 and 20 µM HNE at 24 h from the treatment (Fig.
10C). Consistent with these results, pre-treatment with NAC also abolished the inhibition of cell migrationat
detected at 24 h from the treatment (Fig 11A) and angiogenesis, evaluated 6 h after the treatment with 10 µM
HNE (Fig. 11B).

Fig 10 NAC prevented the inhibition of proliferation, the induction of apoptosis, and the G2/M accumulation
elicited by HNE in T24 cells. Panel A: cell growth in T24 untreated (control, C) or treated cells with 5 mM
NAC; 10 µM HNE; 5 mM NAC (2 h pretreatment) + 10 µM HNE (NAC+ 10 µM HNE); 20 µM HNE; 5
mM NAC (2 h pretreatment) + 20 µM HNE (NAC+ 20 µM HNE); Cells were seeded at 10,000 cells/well in
24-well plates, and cell number was evaluated daily by counting in a Bürker chamber. Data are the means ±
SD of three separate experiments, each performed in triplicate. *p≤0.05 vs. C. **p≤0.01 vs. C. Panel B:

Cytofluorimetric analysis of annexin V/PI staining at 24 h in T24 cells untreated (Control, C), or treated cells
with 5 mM NAC; 20 µM HNE (HNE); or 5 mM NAC (2 h pretreatment) + 20 µM HNE (NAC+ HNE) at 24
h. Results show early apoptosis (annexin V-positive and PI-negative cells), late apoptosis (annexin Vpositive and PI-positive cells), and necrotic (annexin V-negative and PI-positive) cell population Results
were expressed as means ± SD of three independent experiments, each performed in duplicate. **p≤0.01 vs.
C. Panel C: Cell-cycle analysis of T24 untreated (control, C) or treated cells with 5 mM NAC, 20 µM HNE
(HNE 20), or 5 mM NAC (2 h pretreatment) + 20 µM HNE(NAC+ HNE 20), and below, results relative to
the 10 µM HNE (HNE 10), or 5 mM NAC (2 h pretreatment) + 10 µM HNE(NAC+ HNE 10), 24 h after the
treatments. The data were captured by using a BD Accuri Flow cytometer and analyzed by using FCS
Express Plus. The relative percent of cell cycle distribution is shown. Data are the mean ± SD of 3 separate
experiments, each performed in duplicate.**p≤0.01 vs. C.

Fig. 11 NAC prevented the inhibition of cell migration and angiogenesis elicited by HNE in T24 cells. Panel
A: wound healing assay at 0 (T0) and at 24 h in T24 cells untreated (C) or treated with 10 µM HNE (HNE),
5 mM NAC, or treated cells with 5 mM NAC (2 h pretreatment) + 10 µM HNE (NAC+ HNE). Below the

quantification of wound healing is shown. The endpoint of the assay was measured by calculating the
reduction in the width of the wound after 24 h and compared to T0 which is set at 100%. The data are the
mean ± SD of three independent experiments.**p-value≤0.01 vs. C. Panel B: Tube formation assay on
HUVEC after exposure to the conditioned media from untreated (C) or treated T24 cells as described in
Panel A. Tube formation was then photographed after 6 h incubation with these conditioned media and
evaluated by counting the total number of tubes in three wells; three different experiments were performed.
The results are shown in the histogram below. The data are the mean ± SD of three independent
experiments.*p-value≤0.05 vs. C.

HNE inhibited YAP expression in T24 cells at a post-translational level
To evaluate if the YAP protein content inhibition, elicited by HNE, was due to a reduction of YAP
mRNA synthesis, YAP mRNA was analyzed through qRT-PCR (Fig. 12A) at 3h, 6 h, and 24 h after
the treatment with 20 µM HNE in T24 cells. Since we didn’t observe any down-regulation at any
time, these results suggested that HNE action on YAP expression was at the post-translational level.
In agreement with this hypothesis, we found an increase of the phosphorylated forms of YAP,
pYAPser127 and pYAPser387 (Fig. 12B), as well as an increase of the ubiquitinated form of YAP
in 20 µM HNE-treated cells(Fig. 12C). These modifications occurred after 3h of treatment, before
the complete down-regulation of total YAP protein expression detected 6 h after the HNE
treatment, as previous shown in Fig. 1A.The involvement of the proteasome in the control of YAP
expression after HNE treatment was then demonstrated through the use of a proteasomal inhibitor
MG132. Fig. 11D illustrated that the inhibition of YAP expression in 20 µM HNE-treated cells was
entirely abolished by a co-treatment with10 µM MG132 (Fig. 12D).

Fig 12: HNE inhibited YAP expression in T24 cells at a post-translational level. Panel A: YAP mRNA
expression in untreated T24 cells (control, C) and treated with 20 µM HNE at the indicated time, evaluated
by qRT-PCR. Abelson (Abl) gene was utilized as housekeeping control. Results showing a discrepancy
greater than one cycle threshold in one of the wells were excluded. The results were analyzed using the ΔΔCt
method. Data are the mean ± SD of 3 separate experiments, each performed in duplicate. Panel B: WB
analysis of p-YAPser127 and p-YAPser387 in untreated control T24 cells (C) and 3 h after the treatment
with 20 µM HNE (HNE). YAP and β-actin were also analyzed for normalization of the results. Below
quantification of protein products was performed by densitometric scanning, showing the ratio p-YAP/YAP
normalized to the β-actin signal. Data are indicated as the mean ± SD from three independent experiments.
** p-value ≤0.01 vs. C. Panel C: YAP-Ubiquitin immunocomplexes in untreated T24 cells (control, C) and
3 h after the treatment with 20 µM HNE. From total cell lysates,YAP-Ubiquitin immunocomplexes were
immunoprecipitated (IP) with anti-YAP antibody and analyzed by immunoblotting (IB) with an antiUbiquitin (Ub) antibody. The same membrane was then exposed to the anti-YAP antibody. This is the result
of one representative experiment from a series of three experiments with similar results (data not shown).
Panel D:WB analysis of YAP in untreated (control, C) or treated T24 cells with 10 µM MG132 (MG132);
10 µM MG132 + 20 µMHNE (MG132+HNE), or with 20 µM HNE, collected 6 h after the treatment. Equal
protein loading was confirmed by exposure of the membranes to the anti-β-actin antibody. On the right, the
quantification of protein products was performed by densitometric scanning. Data were normalized using the
β-actin signal and are indicated as the mean ± SD from three independent experiments. * p-value ≤0.05 vs.
C; ** p-value ≤0.01 vs. C.

Forced expression of YAP abolished the viability inhibition and the induction of apoptosis
elicited by HNE.
The T24 cells were transiently transfected with YAP1 cDNA in pCMV6 vector. YAP gene
expression was determined in untransfected cells (C) or 24 h after transfection with YAP1cDNA
(YAP) or empty vector (V). As shown in Fig 13A, transfection with YAP1 cDNA significantly
increased YAP expression at 24 h with respect to cells untransfected or transfected with the empty
vector (Fig 12A). Moreover, transfection with both vectors didn’t affect cell viability up to 72 h
(Fig. 13B). In forced YAP1 expressing cells, HNE was not more able to down-regulate its protein
level, both after 6 h, when 10 and 20 µM HNE doses were able to reduce YAP expression and after
24 h, when only the highest dose had an inhibitory effect (Fig. 13C). Functional experiments were
also performed to study the YAP1over-expression effects on viability and apoptosis after HNEtreatments. As shown in Fig. 13D, the forced YAP1 expression abolished the inhibition of viability
elicited by the aldehyde with both doses, at all the times tested (24 h, 48 h, 72 h). Moreover, the
cleavage of the apoptotic marker PPAR, observed 24 h from the treatment with 20 µM HNE (see
also Fig. 3B), was abolished in forced YAP1 expressing cells. The transfection with YAP1 cDNA
or with the empty vector alone didn’t cause any PARP cleavage (Fig 13E).

Fig 13:Forced expression of YAP abolished the viability inhibition and the induction of apoptosis elicited by
HNE. Panel A: WB analysis of YAP in T24 untransfected cells (C) or 24 h after transfection with YAP1
cDNA (YAP1) or empty vector (V). Equal protein loading was confirmed by exposure of the membranes to
the anti-GAPDH antibody. Below the quantification of protein products was performed by densitometric
scanning. Data were normalized using the GAPDH signal and are indicated as the mean ± SD from three
independent experiments. ** p-value ≤0.01 vs. C; § p< 0.05 vs V. Panel B: MTT assay of T24 untransfected
cells (C) or 24 h after transfection with YAP1 cDNA (YAP1) or empty vector (V). Results are the mean ± SD
of three separate experiments, each performed in quadruplicate. Panel C: WB analysis of YAP in T24 cells
at 6 h and 24 h from the treatment with 10 or 20 µM HNE in untransfected or YAP1 transfected cells. Equal
protein loading was confirmed by exposure of the membranes to the anti-GAPDH antibody.This is the result
of one representative experiment from a series of three with similar results (data not shown). Panel D: MTT
assay of T24 untransfected and untreated cells (C), T24 untransfected cells treated with 10 (HNE 10) or 20
µM HNE (HNE 20) alone, or YAP1 transfected cells treated with 10 (HNE 10 + YAP1) or 20 µM HNE
(HNE 20+YAP1). Data were normalized using the GAPDH signal and are indicated as the mean ± SD from
three independent experiments. ** p-value ≤0.01 vs. C. Panel E: WB analysis of total PARP (uncleaved and
cleaved) in T24 cells untransfected, YAP1 transfected, or transfected with the empty vector (V), 24 h after
the treatment with 20 µM HNE cells. Equal protein loading was confirmed by exposure of the membranes to
the anti-β-actin antibody.
This is the results of one representative experiment from a series of three with similar results (data not
shown).

Discussion
The results presented in this experimental work underlines the ability of micromolar
concentrations of HNE in modulating multiple signaling pathways involved in the anti-tumor
response. The inhibition of Yap expression from the aldehyde in T24 bladder cancer cells, here
reported for the first time, adds new insight into the comprehension of HNE action mechanisms.
Moreover, we demonstrated that Yap inhibition occurred not only in T24 cells, but also in
CRL2335 breast and A375 melanoma cells. HNE is therefore confirmed as a regulatory molecule of
the Hippo pathway in several tumor lines.
In HNE-treated T24 cells, Yap protein expression inhibition was transient and
concentration-dependent. After 6 h from the treatment this down-regulation was almost complete
with both 10 and 20 μM HNE concentrations, while after 24 h the inhibition was present only with
the highest dose. After 48 h and 72 h the expression was similar to the control. These results are in
agreement with our previous results obtained on other oncogenes, where it was demonstrated that a
single treatment with 10 μM HNE significantly inhibited the expression of c-myc, c-myb and
cyclins D1/D2 within 4-8h, whereas after 24 h their expression increased up to the control values
[29, 32, 33]. The reversibility of the inhibitory effect on gene expression displayed by HNE may be
due to the short life of this aldehyde in the cell cultures [43]. The quick disappearance of HNE from
the culture medium has been confirmed from results here reported (it disappears from the medium

of HNE-treated cells within 1 h), due to a heterogeneous set of biotransformations, including the
GSH-clearance and several enzymatic reactions [44].
The HNE-induced YAP inhibition, albeit transitory, was however sufficient to downregulate the two target genes survivin and Cyr61. Both genes are involved in the regulation of
various cell functions essential for the tumorigenesis process. Cyr 61, a cellular matrix protein,
participates in regulating proliferation, cell cycle, angiogenesis, invasion, and metastasis [45].
Survivin belongs to the Inhibitor-of –Apoptosis Protein (IAP) family; it is expressed in the majority
of malignancies, but not in the healthy tissue [46], correlating with higher resistance to
chemotherapeutic treatments and an unfavorable prognosis [47]. Its anti-apoptotic activity occurs
through its ability to bind and inhibit the activity of caspases 3, 7 and 9 [48]. However, the
involvement of surviving has been demonstrated in other biological functions, such as cell cycle
control or the promotion of angiogenesis, through the induction of the VEGF synthesis [47-48].
Yap inhibition paralleled to the reduction of the MTT values in all the cell lines studied. As
mentioned in the result section, the MTT assay, by assessing the metabolic activity, can be a
measure of both cell viability and cell proliferation; thus, we have investigated in T24 bladder
cancer cells whether MTT inhibition was a result of cell cycle block or cell death induction. We
found that 10 μM HNE induced an accumulation of cells in the G2/M phase but not cell death,
while, after the treatment with the higher concentration of HNE, the two events coexist: a modest,
but significant, increase of the G2/M cells and an induction of apoptosis (around 20%). From
literature data, it is well-known that concentrations higher than 30 μM HNE induce cell death in a
wide variety of tumor lines [49], while, with lower concentrations (HNE 1-20 μM), the effect of cell
death was observed in some cell lines [50-53], but not in others [54-55]. Our results demonstrated
that T24 cells have the apoptosis threshold ranged from 10 to 20 µM HNE. The different
susceptibilities of the various cell lines can be explained by a different HNE metabolizing
capability, as well as by different levels of antioxidant defenses, such as GSH. For instance, in
Caco-2 cells, where the treatment with 1 µM HNE caused apoptosis [53], a level of GSH of about
35 nmol/mg of proteins has been reported [56], in T24 cells the GSH content was higher (about 50
nmol/mg of proteins) [57], thus justifying a higher resistance to the HNE toxic effect.
The inhibition of MTT values paralleled to the inhibition of Ki67+ positive cells, as well as
the number of cells counted by Bürker chamber after HNE treatments, and these effects largely
corresponded to the accumulation of T24 cells in the G2/M phase of cell cyle. Literature data on the
HNE ability to affect cell cycle show that this aldehyde can either increase the proportion of cells in
G0/G1 and G2/M phases. For instance, HNE accumulated in the G0/G1 phase the leukemic and
K562 cells [33-34], the SK-N-BE neuroblastoma cell lines [52], and the colon carcinoma RKO cells

[58]. This accumulation was accompanied by a decrease in the expression of specific cyclins that
control the G1/S phase, such as the cyclins D1, D2, and to A [33] or by an increased expression of
the inhibitors of the cyclin/cyclin-dependent kinase (CDK) complexes, such as p21 WAF1/CIP1
[34, 52, 59]. Recently, it has also been demonstrated, in colon carcinoma RKO cells, that HNE can
form a covalent adduct with CDK2, and that this adduction alters the enzyme activity, contributing
in the cell cycle delay [58]. Conversely, in PC3 prostate carcinoma cells [23] or HepG2
hepatocarcinoma cells [60], the aldehyde was able to induce an accumulation in the G2/M phase. In
HepG2 cells, this block, caused by treatment with 40 μM HNE, was accompanied by a decrease in
the expression of CDK1 and cyclin B1 and an increase in p21 activity [60]. Our results in T24 cells
are in agreement with these previous data and underline the ability of the aldehyde to affect the cell
cycle progression.

Low doses of HNE (1 μM or less) generally can stimulate cellular migration, while higher
concentrations can block it [61-64]. Our results obtained in T24 cells confirmed that concentrations
of HNE greater than 1 μM are generally inhibitory for this parameters. HNE could inhibit cell
migration through the involvement of the inhibition of the Cyr61 gene, the YAP target involved in
migration control.
10 μM HNE was also able to inhibit the angiogenic potential of T24 cells. This result was in
agreement with literature data demonstrating that low HNE concentrations (1 μM or less) can
induce tube formation [26, 65-66], while higher HNE concentrations (5-10 μM) have an opposite
effect [26]. Thus, as previously observed in cell migration, HNE can be either anti- and proangiogenic depending on the HNE concentration used.
However, the inhibition of the tube-formation here reported cannot be ascribed to HNE
directly, since it disappeared from the cell culture within 1 h, thus, it could depend on the
modulation of the factors secreted by the cells, with an imbalance between pro- and anti-angiogenic
factors. Among these components, and in agreements with other reports [67], we have demonstrated
an involvement of VEGF, since its expression was inhibited by HNE in T24 cells. Of note, a
convergence has been demonstrated between the VEGF and YAP signalling: YAP is an effector of
the VEGF signaling in developmental angiogenesis [68], and the pharmacological inhibition of the
YAP-TEAD complex (i.e. verteporfin) can inhibit VEGF, likely through a mechanism involving
TEAD via interaction with the Vestigial-like (Vgll) transcription coactivator [69]. Finally, in the
inhibition of angiogenesis elicited by the aldehyde, we cannot exclude the involvement of canonical
YAP signaling, through the modulation of its downstream targets survivin and Cyr61, both involved
in angiogenesis.

The hypothesis that HNE, as a pro-oxidant agent with anti-tumoral activity, could regulate
the expression of YAP through a redox-dependent mechanism, has been confirmed. NAC treatment
not only abolished the HNE effects on YAP expression and its targets, but also reduced the HNE
effect on proliferation, apoptosis, cell cycle, migration, and angiogenesis.
The pro-oxidant activity of the HNE was not correlated with the expression inhibition of
MnSOD, another recognized YAP-target, but mainly through the inhibition of the GSH content.
Moreover, after NAC treatment we observed an important increase of GSH content, which
completely prevented the GSH depletion caused by HNE. Our results are in agreement with
previous reports showing the protective effect of NAC on HNE-induced apoptosis in several
experimental models, such as the Jurkat leukaemic T-cell line [51], the intestinal epithelial cells
[21], and the cerebellar granule cells [70]. Cells pre-treated with NAC, increasing their GSH
content, can better scavenge HNE, leading to the lack of formation of HNE-protein adducts, crucial
to determining its activity [11, 70-72]. Moreover, the protection by NAC may also depend on its
scavenger action directly toward HNE, since the two molecules can form a stable bond [73].
Finally, we demonstrated that the inhibition of YAP expression by HNE was dependent on
the increase of YAP degradation. Indeed, after HNE treatments, we found an increased of the two
phosphorylated forms of YAP studied, p-YAPser127 and p-YAPser387 and an increase of the
ubiquitinated form of YAP. The involvement of the proteasome in the YAP protein reduction,
elicited by the aldehyde, was also demonstrated by using the MG132 proteasome inhibitor, that
abolished the HNE-induced YAP down-regulation.
The involvement of YAP in several biological effect displayed by HNE in T24 cells was
demonstrated by forcing YAP expression. In T24 cells, in which YAP was up-regulated, HNE did
not reduced cell growth and did not induce apoptosis.
In conclusion, our data indicate that HNE can post-translationally down-regulate YAP
through a redox-dependent mechanism and that this modulation can contribute in determining the
anti-tumoral effects of HNE.
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SUPPLEMENTARY DATA

Figure S1. YAP basal protein expression in cancer cells. Panel A: WB analysis of basal YAP
expression in four human bladder cancer cells, T24, 253J, 253J B-V, and UM-UC-3. Equal protein
loading was confirmed by exposure of the membranes to the anti-β-actin antibody. Panel B: WB
analysis of basal YAP expression in CRL2335 breast and A375 melanoma cancer cells. Equal
protein loading was confirmed by exposure of the membranes to the anti-β-actin antibody.

