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Abstract

The Hippo-YAP pathway is altered and implicated as an oncogenic signaling pathway in many
human cancers. Hypoxia is an important microenvironmental factor that promotes tumorigenesis.
However, the effects of hypoxia on the two most important Hippo-Y AP effectors, YAP (Yes-
associated protein) and TAZ (transcriptional co-activator with PDZ-binding motif), have not been
reported. In this work, we demonstrated that TAZ was functionally involved in cell proliferation
and/or migration in epithelial ovarian cancer (EOC) or human ovarian surface epithelial (HOSE)
cells. Hypoxic conditions (1% O, or hypoxia mimics) induced a reduction of YAP
phosphorylation (S127) and total YAP expression in EOC cell lines OVCARS5 and SKOV3.
However, these conditions up-regulated levels of S69 phosphorylated TAZ in EOC cells. The
known TAZ kinases, Lats1 and Akt, were unlikely to be involved in up-regulated pTAZ by
hypoxic conditions. Together, our data revealed new and differential regulating mechanisms of
TAZ and YAP in cancer cells by hypoxia conditions.
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Introduction

The Hippo-YAP pathway controls organ size in diverse species (1, 2). Deregulation of this
pathway can induce tumors and/or promote tumor progression in model organisms and
occurs in a broad range of human carcinomas, including lung, colorectal, ovarian, prostate,
and liver cancers (2-5).

The studies of deregulation of the Hippo-YAP pathway have been focused mostly at the
post-transcriptional and/or post-translational levels (5, 6). In particular, the two most
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important downstream factors of this pathway, Yes-associated protein (YAPL) and its
paralog transcriptional coactivator with PDZ-binding motif (TAZ) are mainly regulated via
phosphorylation-dephosphorylation, with the dephosphorylated forms being active and
nucleus-targeted to induce tumor promoting genes. Their functions are involved in cell
proliferation, apoptosis, epithelialmesenchymal transition (EMT), the loss of contact
inhibition observed in cancer cells, migration, and invasion (5, 6).

The functional involvement of YAP in EOC cells has been reported, including in one of our
recent papers (7-9). However, the role of TAZ in EOC had not been reported until very
recently. Jeong et al showed that TAZ mediates lysophosphatidic acid (LPA)-induced
migration and proliferation of human R182 EOC cells (10). TAZ shares ~ 50% sequence
identity and very similar topology with YAP (2). Published data up to date show that TAZ is
regulated by the Hippo pathway in a fashion similar to YAP (1, 2, 6, 11). TAZ can be
phosphorylated by Lats on serine residues in four HXRXXS motifs, including S89, the
counterpart of YAP S127 (2). Phosphorylation on TAZ S89 resulted in TAZ sequestration in
the cytoplasm and inactivation (2). In addition, TAZ functions as a transcriptional co-
activator, similar to YAP and has similar function in promoting cell proliferation, EMT,
migration, and invasion (12). Both TAZ and YAP have been implicated in stemness (2). In
spite of these similarities, however, existing evidence suggests that YAP and TAZ do not
compensate each other, since YAP and TAZ knockout mice show different phenotypes and
the phenotype of YAP or TAZ knockdown cannot be compensated by the other gene (12).
Whether YAP and TAZ can be differentially regulated by up-stream factors and whether
YAP and TAZ regulate different downstream targets and biological functions remain to be
further investigated.

Hypoxia is an important micro-environmental factor that induces cancer progression and
metastasis, contributing to angiogenesis, metastasis (including EMT), resistance to
apoptosis, chemotherapy and radiotherapy (13). Hypoxia-inducible factor-lalpha (HIF-1a)
is the key transcription factor induced under hypoxic conditions. We have shown that the
human EOC ascites environment is hypoxic in vivo and hypoxia conditions enhance
lysophosphatidic acid (LPA)-induced cell invasion in HEY EOC cells (14). In an ovarian
orthotopic xenograft mouse model, we showed that LPA enhanced tumor metastasis (but not
primary tumor growth) and that 17-dimethylaminoethylamino-17-demethoxygeldanamycin
(17-DMAG,; an inhibitor of the heat shock protein 90 and HIF-1a) effectively blocked LPA-
induced tumor metastasis (14). Thus hypoxia is likely to be a tumor-promoting micro-
environmental factor of EOC. There are two previous reports showing that TAZ activates
HIF-1a in breast cancer MDA-MB231 and 1833-bone metastatic clone cells (15, 16).
However, the potential effect of hypoxia on YAP and TAZ regulation has yet to be shown.

There are several hypoxia mimics, including the divalent metals (such as CoCl,), iron
chelators (such as deferoxamine, DFO), and the prolyl 4-hydroxylase inhibitor

LAbbreviations used: 17-DMAG, 17-dimethylaminoethylamino-17-demethoxygeldanamycin; CA, constitutively active; Ctrl, control;
DFO, deferoxamine; DMOG, dimethyloxaloylglycine; EMT, epithelial-mesenchymal transition; EOC, epithelial ovarian cancer;
HIF-1a, hypoxia-inducible factor-1 alpha; HOSE, human ovarian surface epithelial; LPA, lysophosphatidic acid (LPA); WT, wild
type; YAP, Yes-associated protein; TNF-a, tumor necrosis factor-alpha; TAZ, transcriptional co-activator with PDZ-binding motif.
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dimethyloxaloylglycine (DMQOG), that induce HIF-1a expression, HIF-1 DNA-binding
activity, and trans-activation of genes containing HIF-1 binding sites (17, 18).

In the current work, we employed gain-of- and loss-of function studies to investigate the role
of TAZ in EOC and HOSE cells. The effects of hypoxia conditions (1% O or hypoxic
mimics) on expression and phosphorylation of TAZ and YAP in EOC cells were examined.
The mechanisms by which hypoxic conditions differentially regulate TAZ and YAZ were
reported.

Materials and Methods

Materials

Oleoyl-LPA was purchased from Avanti Polar Lipids (Birmingham, AL). The following
inhibitors or reagents were used in this study: MK2206 (Biovision, Milpitas, CA),
dimethyloxalylglycine (DMOG), deferoxamine (DFQ), cobalt(l1) chloride (CoCl,),
actinomycin D (ActD) and cyclohexamide (CHX) were from Sigma-Aldrich (St. Louis,
MO). YAP, phospho-YAP (Ser127) and phospho-Lats1 (Ser909) antibodies were from Cell
Signaling (Boston, MA). p-TAZ (Ser89) antibody was from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-TAZ antibody was from Abcam (Cambridge, MA). Alexa fluor
secondary antibodies were from Life Technologies (Grand Island, NY). HIF1-a siRNA and
TAZ shRNA, were from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell lines and culture

All cell lines were maintained in a humidified atmosphere at 37°C with 5% CO,. T-29 (an
immortalized human epithelial ovarian surface cell line; a kind gift from Dr. Jinsong Liu
(MD Anderson), SKOV3, OVCARS and PC3 cells were cultured in RPMI 1640 with
glutamine, FBS (10%) (ATCC, Manassas, VA), and penicillin/streptomycin (P/S, 100 ug/
ml). SW480 and MDAMB-231 cells were cultured in DMEM with glutamine, FBS (10%),
and penicillin/streptomycin. OVCARS cells were transfected with TAZ shRNA constructs
and selected by puromycin (2 pug/ml) to create TAZ shRNA stable cell lines. OVCARS cells
were transfected with constitutively active TAZ construct and selected by G418 (200 pg/ml).

Hypoxia and hypoxic mimics treatment

Cells were starved in 6-well plate for 24 hr and then incubated in either atmosphere O,
pressure (21% O») or hypoxic (1% O») conditions for the indicated times. Alternatively, the
cells were treated with DMOG, DFO or CoCl;, for the indicated times after FBS starvation,

Western blot analyses

Western blot analyses were conducted using standard procedures and proteins were detected
using primary and fluorescent secondary antibodies (IRDye800CW-conjugated or
IRDye680-conjugated anti-species 1gG, Li-Cor Biosciences, Lincoln, NE). The fluorescent
signals were captured on an Odyssey Infrared Imaging System (Li-Cor Biosciences,
Lincoln, NE) with both 700- and 800-nm channels. Boxes were manually placed around
each band of interest, and the software returned near-infrared fluorescent values of raw
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intensity with background subtraction (Odyssey 3.0 analytical software, Li-Cor Biosciences,
Lincoln, NE).

MTT proliferation assay

5,000 cells in 200 pl RPMI160 medium/well were seeded into 96 well plates and starved
overnight. The medium was replaced with fresh RPM11640 with or without 1% FBS and
cultured for 72 hr. 10 pl of 3-(4,5-Dimethylthiazol-2-yl)-2,5-dipheny-Itetrazoliumbromide
(MTT, 5 mg/ml) was added into the cells for 4 hr; media were removed and the blue
formazan crystals trapped in cells were dissolved in sterile DMSO (100 pl) by incubating at
37 °C for 30 min. The absorbance of the solution at 550 nm was determined by a Vector3
spectrophotometer (PerkinElmer, Waltham, MA).

DNA and RNA transfection

Six-well plates were seeded with 5x10°cell/well in 2 ml media 24 hr before transfection.
Cells were transfected with sSiRNA (10 uM/well) or plasmid DNA (4 pg/well) using
Lipofectamine 2000 Reagent (Life Technologies, Grand Island, NY) according to
manufacturer's instruction.

Cell migration assays

Migration and invasion assays were conducted using Transwell plates with 8 um pore size
membranes (Corning Inc., Corning, NY) as described previously (9). After incubation for 4
hr, cells remaining in the upper side of the filter were removed with cotton swabs. The cells
attached on the lower surface were fixed and stained using crystal violet and washed with
water. Results were presented as the mean number of cells migrated per well. All
experiments were conducted in triplicate.

Statistical Analyses

The Student's t-test was utilized to assess the statistical significance of the difference
between two treatments. A P value of less than 0.05 was considered significant.

Results

TAZ was functionally involved in cell proliferation in OC cells

We tested the potential role of TAZ in proliferation in EOC cells. As shown in Fig. 1A,
shRNA efficiently down-regulated TAZ and the constitutive-active (CA)-TAZ increased
total TAZ expression in OVCARS cells. Under these conditions, FBS-induced cell
proliferation was approximately 18% down-regulated and 62% up-regulated, respectively
(Fig. 1B). TAZ was also involved in LPA-induced cell migration, as down-regulation of
TAZ by shRNA completely blocked LPA-induced migration of OVCARS5 cells (Fig. 1C). In
addition, we tested the effect of TAZ and YAP in HOSE T29 cells and found that
overexpression of either the wild type (WT) or the CA form of YAP and TAZ did not
increased their proliferation potential (MTT and colony assays; data not shown), but
increased their migratory abilities (Fig. 1D).
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Hypoxia differentially regulated YAP and TAZ in EOC cells

We tested the effect of hypoxia (1% oxygen) on YAP and TAZ phosphorylation in
OVCARS5 and SKOV3 EOC cell lines. Both OVCARS5 and SKOV3 cell lines responded to
hypoxia (1%, 24 and 48 hr) to have reduced pYAP. Hypoxia also induced a reduction of
total YAP (Fig. 2A).

To our surprise, hypoxia induced a very potent S69-phosphoarylation of TAZ in OVCARS
cells in both 24 and 48 hr. This was accompanied by a modest, but significant increase in
total TAZ expression levels (Fig. 2B). Low O, (1% O,) also up-regulated pTAZ in another
EOC cell line SKOV3 and several other cells lines, including PC3, SW480, and MDA-
MB-231 cells (Fig. 2C and data not shown).

Hypoxia mimics up-regulated pTAZ and total TAZ via a HIF1-a-dependent manner

Since HIF1-qa is a critical transcriptional factor under hypoxia conditions, we also tested
several of HIF1-a activators, including CoCl, (19), DMOG, and DFO (20) in EOC and/or
other pTAZ up-regulation, cancer cell lines. In SKOV3 cells, all three hypoxia mimics
tested induced a time-dependent with the strongest effects observed in 24 hr (Fig. 3A).
Similarly, DMOG induced pTAZ in OVCARS cells was also time-dependent, although the
effect was strongest at 48 hr. (Fig. 3B). This induction was also observed in PC3 and
SW480 cells (Fig. 3C, D).

Since the common target of these hypoxia mimics is HIF1-a , we tested the role of HIF1-a
in pTAZ induction. As shown in Fig. 3E, knocking-down HIF1-q significantly reduced
DMOG-inducted pTAZ and total TAZ. On the other hand, down-regulation of HIF1-a did
not affect DMOG-regulated dpY AP and total YAP expression (Fig. 3F, G).

LATS was unlikely to be involved in regulation of pTAZ

While both pTAZ and total TAZ were up-regulated at the protein level, the ratio of pTAZ/
total TAZ was increased by DMOG-treatment (Fig. 4A), suggesting an additional regulation
on phosphorylation of TAZ. We tested the YAP/TAZ canonic kinase Lats. In multiple cell
lines, including OVCARS5, SKOV3, PC3, and SW480, the conditions when pTAZ was up-
regulated by hypoxia, pLATS1 (the active form) was down-regulated (Fig. 4B and data not
shown). We also tested the potential involvement of Akt, which has been previously shown
to phosphorylate YAP in Cos-7 cells (21). No effect of ATK inhibitor MK2206 on DMOG-
induced pTAZ was detected (Fig. 4C). These data suggest that Lats1 and Akt are unlikely to
be the main regulators of the up-regulated pTAZ under these conditions.

Discussion

Both YAP and TAZ are TEAD-interacting transcriptional co-activators. Although TAZ and
Y AP have been implicated as oncogenes in several cancers (22-25), the potential roles of
TAZ in EOC have not been reported until very recently. Jeong et at have shown that in
R182 human EQC cells, TAZ is mediating LPA-induced cell migration (10). We showed
here that TAZ was also involved in cell proliferation of EOC cells and report the first line of
evidence that TAZ also had functional effect on cell migration in human HOSE cells.
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Although YAP and TAZ are the two most important down-stream factors of the Hippo
pathway and they share a high-level homology, evidence derived from YAP and TAZ
deficient mice suggests that YAP and TAZ do not compensate each other. YAP knockout
animals are embryonic lethal, but TAZ knockout mice are viable withrenal deficiencies (2).
In addition, in several reports, the phenotypes of YAP or TAZ knockdown are not masked
by the presence of the other (2). Moreover, co-targeting YAP and TAZ appears to be
advantageous in restoring anoikis in cells (12). Together with our data shown in this work,
they support the notion to target both YAP and TAZ to suppress their oncogenic effects in
cancer cells.

The potential involvement of hypoxic condition in regulating YAP and TAZ was not
previously reported. We presented the first line of evidence that hypoxic conditions had
potent influence in YAP and TAZ regulation. Our results have several surprising and novel
aspects. First, whether YAP and TAZ can be differentially regulated by up-stream factors is
almost totally unknown (2). We showed that hypoxic conditions had opposing roles in the
level of p-YAP and p-TAZ; we showed that p127YAP and p89TAZ (the inactive form of
YAP and TAZ, respectively) were regulated in the opposite directions by hypoxic condition
in EOC cells. Secondly, DMOG induced a strong reduction of pY AP and a weak reduction
of the total YAP levels, indicating YAP activation. However, to our surprise, hypoxic
conditions had an overall negative regulatory role in TAZ in EOC cells, since the ratios of
pTAZ (an inactive form of TAZ)/total TAZ were increased (Fig. 4). Finally, we showed that
HIF1- was differentially involved in in DMOG-induced TAZ and YAP regulation (Fig. 3).

While hypoxia has been identified as an important tumor microenvironment promoting
factor for essentially all solid tumors (26), its negative roles in tumorigenesis and positive
role in cell death induction have also been noted. Hypoxia and HIF1-a can induce cell death
(via autophagy or apoptosis) in various cancer cells, including breast cancer cells (27, 28).
Our data suggest that hypoxic conditions might be a negative regulator for TAZ, which
warrants further investigation. Hypoxia, TAZ, and Y AP haven been all been considered as
targets for cancers, including EOC, but the potential negative effects of these genes need to
be taking into consideration.

The highly up-regulated pTAZ can be the result from activation of its kinase(s) or down-
regulation of its phosphatase. We tested two of its known kinases, Lats and Akt, but found
that they were unlikely to be involved in hypoxia-induced pTAZ. We also tested the role of
protein phosphatase 1 and our data (not shown) did not support its involvement. Hence, the
potential mechanism involved in post-translational regulation remains to be determined. It is
difficult to exam S69pTAZ's function directly, since the reagents/methods to specifically
delete this pTAZ are not available. However the following lines of evidence suggest its
negative roles and the negative regulation of hypoxic conditions in cell proliferation. ShRNA
of total TAZ reduced cell proliferation. In addition, under the conditions when potent
increase in pTAZ was induced by DMOG, cell proliferation was reduced (data not shown).
Although it is possible that DMOG-induced growth inhibition was related to its effect on
other effectors, increased pTAZ may also contribute to the negative effect of proliferation.
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We found that the hypoxic condition induced up-regulation of pTAZ and down-regulation of
pYAP in several cell lines derived from different cancer types, including prostate, colon and
breast cancers. Taken together, these data suggest that we need to take a closer look and pay
more attention when hypoxia is viewed as a target for cancer treatment, since it may be a
double-edged sword.

Conclusions

New and differential regulating mechanisms of TAZ and YAP in cancer cells by hypoxia
conditions have been revealed. These data indicate that although regulations of YAP and
TAZ share many commonalities, they can also be differentially regulated under certain
conditions. In addition, these data imply that a closer look and more attention need to be
taken when hypoxia and/or HIF1-a are targeted for cancer treatment, since it may be a
double-edged sword in tumor development.
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Figure 1. TAZ was involved in proliferation and migration of ovarian cancer cells
A. OVCARS stable cell lines generated by transfection with TAZ shRNA, or constitutively

active (CA)-TAZ constructs as described in ‘Materials and methods’. The down- or up-
TAZ expression by sShRNA and overexpression of TAZ were confirmed by Western blot
analysis. B. Cell proliferation by MTT assays in down- or up-regulated TAZ OVCAR5
cells. C. Cell migration was reduced in of TAZ-down-regulated OVCARS5 cells. D.
Overexpression of CATAZ increased migration of T29 cells.
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Figure 2. The effect of hypoxia on YAP and TAZ phosphorylation
A. Both p-YAP and total YAP in OVCARS5 and SKOV3 EOC cell lines were reduced under

hypoxia condition (1% oxygen, 24 and 48 hr). B. Hypoxia condition (1% oxygen, 24 and 48
hr) induced strong increase of p-TAZ level and modest increase of total TAZ in OVCARS
cells. C. Low oxygen (1% O») up-regulated pTAZ and total TAZ in SKOV3 cells. A:
Atmosphere O, pressure, 21% oxygen; H: Hypoxia, 1% oxygen.
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Figure 3. HIF1-a mediated hypoxia mimics induced up-regulation of pTAZ and total TAZ
A. DMOG (500 pM), DFO (500 uM) and CoClI2 (300 uM) induced p-TAZ up-regulation in

SKOV3 cells at 6, 24 and 48 hr. B. DMOG (500 uM) induced p-TAZ up-regulation in
OVCARS cells at 6, 24 and 48 hr. C. The level of p-TAZ in PC3 cells were increased by
DMOG (500 uM) treatment. D. DMOG (500 uM) treatment up-regulated p-TAZ in SW480
cells. E. DMOG induced p-TAZ and total TAZ up-regulation at 24 hr was inhibited by
HIF-1a knockdown in OVCARS cells. F. DMOG induced OVCARS p-YAP and total YAP
down-regulation was not affected by HIF-1a knockdown. G. Confirmation of HIF-1a
knockdown by western blot analysis.
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Figure 4. LATS and AKT were unlikely to be involved in regulation of p-TAZ under hypoxia

condition

A. Quantitative analysis of DMOG (500 uM for 24 hr) induced p-TAZ and total TAZ
expression in OVCARS cells by western blot. B. Hypoxia condition (1% oxygen, 24 and 48
hr) down-regulated p-LAT1 level in OVCARS5 and SKOV3 cells. C. DMOG-induced p-TAZ
was not affected by ATK inhibitor MK2206 treatment (1 pM) in OVCARS5 cells. A:
Atmosphere O, pressure, 21% oxygen; H: Hypoxia, 1% oxygen.
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