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Peroxisome proliferator-activated receptor y (PPARY)
is a metabolic regulator involved in maintaining glu-
cose and fatty acid homeostasis. Besides its metabolic
functions, the receptor has also been implicated in
tumorigenesis. Ligands of PPARY induce apoptosis in
several types of tumor cells, leading to the proposal
that these ligands may be used as antineoplastic
agents. However, apoptosis induction requires high
doses of ligands, suggesting the effect may not be
receptor-dependent. In this report, we show that
PPARY is expressed in human primary T-cell lym-
phoma tissues and activation of PPARy with low doses
of ligands protects lymphoma cells from serum star-
vation-induced apoptosis. The prosurvival effect of
PPARY was linked to its actions on cellular metabolic
activities. In serum-deprived cells, PPARYy attenuated
the decline in ATP, reduced mitochondrial hyperpo-
larization, and limited the amount of reactive oxygen
species (ROS) in favor of cell survival. Moreover,
PPARY regulated ROS through coordinated transcrip-
tional control of a set of proteins and enzymes in-
volved in ROS metabolism. Our study identified cell
survival promotion as a novel activity of PPARYy. These
findings highlight the need for further investigation
into the role of PPARY in cancer before widespread use
of its agonists as anticancer therapeutics. (4m J Pathol
2007, 170:722-732; DOI: 10.2353/ajpath.2007.060651)

Peroxisome proliferator-activated receptors (PPARs) be-
long to the nuclear hormone receptor superfamily. Like
other members of this family, they serve as transcription
factors and require ligands for activation. In a basal state,
the receptors, in dimerization with retinoid X receptor
(RXR), bind to promoter regions of their target genes.
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Ligand binding to PPARSs releases corepressors bound to
the receptor and recruits coactivators to initiate transcrip-
tion of target genes. There are three subtypes of
PPARs—a, B/, and y—that differ in tissue distribution
and ligand requirement. Among them, PPARYy is of par-
ticular interest because it plays a role in a variety of
human pathological conditions, including diabetes, ath-
erosclerosis, inflammation, and cancer.'?

Most studies of PPARYy function focus on its role as a
metabolic regulator. The receptor helps maintain lipid
and glucose homeostasis in animals and humans.®*
Whereas systemic knockout of PPAR+y causes embryonic
lethality,®© disruption of the receptor in insulin target
tissues such as fat, liver, or skeletal muscle results in
insulin resistance.”® Potential physiological ligands for
PPARvy are lipophilic molecules that are derived from
nutrition or metabolic pathways, including 15-deoxy-
A" prostaglandin  J, (15d-PGJ,), polyunsaturated
fatty acids and their oxidized forms, oxidized phospho-
lipids, and triterpenoids. Thiazolidinediones (TZD, glita-
zones), potent synthetic ligands of PPARYy, are currently a
mainstay therapy for type 2 diabetes. The drugs, by
activating the receptor, increase tissue sensitivity to in-
sulin and alleviate hyperglycemia. PPARy regulates
whole body lipid and glucose metabolism by its actions
on the transcription of many metabolic genes at the cel-
lular level. In adipose tissue, where it is most abundantly
expressed, the receptor regulates genes of enzymes and
transporters that increase uptake and reduce release of
free fatty acid and glucose from cells to circulation.*

In addition to its role in metabolism, PPARy has also
been implicated in the development of cancer. Despite
active research in the past few years, it remains debat-
able whether PPARwy is pro- or antineoplastic. PPARy is
highly expressed in several cancers, including carcino-
mas of the colon,®'° breast,’" and prostate'® and lipo-
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sarcoma.’ In addition, PAX8-PPARy1 fusion has been
identified in cases of human follicular thyroid carcino-
mas.'* Functionally, most of the in vitro and xenograft
studies have shown that synthetic ligands of PPARYy in-
hibit proliferation and induce differentiation and apopto-
sis in tumor cells, suggesting that PPARy is antineo-
plastic.'®'® However, in animals that are genetically
predisposed to colon and mammary gland cancer, acti-
vation of PPARwy exacerbates tumor formation and
growth.’”~'° In humans, the receptor itself and several
of its target genes are up-regulated in PAX8-PPAR~y1-
positive follicular thyroid carcinomas in comparison
to the tumors lacking the fusion, demonstrating that in-
creased PPARy transcriptional activity contributes to
carcinogenesis.?®

It is unclear whether the observed in vitro effects of
PPARYy ligands are mediated through the receptor or
result from nonspecific activities of the drugs.’® To in-
duce apoptosis of tumor cells, high concentrations of
ligands are often required. In addition, antagonists that
inhibit PPAR~y’s activities also show antineoplastic prop-
erties by inducing apoptosis, suggesting that the effect
may not act through the receptor.?"?? In a previous re-
port, we found that PPARy promotes survival under the
condition of growth factor deprivation.?® Using cells con-
taining or lacking PPAR~y, we showed that the survival-
enhancing effect occurs via a receptor-dependent mech-
anism. Furthermore, we demonstrated that PPARy
promotes cell survival by enhancing the ability of cells to
maintain mitochondrial membrane potential.

Growth factor-independent survival is characteristic
of tumor cells. Under normal conditions, growth factor
withdrawal induces a series of metabolic changes
leading to apoptotic cell death, such as decreased
glucose uptake, impaired glycolysis, depolarization of
mitochondrial potential, ATP depletion, hyperpolariza-
tion of mitochondrial inner membrane, matrix swelling,
rupture of mitochondrial outer membrane, and release
of cytochrome ¢ and other proteins from the intermem-
brane space. These are then followed by caspase
activation and eventually cell death. One of the strate-
gies tumor cells use to resist death under growth factor
or nutrient limitation is through up-regulation of the
expression or activity of antiapoptotic proteins such as
BCL-x, and AKT, which suppress apoptosis through
their effects on cellular metabolic activities. One of the
key functions of BCL-x_ is to promote efficient mito-
chondrial ATP/ADP exchange through voltage-depen-
dent anion channel/adenine nucleotide translocase
(VDAC/ANT) complex to sustain coupled respiration in
the face of decreased mitochondrial membrane poten-
tial,®* whereas AKT promotes glucose uptake and gly-
colysis that provide fuel to maintain mitochondrial po-
tential and ATP production.

Reactive oxygen species (ROS) generation is one of
the early events in several forms of cell death. Although it
is still controversial whether ROS production during apo-
ptosis precedes or follows mitochondrial damage,?>2°
scavenging of ROS blocks or attenuates apoptosis in
several systems,?” and BCL2 has been shown to inhibit
apoptosis by preventing ROS generation.?82°
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As a known factor affecting metabolism, PPARy may
impact tumor cell survival through its regulation of cellular
metabolism similar to other antiapoptotic proteins. In the
current study, we investigated the role of PPARy in the
survival of tumor cells using anaplastic large cell lym-
phoma (ALCL) as a model. ALCL is a type of non-
Hodgkin’s T-cell lymphoma characterized by large ma-
lignant cells with pleomorphic nuclei and abundant
cytoplasm. It represents ~2% of all types of lymphoma,
~10% of pediatric lymphomas, and ~50% of large cell
lymphomas in the pediatric population. At the molecular
level, ALCL is not a homogeneous entity; about 40 to 60%
of cases carry a characteristic chromosomal transloca-
tion t(2;5), which generates a fusion between anaplastic
lymphoma kinase (ALK) and nucleophosmin (NPM)
gene.

We found that PPARvy is highly expressed in several
primary tissues of ALCL cases. Under the condition of
serum starvation, PPAR+y agonists promote survival of an
ALCL cell line that highly expresses the receptor but not
of an ALCL line that lacks PPARvy. Moreover, decreasing
the amount of PPAR+y by RNA interference reduces the
rate of cell survival. Given the role of PPARYy in metabo-
lism, we investigated whether its prosurvival effects are
linked to its regulation of cellular metabolic activities. We
demonstrated that PPARYy activation leads to higher ATP
and lower ROS levels that favor survival in serum-de-
prived cells. Moreover, PPARy limits amount of ROS
through concerted transcriptional regulation of several
proteins and enzymes that control cellular ROS. Last,
transfection of PPARy into the PPARy-null T-cell lym-
phoma cell line imparts increased survival and reduced
ROS accumulation. The finding that PPARy promotes
survival is compatible with the observations that expres-
sion of PPARYy is increased in many cancers and sug-
gests that PPARy may confer a survival advantage on the
malignant cells, allowing them to survive in an adverse
environment.

Materials and Methods

Reagents and Tissues

15d-PGJ,, rosiglitazone, and WY 14643 were purchased
from Cayman Chemical (Ann Arbor, Ml). Paraffin-embed-
ded tissues from nine cases of ALCL were obtained from
the archives of the Department of Pathology and Labo-
ratory Medicine at Weill Cornell Medical College and
studied following Institutional Review Board review and
approval.

Cell Lines and Culture

The anaplastic large cell ymphoma lines Karpas 299 and
SUP-M2 have been described previously*° 32 and were
maintained at 37°C in RPMI 1640 supplemented with
10% fetal bovine serum and penicillin/streptomycin.
SUP-M2 cells were transfected with pcDNA3.1-hPPARy1
with TransFectin lipid reagent from Bio-Rad Laboratories
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(Hercules, CA) according to the manufacturer's
instructions.

Serum Starvation and Cell Viability
Determination

To perform serum withdrawal, cells were washed three
times with RPMI 1640, resuspended, and cultured in
serum-free media. Cell viability was determined by cel-
lular exclusion of 2 ug/ml propidium iodide followed by
flow cytometric analysis of 10,000 events as described
previously.?® Various drug treatments of the cells are
described in detail in figure legends.

Caspase-3 Activity

Caspase-3 activity was assayed using CaspGLOW fluo-
rescein active caspase-3 staining kit (BioVision, Mountain
View, CA). Serum-starved cells (3 X 10° in 0.3 ml) were
treated with 1 ul of caspase-3 substrates and incubated
for 45 minutes in a 37°C incubator with 5% CO,. Cells
were then washed with the wash buffer, and 10,000
events were analyzed by flow cytometry using FL-1.

Luciferase Assay

Five micrograms of acylCoAx3-TK-LUC, a Firefly lucif-
erase reporter construct containing three copies of PPRE,
and 0.5 pg of Renilla expression plasmid were cotrans-
fected into 5 X 10° Karpas 299 cells using the Amaxa
Nucleofector instrument (Amaxa Biosystems, BioCam-
pus, Cologne, Germany) in 100 ul of solution V using the
A30 program. Rosiglitazone (2 umol/L) or DMSO vehicle
control was added 16 hours after transfection. Cells were
then harvested 24 hours after drug addition. Firefly and
Renilla luciferase activities were measured using a dual-
luciferase reporter assay system (Promega, Madison, WI)
according to the manufacturer’s instructions. Lumines-
cence was measured using MLX microplate luminometer
(Dynex Technologies Inc., Chantilly, VA). PPARy tran-
scriptional activity was expressed as firefly luciferase
activity normalized to Renilla luciferase activity.

Immunohistochemical Assays

Immunohistochemical staining for PPARy (E-8; Santa
Cruz Biotechnology Inc., Santa Cruz, CA) and CD30
(clone BerH2; DakoCytomation, Carpinteria, CA) was
performed on formalin-fixed, paraffin-embedded tissue
sections using the TechMate 500 automated immuno-
stainer (Ventana Medical Systems Inc., Tucson, AZ). Im-
munostaining for PPARy was performed following antigen
retrieval in an autoclave using Target Retrieval Solution,
High pH (DakoCytomation). Immunoreactivity for PPARy
was identified using HRP-labeled mouse Envision Plus
detection system (DakoCytomation) and DAB liquid chro-
mogen (DakoCytomation). The sections were then re-
trieved in the autoclave with Target Retrieval Solution,
Citrate pH 6 (DakoCytomation), and immunostained for

CD30 using ChemMate alkaline phosphatase detection
system (Ventana Medical Systems). The alkaline phos-
phatase reaction was developed by BT Red reagent
substrate provided in the kit. Sections were counter-
stained with hematoxylin, dehydrated, and mounted in
Cytoseal-XYL (Richard-Allan Scientific, Kalamazoo, MI).

RNA Interference and Nucleofection

Small interfering RNA (siRNA) against PPARy and scram-
bled double-stranded RNA controls were purchased
from Dharmacon Inc. (Boulder, CO) in the form of SMART
pool. The delivery of siRNA pools into Karpas 299 cells
was performed using nucleofection technology with the
Nucleofector instrument (Amaxa Biosystems). A total of 3
ug of the siRNA pools were delivered into 2 X 10° cells
suspended in 100 ul of solution V using the A30 nucleo-
fection program. Two micrograms of pmaxGFP vector
were cotransfected to monitor transfection efficiency.

Measurement of Cellular ATP Levels

Intracellular ATP levels were determined using the ATP
bioluminescence assay kit HS Il (Roche Applied Science,
Indianapolis, IN) following the manufacturer’s instruc-
tions. In brief, 25 ul of lysis reagent was added to 25 ul of
cells (1 x 10° cells/ml), incubated for 5 minutes at room
temperature, and 50 wl of luciferase reagent was then
added. Luminescence was quantified using a MLX mi-
crotiter plate luminometer (Dynex Technologies).

Measurement of Mitochondrial Membrane
Potential

At various time points following serum withdrawal, 2 X
10% to 4 x 10° cells were stained with 20 nmol/L tetra-
methylrhodamine ethyl ester in a 37°C CO, incubator for
30 minutes. Cells were then analyzed by flow cytometry
using FL-2.

Measurement of Intracellular ROS

Intracellular ROS were detected with carboxy-H,DCFDA
(DCF; Molecular Probes, Eugene, OR). Three hundred
thousand cells were washed once, resuspended in 500
wl of PBS, and loaded with 10 umol/L carboxy-H,DCFDA
for 30 minutes at 37°C. DCF fluorescence of 10,000
events was measured by flow cytometry using FL-1.

RNA Preparation, Reverse Transcription, and
Real-Time PCR

Total RNA was isolated from cells using RNeasy Kit
(Qiagen, Valencia, CA) according to the manufactur-
er's instructions. The amounts of total RNA were quan-
tified using spectrophotometric measurements. RNA
was reverse-transcribed into cDNA using a reverse
transcription system (Promega) according to the man-
ufacturer’s protocol. Real-time PCR was conducted in



an ABI PRISM 7000 Sequence Detection System [Ap-
plied Biosystems (ABI), Foster City, CA]. cDNA made
from 100 ng of total RNA was added to a 20 ul 1X
Tagman Universal Master Mix (ABI). The PCR reactions
were conducted at 50°C for 2 minutes, 95°C for 10
minutes, followed by 50 cycles of 95°C for 15 se-
conds and 60°C for 60 seconds. Primers and probe
were purchased from ABI for detection of PPARYy
(Hs00234592_m1), catalase (Hs00156308_m1), Cu, Zn
superoxide dismutase (CuZn-SOD, Hs00166575_m1),
p67 (Hs00166416_m1), and UCP2 (Hs00163349_m1);
sequences are not provided by the manufacturer. Man-
ganese SOD (Mn-SOD) was detected using SYBR
Green method. Primer sequences are: forward, 5'-AG-
CATGTTGAGCCGGGCAGT-3" and reverse 5'-AGGTT-
GTTCACGTAGGCCGC-3'. Real-time PCR results were
analyzed with ABI PRISM 7000 SDS software. Auto-
thresholds and autobaselines determined by the soft-
ware were applied to generate values of correspond-
ing threshold cycles (Ct). Ct values of various genes
were normalized to human B-actin that was purchased
from ABI (Hs 99999903_m1).

Western Blot Analyses

The analyses were conducted as described previously.?®
Antibodies against PPARy, UCP2, and p67 were pur-
chased from Santa Cruz Biotechnology, Alpha Diagnos-
tic International (San Antonio, TX), and BD Biosciences
(Franklin Lakes, NJ), respectively.

Assay for Manganese Superoxide Dismutase
Activity

The activity of the enzyme was assayed in whole-cell
extracts using a superoxide dismutase assay kit pur-
chased from Cayman Chemical. The assays were per-
formed according to the manufacturer’s instructions. To
determine selectively the activity of Mn-SOD, cell lysates

were treated with 3 mmol/L KCN to inactivate CuZn-SOD
before performing the assay.

Statistical Analysis

Student’s t-test was used to perform the statistical anal-
yses. P values are indicated in each figure.

Results

PPARYy Is Highly Expressed in Human T-Cell
Lymphoma and Low Doses of Rosiglitazone
Attenuate Serum Withdrawal-Induced
Lymphoma Cell Death

Although expression of PPARy has been found in mouse
and human lymphoma cell lines, expression of PPARy in

human primary lymphoma tissues has not been demon-
strated. We examined nine cases of ALCL for PPARy
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expression by immunohistochemistry. To ensure that
PPARy is expressed in the malignant cells, we performed
staining for PPARy as well as CD30, which specifically
marks the malignant large cells in ALCL tissues. Positive
PPARYy staining was found in six of nine cases, and a pair
of positive and negative cases is shown in Figure 1A. In
a typical positive case, the malignant anaplastic large
cells that are marked with cytoplasmic CD30 (pink) were
stained positive for PPARy (brown) in nuclei (Figure 1A,
left panel), whereas a typical negative case lacks PPARy
staining in CD30-marked tumor cells (Figure 1A, right
panel). The admixed positive and negative results among
nine cases are not unexpected, because ALCL cases are
not homogeneous at the molecular level.

To facilitate studies of the function of PPARy in lym-
phoma cell survival, two human ALCL lines, Karpas 299
and SUP-M2, were used.3%-3" Karpas 299 cells express a
high level of PPARy revealed by both real-time reverse
transcription-polymerase chain reaction (RT-PCR) and
Western blot analysis, whereas SUP-M2 shows little ex-
pression.33 Immunohistochemical staining on cell blocks
made from these two cell lines confirmed the presence of
the receptor in the nuclei of Karpas 299 cells and the
absence of the receptor in SUP-M2 cells (Figure 1B).

Next, we examined whether high levels of PPARy confer
a survival advantage on the lymphoma cells under stress
conditions. Serum starvation was performed with Karpas
299 and SUP-M2 cells treated with PPARYy ligand rosiglita-
zone or drug vehicle, and survival of the cells was deter-
mined by propidium iodide exclusion. Although survival of
both Karpas 299 and SUP-M2 cells decreased with time,
death of Karpas 299 cells was attenuated by rosiglitazone
treatment, whereas survival of SUP-M2 cells was not influ-
enced (Figure 1C). The cell death is apoptotic in nature,
since caspase-3 was activated in serum-starved Karpas
299 cells (Figure 1D, DMSO). In addition, rosiglitazone
treatment of the cells suppressed caspase-3 activation,
supporting that the PPARy agonist is prosurvival in serum-
starved cells (Figure 1D, Rosi versus DMSO).

A dose titration of rosiglitazone revealed that the sur-
vival effect in Karpas 299 cells could be observed at a
concentration as low as 0.5 uwmol/L and reached maxi-
mum at 2 umol/L (Figure 1E). These concentrations
largely overlap with pharmacologically achievable serum
concentrations of rosiglitazone in diabetic patients (0.16
to 1.26 umol/L) (Rosiglitazone Maleate, http://home.
mdconsult.com, 2006). In comparison, in the same dose
range, rosiglitazone did not show any effects on the
survival of SUP-M2 cells (Figure 1E). Two micromolar was
chosen for the subsequent experiments. At this concen-
tration, PPARYy was activated as a transcriptional factor
as shown by a luciferase reporter assay (Figure 1F).

Low Doses of Other PPAR~y but Not PPAR«
Agonists Promote Survival in Serum-Deprived
Lymphoma Cells

To ensure that the survival effect is mediated via PPARy

rather than a special property of rosiglitazone, other
PPARy agonists were tested for their activities in serum
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Figure 1. Expression of PPARy in human T-cell lymphoma and effects of rosiglitazone on serum withdrawal-induced cell death. A: Medium power views of
PPARy-positive and -negative ALCL cases. Red, CD30 cytoplasmic staining; brown, PPARy nuclear staining. B: PPARy protein expression in Karpas 299 and
SUP-M2 lymphoma cell lines. Immunohistochemical assay was performed on cell blocks made from the two cell lines. Nuclear staining is shown in brown. C:
Survival of serum-deprived Karpas 299 and SUP-M2 cells in the presence or absence of rosiglitazone. Serum-deprived cells were cultured for various periods as
indicated in the presence of 2 umol/L rosiglitazone or DMSO. Cell survival was determined by propidium iodide exclusion with flow cytometric analysis. Data
shown are mean * SE of three independent experiments. D: Caspase-3 activity in serum-deprived Karpas 299 cells. Serum-deprived cells were cultured for 18
hours in the presence of 2 umol/L rosiglitazone or DMSO. E: Dose titration of rosiglitazone. Serum-deprived Karpas 299 and SUP-M2 cells were cultured in the
presence or absence of rosiglitazone at various concentrations as indicated and survival was determined at 48 hours after serum withdrawal. Data shown are
mean * SE of three independent experiments. F: Relative luciferase activity in Karpas 299 cells treated with DMSO or 2 umol/L rosiglitazone. Firefly luciferase
activity was normalized to that of Renilla luciferase that was cotransfected into the cells. Luciferase activity of DMSO-treated cells was set as 1.

withdrawal-induced apoptosis. GW7845, a tyrosine ana- of 0.5 to 5 umol/L but reduced survival at higher concen-
logue that is chemically distinct from glitazones,®* pro- trations (Figure 2A). 15d-PGJ,, a potential physiological
moted survival of the Karpas 299 cells in the dose range ligand of PPARwy, increased cell survival in the dose
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Figure 2. Other PPARYy but not PPARa agonists promote cell survival. A:
Survival of serum-deprived Karpas 299 cells in the presence of GW7845 at
concentrations indicated. B: Survival of serum-deprived Karpas 299 cells in
the presence of 15d-PGJ, at concentrations indicated. C: Survival of serum-
deprived Karpas 299 cells in the presence of WY14643 at concentrations
indicated. Cell survival was determined at 42 hours after serum withdrawal
and data shown are mean * SE of three independent experiments.

range of 0.1 to 1 umol/L but killed cells at concentrations
above and equal to 5 umol/L (Figure 2B). Last, WY 14643,
a PPARa agonist, did not influence cell survival under this
condition (Figure 2C). Taken together, these data dem-
onstrate that low doses of PPARy agonists attenuated
serum withdrawal-induced lymphoma cell apoptosis,
whereas high doses promoted cell death.

Reducing the Amount of PPARy with siRNA
Decreases Survival in Serum-Deprived T
Lymphoma Cells

To determine whether the prosurvival effect of the
PPAR+y agonists acts through the receptor, PPARYy in
Karpas 299 cells was specifically inhibited using
siRNA. A pool of four PPARy siRNA was transfected
into cells with an efficiency of ~65% as assessed by
the cotransfection of a green fluorescent protein-con-
taining plasmid. The level of PPARvy transcripts was
knocked down to ~45% of the level in control cells
transfected with scrambled double-stranded RNA (Fig-
ure 3A). Reduction of PPARvy protein was confirmed
with Western blot analysis, and the effect on cell sur-
vival was then determined (Figure 3B). siRNA transfec-
tion decreased the survival of Karpas 299 cells in the
presence or absence of rosiglitazone, confirming that
prosurvival activity is dependent on PPAR+y (Figure
30).

The Prosurvival Effect of PPARvy Is
Accompanied by Increased Cellular ATP and
Decreased Mitochondrial Hyperpolarization

ATP depletion is one of the early events during apoptotic

death induced by growth factor withdrawal.2* In the next
experiment, we investigated whether total cellular ATP
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Figure 3. Reducing PPARYy attenuates survival in Karpas 299 cells. A: PPARy
mRNA levels in Karpas 299 cells transfected with PPARy siRNA or control
scrambled RNA. mRNA was measured by real-time RT-PCR at 48 hours after
transfection. The level of PPARy mRNA in control RNA-transfected cells was
arbitrarily set as 100%. B: PPARy protein levels were determined by Western
blot analysis in whole-cell lysates at 48 hours after transfection. C: Cell
viability was determined at 48 hours after serum starvation in the presence of
DMSO or 2 umol/L rosiglitazone. Results shown are mean * SE of three
independent experiments.

level is affected by PPARy activation following serum
starvation. We compared ATP levels of Karpas 299 and
SUP-M2 cells treated with or without rosiglitazone. As
shown in Figure 4A, following serum withdrawal, cellular
ATP in the Karpas 299 cells treated with rosiglitazone was
significantly higher than those cells treated with DMSO,
whereas rosiglitazone had no effect on the total ATP level
in the SUP-M2 cells.

In growth factor-deprived cells, decline of cellular ATP
and failure to exchange ADP and ATP between mitochon-
dria and cytosol lead to hyperpolarization of the mito-
chondrial inner membrane.?* In Karpas 299 cells, hyper-
polarization was observed in 36 to 46 hours following
serum withdrawal. As shown in Figure 4B, although ros-
iglitazone did not influence mitochondrial membrane po-
tential in the presence of serum (thin solid versus thin
dotted line), the addition of this drug during serum star-
vation resulted in a less polarized mitochondrial potential
compared with DMSO treatment (thick solid versus thick
dotted line). Taken together, these data suggest that the
prosurvival effect of PPARvy is associated with mainte-
nance of ATP production and reduced degree of mito-
chondrial hyperpolarization.

PPARy Suppresses Accumulation of Reactive
Oxygen Species in Serum-Deprived T
Lymphoma Cells

ROS are generated following application of many ap-
optotic stimuli,?®* and scavenge of ROS has been

shown to prevent or delay cell death.?” We compared
the levels of intracellular oxidants of the T lymphoma
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Figure 4. PPARYy attenuates decline in ATP level and reduces mitochondrial
hyperpolarization in serum-deprived cells. A: Relative ATP levels in Karpas
299 and SUP-M2 cells withdrawn from serum. Cells were cultured with or
without 2 umol/L rosiglitazone as indicated. Total cellular ATP levels were
determined in lysates from a million cells at 40 hours after serum withdrawal.
The amount of ATP in DMSO-treated Karpas 299 cells was arbitrarily set as
100%. Data shown are mean = SE of three independent experiments. B:
Mitochondrial membrane potential measured by tetramethylrhodamine ethyl
ester incorporation. Karpas 299 cells were cultured in the presence or
absence of serum for 37 hours with or without rosiglitazone as indicated.

cells in the presence or absence of serum. Serum
deprivation caused an increase in intracellular ROS in
both Karpas 299 and SUP-M2 cells (Figure 5, thick
solid and dotted lines versus thin solid and dotted
lines). In serum-deprived Karpas 299 cells, rosiglita-
zone treatment led to a reduction in the ROS level
(Figure 5, left panel, thick solid versus thick dotted line)
whereas rosiglitazone did not influence the ROS level
in serum-deprived SUP-M2 cells (Figure 5, right panel,
thick solid versus thick dotted line). This result sug-
gests that activation of PPAR+y suppresses accumula-
tion of ROS, thus leading to improved survival.

=] =
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PPARy Regulates a Set of Enzymes and
Proteins That Controls Cellular ROS Level

PPARYy is known as a nuclear hormone receptor that acts
as a transcription factor. The receptor may affect the
cellular ROS through its transcriptional regulation of pro-
teins and enzymes responsible for ROS generation and
scavenge. Activation of NADPH oxidase produces many
species of free radical oxidants. Recently, it has been
shown that NADPH oxidase is expressed in the T lym-
phocytes,®> and expression of several subunits of
NADPH oxidase, including p67, p22, and p47, is regu-
lated by pioglitazone treatment of endothelial cells.*° Be-
cause the p67 subunit plays an important role in regulat-
ing the enzymatic activity of NADPH oxidase, we
analyzed expression of p67 in serum-deprived T lym-
phoma cell lines. Real-time RT-PCR revealed that p67
mRNA expression was reduced by rosiglitazone treat-
ment in Karpas 299 cells but not in SUP-M2 cells (Figure
BA, left panel). This observation was confirmed at the
protein level by Western blot analysis (Figure 6A, right
panel).

Uncoupling protein 2 (UCP2) plays a role in limiting
mitochondrial ROS generation. Modulation of UCP2 ex-
pression by unsaturated fatty acids is thought to be me-
diated by PPARs. We observed a significant increase in
UCP2 mRNA expression in Karpas 299 cells treated with
rosiglitazone but not in SUP-M2 cells similarly treated
(Figure 6B, left panel). Moreover, mRNA changes were
accompanied by the corresponding changes at the pro-
tein level (Figure 6B, right panel).

Superoxide dismutase, an important ROS scavenger,
is responsible for converting superoxide radicals into
H,O, and molecular oxygen. It has two cellular forms, a
mitochondria-associated enzyme using Mn as a cofactor
(Mn-SOD) and a cytosolic enzyme using copper and zinc
as cofactors (CuzZn-SOD). As shown in Figure 6C, PPARy
activation regulated the mRNA expression and enzymatic
activity of Mn-SOD specifically in serum-deprived Karpas
299 cells but not in SUP-M2 cells. In contrast, CuZn-SOD
was not affected by PPARy activation in either cell line
(Figure 6D, left panel). Expression of catalase, the en-
zyme that converts H,O, to water and molecular O, did

Karpas299

SUP-M2

sy 10% FBS DMSO
—— 10% FBS Rosi
..... 0% FBS DMSO
=—= 0% FBS Rosi

10°

Figure 5. ROS is suppressed in serum-deprived Karpas 299 cells by PPARy activation but not in SUP-M2 cells. Karpas 299 and SUP-M2 cells were cultured with
or without serum in the presence of DMSO or 2 umol/L rosiglitazone as indicated. Cells were harvested at 48 hours after serum withdrawal and incubated with
10 pmol/L DCF at 37°C for 30 minutes. Ten thousand events in live cell gate were analyzed by flow cytometry.
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Figure 6. A set of ROS regulating enzymes is coordinately controlled by
PPARy activation. Karpas 299 and SUP-M2 cells treated with 2 umol/L
rosiglitazone or DMSO were harvested at 42 hours after serum withdrawal. A:
p67 mRNA was measured by real-time RT-PCR (left). The amount of p67
mRNA in DMSO-treated Karpas 299 cells was arbitrarily set as 100%. p67
protein levels were determined by Western blot analysis in whole-cell lysates
(right). D, DMSO; R, rosiglitazone. B: UCP2 mRNA was measured by real-
time RT-PCR (left). The amount of UCP2 mRNA in DMSO-treated Karpas 299
cells was arbitrarily set as 100%. UCP2 protein levels were determined by
Western blot analysis in whole cell lysates (right). D, DMSO; R, rosiglitazone.
C: Mn-SOD mRNA was measured by real-time RT-PCR (left). The amount of
Mn-SOD mRNA in DMSO-treated Karpas 299 cells was arbitrarily set as 100%.
Mn-SOD activity was determined in whole-cell lysates. D: CuZn-SOD and
catalase mRNA levels were determined by real-time RT-PCR. The amount of
mRNA in DMSO-treated Karpas 299 cells was arbitrarily set as 100%. Data
shown in A-D are mean * SE of at least three independent experiments.

not respond to rosiglitazone treatment either (Figure 6D,
right panel). Taken together, we found that activation of
PPARy modulates expression of three ROS-controlling
factors, p67 subunit of NADPH, UCP2, and Mn-SOD,
thereby limiting the level of ROS and promoting cell
survival.

Transfection of PPARvy into PPARy-Deficient
SUP-M2 Cells Improves Cell Survival and
Suppresses ROS Accumulation

To provide more definitive evidence that PPARy pro-

motes survival by suppressing ROS accumulation,
PPARy was stably transfected into the SUP-M2 lym-
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Figure 7. Transfection of PPARy into SUP-M2 cells improves cell survival and
suppresses ROS accumulation. A: PPARy or pcDNA3 vector was stably
transfected into SUP-M2 cells. Western blot shows the presence or absence of
the PPARYy protein expression in stable cell lines containing PPARy expres-
sion vector or pcDNA3 vector. B: Cell survival in serum-deprived SUP-M2
cells with or without PPARY. Rosiglitazone (2 wmol/L) was added at the time
of serum withdrawal. Individual stable clones are shown on the left and
pools of stably transfected cells are shown on the right. C: ROS levels in
serum-deprived SUP-M2 cells with or without PPARy. Rosiglitazone (2
umol/L) was added at the time of serum withdrawal. Individual stable clones
are shown on the left and pools of stably transfected cells are shown on the
right.

phoma cell line that lacks the receptor (Figure 7A). Sur-
vival and ROS levels were then determined in these cells
in comparison to SUP-M2 cells transfected with an empty
vector. As shown in Figure 7B, during serum starvation,
the survival of the PPAR~y-positive SUP-M2 clone was
significantly higher than the vector-transfected cells in
the presence of rosiglitazone (Figure 7B, left panel). To
exclude the possibility that this effect was due to proper-
ties of a specific clone, a pool of PPARy-positive clones
was then tested. Again, survival of the PPARy-positive
pool was significantly improved over the survival of the
control pool (Figure 7B, right panel).

We next investigated the effect of PPARvy transfection
on ROS levels under the condition of serum deprivation.
As shown in Figure 7C, the PPAR~y-positive clone that
exhibited a better survival rate (Figure 7B, left panel) had
a much more reduced level of ROS than the control
clone. This effect was confirmed by a similar observation
with the PPARy-positive and control pools of SUP-M2
clones (Figure 7C, right panel). Taken together, we dem-
onstrated that PPARy suppresses ROS accumulation
and improves survival through a receptor-dependent
mechanism.

Discussion

In this report, we provide several pieces of evidence
showing that PPARy confers cell survival in malignant T
cells under the condition of serum withdrawal. First, ac-
tivation of the receptor is capable of enhancing survival in
Karpas 299 cells that highly express PPARy but not in
SUP-M2 cells that lack PPAR+y. Not only the glitazone
type of PPAR«y agonists but also the other types of ago-
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nists (GW7845 and 15d-PGJ,) act to increase cell sur-
vival, whereas a PPARa agonist shows no effects. Sec-
ond, reducing the level of the receptor in Karpas 299
cells with siRNA decreased cell survival rate. Third, cel-
lular metabolic activities, including ATP, mitochondrial
membrane potential, and ROS, are changed in directions
that are consistent with PPARvy being a prosurvival factor.
Fourth, several ROS controlling molecules are coordi-
nately regulated by PPARy activation in the directions
that lead to ROS limitation. Lastly and importantly, intro-
duction of the receptor into PPARvy-negative SUP-M2
cells results in increased cell survival and decreased
ROS accumulation during serum starvation. Collectively,
these observations support the notion that PPARy pro-
motes T lymphoma cell survival through regulation of
cellular metabolic activities.

In addition to our report, several groups have found
that PPAR+y improves cell survival in other systems. Hara-
guchi et al® reported that several PPARy agonists inhibit
serum starvation induced apoptosis in kidney cells. In
addition, it has been shown that infusion of 15d-PGJ, and
rosiglitazone resulted in reduction in size of brain in-
farct®® as well as myocardial infarct in rats.®® These find-
ings are consistent with our results that PPARy attenuates
cell death induced by nutrient/growth factor deprivation.

The role of PPARy in cancer is controversial. Although
several genetic models suggest that PPARy promotes
tumor formation when combined with other oncogenes,
studies in vitro and using xenograft models have shown
the antiproliferative and proapoptotic effects of PPARy
agonists in a variety of tumor cells. Based on these stud-
ies, it has been proposed that PPARy ligands may be
used as anticancer agents. However, a careful review of
the literature reveals that many of these studies used
PPARYy ligands at concentrations much higher than their
Kp for PPARY. In a study of PPARy in leukemia, 25 wmol/L
rosiglitazone are required to induce 50% cell death in
leukemic cell lines,*° whereas a prosurvival effect can be
seen at a concentration as low as 0.5 umol/L. In patients
taking rosiglitazone to control diabetes, maximum
plasma concentration of the drug falls between 0.16 and
1.26 wmol/L following an oral dose of 1to 8 mg. Likewise,
micromolar doses of 15d-PGJ, were required to induce
lymphoma cell death,*"*? whereas physiological con-
centrations of the metabolite are in the range of picomolar
to nanomolar. In our system, 15d-PGJ, generated a small
but dose-dependent increase in cell survival in the range
of 0.1 to 1 wmol/L but induced cell death when doses
were above 5 umol/L. Similar to our observations, Lin et
al.®® also found that high doses of PPARy agonists 15d-
PGJ, (=5 umol/L) and rosiglitazone (=10 uwmol/L) cause
cytotoxicity as indicated by lactate dehydrogenase re-
lease from cultured neurons, whereas low concentrations
of the agonists (15d-PGJ,, =1 wmol/L, and rosiglitazone,
0.5 pmol/L) suppress rat and human neuronal apoptosis
and necrosis induced by H,O, treatment. Requirements
for high doses of ligands suggest the possibility that
apoptosis induction is an off-target effect independent of
the receptor. A more definitive piece of evidence for the
prosurvival role of PPARYy is derived from our study with
genetic manipulation of the receptor. We showed that, on

one hand, decreasing PPARYy level with siRNA in Karpas
299 cells impaired cell survival and, on the other hand,
transfection of the receptor into SUP-M2 cells results in
increased survival in serum-deprived cells.

Setoguchi and colleagues™® reported that proliferation
and survival of B cells on LPS or IgM stimulation were
increased in PPARy heterozygous mice compared with
the wild-type mice, suggesting that the receptor sup-
presses B cell proliferation and survival under physiolog-
ical conditions. In the meantime, the proliferative re-
sponse of T cells was not affected by reduced level of
PPARYy in the haploinsufficient mice. So, B and T lympho-
cytes apparently responded differently to PPARy activa-
tion in this study in terms of proliferation. Survival of T
cells was not determined; thus, a direct comparison to
our study is not possible. Importantly, we have found that
PPARy does not affect cell survival under normal condi-
tions, it only does so when cells suffer from growth factor/
nutrient deprivation.?**2 These data led us to believe that
cellular conditions are crucial in dictating how cells re-
spond to PPARy activation.

As a metabolic regulator, how does PPARvy cause
metabolic changes at the cellular level to favor cell sur-
vival when cells are deprived of growth factors/nutrients?
Our data show that PPARvy attenuates the decline in ATP
under conditions of serum withdrawal. In cells deprived
of growth factor, a drop in cellular ATP reflects compro-
mised mitochondrial function and is one of the steps
leading to cell death. In this study, we showed that acti-
vation of PPARy with rosiglitazone results in a higher ATP
level in serum-deprived cells (Figure 4A). Moreover, hy-
perpolarization of mitochondrial membrane is alleviated
by rosiglitazone treatment (Figure 4B). These data sug-
gest that PPARy helps maintain cellular ATP level in the
face of nutrient deprivation leading to improved mito-
chondrial homeostasis and increased cell survival.

ROS generation is a necessary step during apoptosis
as ROS scavengers block or delay apoptosis. We found
that serum withdrawal-induced ROS production is atten-
uated by PPARYy activation in Karpas 299 cells but not in
SUP-M2 cells. Moreover, introduction of PPARy into
SUP-M2 leads to ROS limitation in the transfected cells,
providing strong evidence that PPAR~y plays a key role in
the regulation of ROS metabolism. Our investigation has
further identified that proteins and enzymes regulating
ROS are coordinately controlled by PPARy. PPARYy in-
creases the amount of UCP2 and Mn-SOD and reduces
the amount of the p67 subunit of NADPH oxidase at both
the mRNA and protein levels, leading to decreased ROS
accumulation and increased cell survival. Together with
the information in the literature, we have proposed a
model showing the molecular and metabolic mecha-
nisms underlying the prosurvival function of PPARYy
(Figure 8).

We have shown that PPARy is highly expressed in
primary lymphoma tissues and functionally contributes to
malignant T-cell survival. Although PPARvy is unlikely to
be solely responsible for the oncogenic transformation of
the lymphoma cells, the receptor may sustain tumor cell
survival under adverse conditions. As a matter of fact, the
center of a three-dimensional tumor mass is often de-
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Figure 8. Proposed mechanisms underlying the prosurvival function of
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prived of oxygen, growth factors, glucose, and other
nutrients because of excessive demand and insufficient
vascularization. However, unlike normal tissues, neoplas-
tic cells possess remarkable tolerance and are able to
survive despite the adverse environment.***> In light of
findings in this report, activation of PPARy is possibly one
of the underlying mechanisms for this tolerance. In-
creased expression of PPARYy is found in many types of
tumors, compatible with the notion that PPARy is a pro-
survival factor. However, the current study only focused
on anaplastic large cell lymphoma, which is a subset of
T-cell ymphomas. Further investigations need to be con-
ducted to determine whether survival enhancement by
PPARYy is a general mechanism in other types of tumors.
In view of the current findings, careful further investiga-
tion into the role of PPARwy in tumorigenesis is required
before widespread use of TZD in cancer therapy.

Our data also suggest cautionary use of TZD in dia-
betic patients with concurrent lymphomas or other types
of cancers. Currently, over 1.6 million patients in the
United States take TZD chronically to manage their dia-
betes. If PPARy promotes tumor survival, alternative ther-
apy should be considered in the treatment of this sub-
population of diabetic patients.
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