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Abstract

Protein inhibitor of activated STAT3 (PIAS3) is an endogenous inhibitor of STAT3 that
negatively regulates STAT3 transcriptional activity and cell growth and demonstrates limited
expression in the majority of human squamous cell carcinomas of the lung. In the present study we
sought to determine if PIAS3 inhibits cell growth in non-small cell lung cancer (NSCLC) cell lines
by inducing apoptosis. Our results demonstrate that over-expression of PIAS3 promotes
mitochondrial depolarization, leading to cytochrome c release, caspase 9 and 3 activation and
PARP cleavage. This intrinsic pathway activation was associated with decreased Bcl-xL
expression and increased Noxa expression and was independent of p53 status. Furthermore,

PIAS3 inhibition of STAT3 activity was also p53 independent. Microarray experiments were
performed to discover STAT3-independent mediators of PIAS3-induced apoptosis by comparing
the apoptotic gene expression signature induced by PIAS3 over-expression with that induced by
STAT3 siRNA. The results showed that a subset of apoptotic genes was uniquely expressed only
after PIAS3 expression. Thus, PIAS3 may represent a promising lung cancer therapeutic target
because of its p53-independent efficacy as well as its potential to synergize with Bcl-2 targeted
inhibitors.
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Introduction

The American Cancer Society estimates that approximately 228,000 people in the United
States will be newly diagnosed with cancer of the lung in 2013.1 Given the inherent
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resistance of lung cancer to cytotoxic agents, identifying molecules that drive lung cancer
growth, survival, and metastasis is critical to the development of novel therapeutics. In this
regard, members of the signal transducer and activator of transcription (STAT) family of
transcription factors, in particular STATS3, are potential targets in lung cancer as well as
other cancers.?

Blocking STATS3 signaling either directly or indirectly has been shown to affect tumor
formation through inhibition of cell growth, induction of apoptosis, and/or inhibition of
tumor angiogenesis. A number of recent studies have found STAT3 activation in lung
cancer cell lines and tissues, suggesting a functional role for this target in lung cancer.3-5
Although there are several cellular inhibitors of STAT3 signaling®, interest in PIAS3 was
increased by the recent discovery of its lack of expression in glioblastoma multiforme.”
Furthermore, ectopic expression of PIAS3 in a glioblastoma cell line caused inhibition of the
transcriptional activity of STAT3 and cell growth. We have also identified a lack of PIAS3
protein expression in the majority of human squamous cell carcinomas of the lung® and
demonstrated that PIAS3 negatively regulates STAT3 transcriptional activity and cell
growth in a concentration dependent manner.® Taken together, these studies show that
PIAS3 can inhibit the function of constitutively active STAT3 present in lung cancer. What
remains unclear, however, is whether PIAS3-induced growth inhibition is caused by an
activation of apoptosis.

Mutation of the p53 gene is a frequent event in carcinogenesis, occurring in about 50% of
human tumors, including lung.1911 The p53 protein is a potent inhibitor of cell growth,
arresting cell cycle progression at several points and inducing apoptosis of cells undergoing
uncontrolled growth.12 Lin et al have shown that expression of wild-type p53, but not
mutant p53, significantly reduced STATS3 activation and DNA binding in a number of
prostate cancer cell lines. Furthermore, they showed that cells with activated STAT3 from a
variety of malignancies only harbor mutated or deleted p53, suggesting that p53 plays a
major role in STAT3 activation and transcriptional activity.13 On the basis of this data we
hypothesized that PIAS3 might functionally interact with STAT3 via p53 and sought to
investigate this possibility.

In the present study, we demonstrate that PIAS3 inhibits cell growth in non-small cell lung
cancer (NSCLC) cell lines by activating the intrinsic apoptosis pathway via altered
expression of Bcl-2 family members. Furthermore, PIAS3-induced apoptosis and STAT3
inhibition were independent of p53 status.

Material and Methods

Cell culture and transient transfection

Human lung cancer cell lines A549, H1666, H358 and H1299 were purchased from
American Type Culture Collection and maintained in DMEM/Ham’s F-12 medium
supplemented with 10% (v/v) FBS (Hyclone) in a 5% CO, humidified incubator at 37°C.
Cells were transfected with either pPCMV5 (mock) or pPCMV5-mouse PIAS3 using
Lipofectamine 2000 in Opti-MEM (InVitrogen/Life Technologies). After 5 h media was
replaced with DMEM/F12 media containing fetal bovine serum (10%). Following 24 h of
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incubation, cells were collected for further analysis. In some experiments ABT-263 was
added after the initial 5 h transfection.

Cell growth analysis

Cell growth and viability were assessed by trypan blue dye exclusion of manually counted
cells, as well as the MTS assay, as described previously.? Sub-G1 analysis was examined by
flow cytometry using the propidium iodide (PI) DNA staining method. Samples were
analyzed on a tri-laser FACSCalibur flow cytometer (Becton Dickinson) using CellQuest
software (Becton Dickinson).

TUNEL assay

Apoptosis was detected by terminal deoxyribonucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) staining with an in situ cell death detection kit (ScienCell Research
Laboratories) following the manufacturer’s directions. The nuclei of apoptotic cells were
visualized by staining with DAB and counterstaining was performed using hematoxylin.
Primary antibody and labeling mix were omitted in control sections. The results were
examined under the light microscope at 400 x 3 magnification. The number of apoptotic
cells over several random fields was counted out of a total of 100 and the percent TUNEL-
positive cells was calculated. Each condition was performed in triplicate.

Mitochondrial depolarization assay

Mitochondrial membrane potential (Ay) was assayed by flow cytometry following 24 h
PIAS or mock transfection of A549 and H1299 cells. After 30 min loading with 50 pM
TMRM, the cells were resuspended in flow buffer, which contained 5% FBS and 2 mM
EDTA in 1x PBS. 50,000 events were collected from each sample on an Accuri C6 flow
cytometer (Becton Dickinson). As a positive control a mitochondrial uncoupler, carbonyl
cyanide p-chlorophenylhydrazone (CCCP), was used at 5 um.

Immunoblotting and antibodies

Whole cell lysates were prepared in RIPA buffer. Cytosols were prepared as described
previously.14 Protein concentrations were estimated using Bradford reagent (BioRad). Equal
amounts of protein were resolved by SDS-PAGE and electroblotted onto PVDF membrane.
The membrane was blocked in TBS containing 0.1% Tween-20 (TBS-T) and 5% dry milk
powder then probed with primary antibody in TBS-T/5% milk overnight at 4°C. Secondary
antibody in TBS-T/5% milk was incubated for 1 h, followed by chemiluminescence
detection. The antibodies used in western blots were obtained from Santa Cruz
Biotechnology (Bcl-2 sc492/7392, p21 sc397, p53 sc71817), BD Biosciences (cytochrome ¢
#556433, Bak #556382), Novus (Cidec NBP2-15902, Noxa NB600-1159), Millipore
(Dapk2 07-1229), Cell Signaling (Puma #4976, Bcl-xL #2764, Bim #2933, caspase 9 #9502,
caspase 3 #9665), Calbiochem (VDAC/Anti-porin #529536) and Sigma (actin A5441).

Retrovirus production and infection

Phoenix-Ampho packaging cells were transfected with an “all-in-one’ retroviral construct
(pL6N2-RHS3H/ZF2-PL) (Ariad Pharmaceuticals) with or without a mouse PIAS3 insert
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using HD FuGene reagent (Roche). Retroviral supernatants were harvested 48 h after
transfection, filtered and the supernatants (1 ml) combined with 3 ml of medium containing
polybrene (4 pg/ml final) before adding to A549 cells. The MOI was 10. Cells were
centrifuged at room temperature at 650 x g for 90 min before incubation at 37°C. After 48 h
of infection, cells were placed in selection medium containing G418 (850 pg/ml) for one
week to isolate stable cells. The resulting stable cells infected with the PIAS3-containing
retrovirus were called ‘A549P’ cells. This retroviral construct allows for the simultaneous
delivery of a transcription factor cassette and a regulatable target gene in the same retroviral
vector. The transcription factor cassette is activated by a cell-permeable ‘dimerizing’ agent,
in this case the rapamycin analog AP21967, to induce transcription of the target gene, in this
case mPIAS3.

Quantitative real-time PCR

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen), digested with DNase |
(Promega) and reverse transcribed using the Superscript 11 First Strand synthesis kit for RT-
PCR (Invitrogen) to synthesize cDNA. Real time PCR was performed using TagMan Fast
Universal Master Mix and the TagMan probe for human PIAS3 (Hs00966025_g1) on an
Applied Biosystems 7500 Fast Sequence Detection System according to the manufacturer’s
instructions. Samples were run in triplicate and standardized against endogenous -actin
(Human ACTB Endogenous Control, Applied Biosystems). The resulting relative PIAS3
MRNA amounts in each sample (ACt = PIAS3 C — B-actin Ct) were normalized to control
values (AACT) to yield fold changes. A similar method was used to measure CIDEC
(Hs01032998 probe) and DAPK?2 (Hs00204888 probe) transcripts.

Luciferase assay

Cells were co-transfected with luciferase reporter construct pSTAT3-Luc or pTA-Luc alone
as a nonspecific control together with pPCMV5-PIAS3 or pCMV5 alone using HD FUGENE.
The cells were incubated in DMEM/F12 medium for 48 h, treated or left untreated with 20
ng/mL EGF for 15 min, then lysed with passive lysis buffer (Promega). The supernatant was
assessed for luciferase activity using a Berthold luminometer (Lumat LB9507) after briefly
mixing the supernatant (20 pl) with 100 pl of firefly luciferase assay substrate solution. The
activity of luciferase was normalized to protein concentrations in the lysate. Transfections
were repeated at least three times and the relative changes are presented as mean * SE.

p53 knockdown with shRNA lentivirus

The p53 shRNA lentivirus was produced similar to the ‘all-in-one’ retrovirus except using
human embryonic kidney 293 (HEK293) packaging cells.1®> A549, H1666, and H358 cells
were infected with lentivirus for 48 h before beginning transfection experiments, as
described above. Cells were incubated with or without EGF then analyzed for STAT3
luciferase as described above.

Microarray analysis

Ab549 cells were left untreated or transfected separately with either pPCMV5 vector encoding
human PIAS3 or siRNA against STAT3. After 36 h of growth in complete medium, all cells
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were switched to serum-free medium for the last 12 h and stimulated with epidermal growth
factor (EGF) at 50 ng/mL for the final 15 min. Cells were harvested and cRNA was
synthesized using the GeneChip IVT Labeling Kit (Affymetrix) using biotinylated
ribonucleotides (Enzo Diagnostics) and hybridized to human U133A GeneChip micro-arrays
(Affymetrix). Staining was performed on an Affymetrix fluidics station and micro-arrays
scanned on a Hewlett Packard GeneArray Scanner. Data was compiled with Affymetrix
Microarray Suite 5.0 software. Each experimental condition was repeated in two
independent cultures. Expander was used to analyze the intensity data from each of the
micro-arrays.16 Raw data was normalized using Robust Multichip Analysis and the
hierarchical clustering method implemented in Expander was used to cluster genes based on
their expression profiles. Standard t-tests were used for differential expression analysis (p <
0.05, absolute fold change greater than 1.2). The gene expression data from six samples
have been deposited in the GEO database (GSE42979).

PIAS3 expression induces apoptosis in both A549 and H1299 cells

Although we have previously demonstrated that transient over-expression of PIAS3 inhibits
cell growth in several lung cancer cell lines® we have not yet determined if this inhibition
results from apoptosis or if p53 status plays a role. Thus, here we used two different lung
cancer cell lines of known p53 status, A549 (p53 wild-type) and H1299 (p53 null), to look
for apoptosis induction by PIAS3. Initially, cells were transiently transfected with pCMV-5
containing full length PIAS3 to confirm its growth inhibitory effects. Cell number and
viability were measured 48 h after transfection by trypan blue exclusion and the MTS assay.
Mock transfection with empty vector or no transfection were used as controls. As shown in
Figure 1, transfection with PIAS3 significantly inhibited the proliferation (panel A) and
viability (panel B) of both A549 and H1299 cells. To determine whether the observed
growth inhibition was due to apoptosis, we initially performed cell cycle analysis to
determine the amount of sub-G1 DNA in A549 and H1299 cells after PIAS3 transfection.
As shown in Figure 1C, PIAS3 increased the sub-G1 population by 30-fold in A549 cells
and by 5-fold in H1299 cells, indicating a substantial increase in apoptotic cells. We
confirmed that PIAS3 induced apoptosis using TUNEL assays. Transfection of PIAS3
clearly increased the percentage of apoptotic cells in both A549 and H1299 cells (Figure
1D). Thus, PIAS3 induces growth inhibition via an increase in apoptosis.

PIAS3 activates the intrinsic pathway of apoptosis

PIAS3 likely activates the intrinsic pathway of apoptosis. Therefore, we examined the effect
of PIAS3 transfection on mitochondrial depolarization. As shown in Figure 2A, PIAS3
induced mitochondrial depolarization in both A549 and H1299 cells, as measured as a loss
of TMRM fluorescence, relative to mock transfected cells, after 24 h in three independent
experiments. A representative flow diagram is shown in Figure 2B. CCCP was used as a
positive control. Furthermore, mitochondrial depolarization should result in cytochrome ¢
release and apoptosome activation. Indeed, western blotting experiments demonstrated an
increase in cytochrome c release into the cytosol after PIAS3 transfection (Figure 2C). The
lack of VDAC in the cytosol demonstrated little mitochondrial contamination. Cytochrome ¢
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release was associated with an increase in cleaved caspase 9 and caspase 3, indicating
activation (Figure 2D). Caspase 3 activation was confirmed by the appearance of cleaved
poly (ADP-ribose) polymerase (PARP), a downstream substrate of caspase 3.1
Collectively, these results provide strong support for the idea that PIAS3 activates the
intrinsic apoptotic pathway.

To confirm our transient transfection results we established a model system for stable but
regulated expression of PIAS3 in cells. We infected A549 cells with a retroviral vector that
allows PIAS3 expression only in the presence of the rapamycin analog (rapalog) AP21967.
We called these cells A549P cells. Initial experiments demonstrated the ability of the
rapalog to induce PIAS3 expression in a dose-dependent manner up to 200 nM AP21967
with no leakage of PIAS3 expression in the absence of AP21967 (Figure 2E). We then
incubated A549P cells for 24 h with AP21967 (100 nm and 200 nm) and western blotted for
apoptotic markers. As shown in Figure 2F, we observed a dose-dependent increase in
cleaved caspase 3 and PARP in A549P lysates only in the presence of AP21967 and not in
parental A549 cells, demonstrating that AP21967 lacks any cellular effect on its own, as
previously reported.18 These results demonstrate that regulated expression of PIAS3 induces
apoptosis.

We next looked for changes in the expression of Bcl-2 family members induced by PIAS3
transfection. Two pro-survival family members, Bcl-xL and to a lesser extent Bcl-2,
demonstrated reduced levels after PIAS3 transfection (Figure 3A). With regard to pro-
apoptotic family members, Noxa was the only one tested that demonstrated an increase in
expression after PIAS3 transfection. We next reasoned that if PIAS3 changes the expression
of Bcl-2 proteins, then it should synergize with small molecule inhibitors of this protein
family to induce apoptosis. Indeed, the results of Figure 3B demonstrate that incubation of
PIAS3 transfected A549 cells with a low concentration of ABT-263 (A+P) results in
enhanced cleavage, and therefore activation of caspase 9. ABT-263 by itself (A) had no
effect. Taken together, PIAS3 induces mitochondrial depolarization by selectively down-
regulating pro-survival Bcl-xL and up-regulating pro-apoptotic Noxa proteins in both p53
wild-type A549 and p53 null H1299 cells.

PIAS3 inhibits STAT3 activity independent of p53 status

STATS3 activity promotes cell survival through many target proteins, including Bcl-xL
expression, therefore PIAS3 inhibition of STAT3 activity likely contributes to PIAS3-
induced apoptosis. However, because p53 is also known to inhibit STAT3 activityl3, it was
of interest to determine its role in PIAS3-induced STAT3 inhibition. In initial experiments
we examined the effect of PIAS3 on EGF-stimulated STATS3 luciferase activity using A549
and H1299 cells. As shown in Figures 4A and 4B, a 60% reduction in EGF-stimulated
STATS3 transcriptional activity was observed in A549 cells and a 50% reduction in activity
was observed in H1299 cells after PIAS3 transfection, although stimulated STAT3 activity
was much higher in H1299 cells. Control experiments showed that total EGFR expression in
the two cell lines was similar (Figure 4C). Together, these data suggest that in an EGF-
driven model, PIAS3 can inhibit STATS3 transcriptional activity irrespective of p53 status.
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To further investigate the role of p53 status, we examined if knockdown of p53 with sShRNA
would alter the PIAS3 inhibitory effect on STAT3 activity. To this end we utilized two p53
wild type cells, A549 and H1666, and one p53 null cell, H358. As shown in Figure 4D, the
p53 shRNA effectively reduced endogenous p53 expression in both A549 and H1666 cells.
When the same p53 shRNA was used in STAT3 luciferase experiments, we observed that
the negative effect of PIAS3 on STAT3 transcriptional activity is only partially reversed in
the p53 wild-type A549 and H1666 cells (Figure 4E). As expected, this was not observed in
p53 null H358 cells.

Taken together, the above data indicate that the presence of p53 has little effect on the
degree of PIAS3 inhibition of STAT3 luciferase activity. However, to examine the
relationship of PIAS3 and p53 more directly, we determined the effect of PIAS3 transfection
on p53 stability and transcriptional activity. As show in Figure 4F, PIAS3 transfection had
no effect on p53 protein levels or the expression of a downstream transcriptional target of
p53, p21.

Overexpression of PIAS3 up-regulates STAT3-independent, apoptosis promoting genes
CIDEC and DAPK2

Our data show that both PIAS3-induced apoptosis and STAT3 inhibition are p53-
independent. It remains less clear, however, if PIAS3-induced apoptosis occurs exclusively
via a STAT3-dependent mechanism. In order to clarify this, we used microarray analysis of
Ab549 cells to examine changes in apoptotic gene expression profiles induced by
overexpression of PIAS3 versus changes induced by siRNA knockdown of STAT3. PIAS3
overexpression and STAT3 knockdown were confirmed by immunoblotting (Figures 5A and
5B). We were able to achieve a high degree of PIAS3 overexpression in PIAS3 transfected
cells (transfection efficiency 30-40%) and were also able to achieve a significant reduction
in STAT3 with targeted siRNA (>80% knockdown).

We initially analyzed 500 genes annotated as apoptotic genes in the microarray
(supplementary figure). From these 500 genes a group of 18 genes clustered whose
expression was specifically increased by PIAS3 overexpression relative to control and
siRNA knockdown cells (Figure 5C). Among them, we selected two genes for validation by
real-time qPCR, CIDEC and DAPK?2, due to their strong association with apoptosis. CIDEC
is a member of the cell death- inducing DNA fragmentation factor a--like effector (CIDE)
family that was initially identified as a group of pro-apoptotic proteins.1® DAPK2 (death-
associated protein kinase 2) is a member of the serine/threonine protein kinase family whose
overexpression induces cell death,20 and restoration of down-regulated DAPK2 expression
in Hodgkin lymphoma induces apoptosis.?! After PIAS3 transfection, there was a 9-fold
increase in DAPK2 mRNA expression and more than a 6-fold increase in CIDEC mRNA
expression in A549 cells compared to mock controls (Figure 5D). siRNA knockdown of
STAT3 was less effective, confirming the array results. Identical experiments in H1299 cells
produced similar increases in CIDEC mRNA expression, but little change in DAPK2
expression (Figure 5E). Increased DAPK2 protein expression could be detected by western
blotting after PIAS3 transfection in both cell types, however this was less apparent for
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CIDEC expression (Figure 5F). Taken together, these results support our idea that STAT3-
independent pathways likely exist for PIAS3-induced apoptosis.

Discussion

Apoptosis is a tightly regulated process and plays an important role in development,
maintenance of homeostasis, and elimination of damaged cells.?2:23 However, most cancer
cells harbor mutations that allow them to evade apoptosis, such as amplification of Bcl-2 or
the mutation/loss of tumor suppressors such as TP53 and PTEN. Therefore, overcoming this
intrinsic resistance to apoptotic cell death is an important therapeutic goal of many anti-
cancer drugs.

PIAS3 is thought to induce growth inhibition through its ability to inhibit STAT3
transcriptional activity.2® However, given the constitutive activation of STAT3 in a number
of solid tumors, including lung, PIAS3 inhibition of this signal transduction protein also
likely promotes apoptosis.2 Here we show that PIAS3 can induce apoptosis in human lung
carcinoma cells and does so by stimulating mitochondrial depolarization. This leads to
cytochrome c release, apoptosome formation and caspase 3 activation. The mitochondrial
depolarization appears to be triggered by a simultaneous loss of Bcl-xL and increased Noxa
expression. The loss of Bcl-xL expression likely results from PIAS3 inhibition of STAT3
activity, as Bcl-xL is an established transcriptional target of STAT3.2° It is presently unclear
how PIAS3 induces Noxa.

These experimental findings are significant for several reasons. First, PIAS3 induction of
apoptosis was p53 independent. This was shown by the ability of PIAS3 to induce apoptosis
in H1299 cells, which are p53 null, as well as by its inability to upregulate the expression of
several p53 responsive proteins such as Bak, Puma (Figure 3A) and p21 (Figure 4F) in A549
cells, which harbor wild-type p53. PIAS3 also retained its ability to inhibit STAT3 activity
in p53 null cells, even though these cells demonstrated higher basal activity (Figure 4B and
4E). This is likely related to the known negative regulatory effect of p53 on STAT3
transcriptional activity!3 and may explain the greater aggressiveness, as well as worse
prognosis, of lung cancer in patients with p53 abnormalities.2® Because about 49% of
NSCLC tumors are p53 mutant, our results indicate that finding ways to up-regulate PIAS3
may promote apoptosis in both p53 mutant and p53 wild-type tumors. In this regard, it has
recently been shown that curcumin has the ability to increase endogenous PIAS3 levels in
ovarian cancer cells.2” This finding indicates that it may be possible to therapeutically
increase PIAS3 expression with small molecules.

Second, PIAS3-induced apoptosis was associated with increased Noxa expression. Noxa,
unlike many pro-apoptotic BH3-only proteins, demonstrates selective binding to only one
Bcl-2 pro-survival family member, Mcl-1.28 Mcl-1 is critical for survival of many NSCLC
cell lines?® and demonstrates limited expression in NSCLC tumors as well.30 Thus,
increasing PIAS3 expression may not only represent a new strategy to induce apoptosis in
NSCLC, but may also be synergistic with current Bcl-2 directed therapies.3132 For example,
ABT-737 is often ineffective in many lung cancer cells because it has no binding affinity for
Mcl-1, so ‘executioner’ binding partners of Bcl-2 proteins, such as Bax, that are displaced
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by this drug are simply scavenged by Mcl-1, limiting the amount of cell death produced by
ABT-737. Thus, PIAS3-induced increases in Noxa will limit the ability of Mcl-1 to scavage
Bax and thereby free Bax to oligomerize and induce mitochondrial depolarization and
apoptosis. Indeed, we provide proof-of-principal for this synergy in Figure 3B using
ABT-263. Noxa expression can also be increased by the proteasome inhibitor bortezomib
and the HDAC inhibitor vorinostat,33 expanding the number of potential drugs that could
synergize with increased PIAS3.

The effects of PIAS3 on Noxa expression are in addition to its well-known role as an
inhibitor of STATS3 activity, which leads to decreased Bcl-xL expression and apoptosis.
STAT3 has been a target for drug development for years, with little success due to its lack of
intrinsic activity. Other experimental methods for targeting STAT3 have included targeting
upstream tyrosine kinases responsible for STAT3 activation34:35 and a variety of agents for
which their effect on STAT3 is most likely indirect.36:37 Thus targeting PIAS3 represents a
novel strategy to inhibit STAT3 activity. We also investigated the possibility of STAT3-
independent mediators of PIAS3-induced apoptosis in our study, and introduced two
candidate genes with promising specificity for PIAS3, CIDEC and DAPK?2, but these require
further validation.

In summary, our results indicate that PIAS3 strongly suppresses the proliferation of NSCLC
cells by inducing apoptosis via the intrinsic pathway (see Figure 6). Upstream events leading
to apoptosis include decreased STATS3 transcriptional activity with concomitant loss of Bcl-
XL expression, or may involve STAT3-independent mechanisms, such as increased DAPK2
and CIDEC expression. Future studies on the mechanism of PIAS3-induced Noxa
expression may provide insight into novel therapies targeting the Bcl-2 family. We believe
that PIAS3 is a promising candidate around which to build lung cancer strategies because of
its efficacy in p53 mutant cancer cells as well as its potential to synergize with existing
therapeutic modalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty/Impact

PIAS3 inhibits cell growth in several lung cancer cell lines although the exact mechanism
remains unclear. Our results indicate that PIAS3 activates the intrinsic apoptotic pathway
and includes p53- and STAT3-independent mechanisms. We believe this makes PIAS3 a
promising candidate around which to build cancer therapeutic strategies.
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Figure 1. PIAS3 inhibits cell growth and induces apoptosisin non-small cell lung cancer cells
Ab549 and H1299 cells were transfected with PIAS3 or empty plasmid (mock) or not

transfected (control). In both cell lines, a significant decrease in proliferation was seen 24 h
after the transfection by both cell count measurement (A) (p<0.01 for all groups) or MTS
viability assay (B) (p<0.01 for all groups) compared to controls (N=4, data reported as mean
+ SE). (C) Analysis of apoptosis by sub-G1 DNA content using flow cytometry of PIAS3
over-expressing cells. A549 and H1299 cell lines were transfected with empty plasmid or
PIAS3. After 48 h, cells were stained by propidium iodide to analyze DNA content. The
results shown are representative of at least three independent experiments. (D) Analysis of
apoptosis by TUNEL staining in cells 48 h after transfection.
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Figure 2. PIAS3 induces mitochondrial depolarization and apoptosome activation
(A) Flow cytometric analysis of mitochondrial depolarization measured as loss of TMRM

staining 24 h after PIAS3 or mock transfection. Bar graph shows results in A549 and H1299
cells representing the mean + SE of three independent experiments. (B) Representative
experiment showing the TMRM fluorescence intensity of 50,000 events in A549 cells
averaged over three independent experiments. CCCP was the positive control. (C) and (D)
Western blotting for downstream markers of mitochondrial depolarization in A549 and
H1299 cells that were transfected with PIAS3 (P) or empty plasmid (V) or not transfected
(C) for 24 h. Cytochrome c blots (C) used both A549 cytosolic extracts and whole cell
lysates (WCL) for analyses, the blots in (D) all used whole cell lysates of A549 and H1299
cells. (E) Dose-response induction of PIAS3 expression by western blotting in A549P cells.
PIAS3 expression was examined after 24 h incubation of cells with the indicated
concentrations (nM) of AP21967. GAPDH was used as a loading control. (F) Western
blotting for apoptotic markers after 24 h PIAS3 induction. Parental A549 and stably
transfected A549P cells were incubated in the absence (C) or presence of two different
concentrations of rapamycin (100 nm or 200 nm). B-actin was used as a loading control.
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Figure 3. PIAS3 regulates Bcl-xL and Noxa expression
(A) A549 and H1299 cells were transfected with PIAS3 (P) or empty plasmid (V) or not

transfected (C) for 24 h. Protein lysates were analyzed by western blotting for Bcl-2 family
members. Two sets of experiments were used for these studies, each with its own loading
control. (B) Synergy of PIAS3 with ABT-263. A549 cells were transfected with PIAS3 (P)
or mock transfected (C) then incubated for 24 h in the absence or presence of 10 pyM
ABT-263 (A). Protein lysates were western blotted for caspase 9 cleavage.
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Figure 4. PIAS3 inhibits STAT3 activity independent of p53 status
(A) A549 and (B) H1299 cells were transfected with STAT3 luciferase in the absence or

presence of PIAS3. After 48 h, some cells were stimulated with EGF for 15 min after which
lysates were prepared and analyzed. Results were normalized to protein concentration. (C)
Western blot showing endogenous EGFR levels in A549 and H1299 cells. (D) Western blot
of p53 levels. Protein lysates were prepared from A549, H1666 and H358 cells after 48 h
incubation = p53 shRNA lentivirus. (E) Combined effect of PIAS3 and p53 knockdown on
EGF-stimulated STAT3 luciferase activity was done as described in Material and Methods.
Each bar represents mean + SD of three independent biological repeats. (F) Western blotting
showing effects of PIAS3 transfection on p53 and p21 expression after 24 h in A549 cells.
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Figure 5. PIAS3 induces STAT 3-independent apoptotic gene expression
Confirmation of PIAS3 overexpression (A) and STAT3 knockdown with siRNA (B) in

Ab549 cells after 48 h treatment by western blotting. No treatment (Control) and either mock
empty vector transfection (A) or mismatched siRNA (B) were used as experimental controls.
(C) Heat map of microarray data of apoptotic genes from A549 cells treated as described
above. The mRNA signals of hybridization experiments were clustered based on
significance. Green indicates negative values and red indicates positive values. Samples
were clustered using a hierarchical clustering program to show sample-to-sample
relationships (brackets). The full list of genes is in the supplementary figure. (D) and (E)
Validation of DAPK2 and CIDEC mRNA expression by real-time gPCR analysis after 48 h
of indicated treatment in A549 (D) and H1299 (E) cells. Samples were normalized against
B-actin and results expressed as AACT. (F) Western blotting of CIDEC and DAPK2 protein
expression 24 h after PIAS3 transfection.
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Figure 6. Proposed mechanism(s) of PIAS3-induced apoptosisin lung cancer cells
P1AS3 acts through STAT3 dependent and independent pathways to disrupt Bcl-2 protein

family binding equilibrium at the mitochondria (mito) and promote apoptosis. These effects
are p53 independent. Puma is shown as one example of how p53 regulates mitochondrial
apoptotic pathways.
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