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Abstract

Background/Aims: p53 dysfunction is frequently observed in lung cancer. Although restoring
the tumour suppressor function of p53 is recently approved as a putative strategy for combat-
ing cancers, the lack of understanding of the molecular mechanism underlying p53-mediated
lung cancer suppression has limited the application of p53-based therapies in lung cancer.
Methods and Results: Using RNA sequencing, we determined the transcriptional profile of
human non-small cell lung carcinoma A549 cells after treatment with two p53-activating
chemical compounds, nutlin and RITA, which could induce A549 cell cycle arrest and apopto-
sis, respectively. Bioinformatics analysis of genome-wide gene expression data showed that
distinct transcription profiles were induced by nutlin and RITA and 66 pathways were differ-
entially regulated by these two compounds. However, only two of these pathways, 'Adherens
junction' and 'Axon guidance’, were found to be synthetic lethal with p53 re-activation, as
determined via integrated analysis of genome-wide gene expression profile and short hairpin
RNA (shRNA) screening. Further functional protein association analysis of significantly regu-
lated genes associated with these two synthetic lethal pathways indicated that GSK3 played a
key role in p53-mediated A549 cell apoptosis, and then gene function study was performed,
which revealed that GSK3 inhibition promoted p53-mediated A549 cell apoptosis in a p53
post-translational activity-dependent manner. Conclusion: Our findings provide us with new
insights regarding the mechanism by which p53 mediates A549 apoptosis and may cast light
on the development of more efficient p53-based strategies for treating lung cancer.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide, with more than 1.8
million new cases and almost 1.6 million deaths estimated in 2012 [1]. More than one-third
of the above mentioned new diagnoses were made in China [2]. Similar to other types of
cancers, lung cancer is treated primarily with traditional therapies, such as surgery, radiation
therapy, and chemotherapy. However, non-small cell lung cancer (NSCLC) and small cell
lung cancer (SCLC), which represent more than 95% of all lung cancers, are not sensitive to
chemotherapy or are only sensitive to chemotherapy at the early stage [3]. Thus, in addition
to the aforementioned first-line treatments, epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitors (TKIs) are used to treat patients harbouring EGFR mutations or
amplification.

Erlotinib (Tarceva) is currently the only EGFR-targeting agents approved by the FDA for
NSCLC treatment [4]. Another first-generation EGFR TKI, gefitinib, demonstrated significant
survival benefits in phase II trials, but not phase III trials, and therefore remains approved
only for general use in Asia and for patients with tumours harbouring EGFR-activating
mutations in Europe [5]. Moreover, cetuximab, an anti-EGFR mAb that has been approved for
colorectal carcinoma and head-and-neck squamous cell carcinoma, is mentioned in several
NSCLC treatment guidelines [6]. Despite exhibiting response rates greater than 60% and
progression-free survival (PFS) and overall survival (OS) of more than one and two years,
respectively, only 10% of NSCLCs in North America and Western Europe and approximately
30% to 50% of NSCLCs in East Asia harbour EGFR mutations [7]. Thus, identifying new
therapeutic targets for lung cancer treatment is an important and urgent issue.

As lung cancer is associated with the dysregulation of signalling pathways associated
with various cellular processes, such as cell cycle progression, cell proliferation and
apoptosis, and angiogenesis, researchers have expended considerable effort to identify new
agents capable of targeting these pathways as a means of achieving greater therapeutic
benefits [8-10]. However, clinical trials have demonstrated that targeting these pathways
individually exerts limited effects [11], which may be due to the heterogeneous nature of
lung tumours. Additionally, numerous studies have shown that inhibiting a single target or
pathway is an ineffective approach to treating cancer, which has given rise to the idea of
using combinations of agents to target multiple signalling pathways simultaneously in order
to combat lung cancer.

p53 is one of the most important tumour suppressors, as its inactivation is required for
the development of almost all types of cancer [12]. An inactive version of the p53 protein
is expressed in various cancers, which has given rise to the idea of using p53 re-activation
to combat these cancers [13]. Profound in vivo suppression of various types of established
tumours via p53 re-activation, without affecting normal tissues, was demonstrated by
three independent studies in 2006 and 2007, supporting the idea that pharmacological
p53 restoration may be an effective means of treating cancer [14-16]. According to the
National Cancer Institute database, more than 150 clinical trials involving p53 are currently
ongoing [17]. p53 gene therapy has been approved in China [18]. The most common
mechanism underlying p53 dysfunction in human cancers is p53 dysregulation induced by
the amplification of its negative regulators, such as the MDM2 and MDM4 (encoding MDMX)
genes [19]. A recent study determined that the MDM2 309 T > G polymorphism is one of the
most important factors associated with p53 downregulation and poor clinical outcomes in
NSCLC patients; thus, this polymorphism may represent a promising target with respect to
NSCLC treatment at the molecular level [20]. However, a study investigating the antitumour
activities of the small-molecule MDM2 inhibitor RG7388 in lung cancer models observed
only p53 pathway activation and cell proliferation inhibition, but not p53-mediated
apoptosis [21]. It is well known that the biological outcomes of p53 activation vary, as they
range from cell death to cell survival and are thus difficult to predict. To achieve the desired
outcome of p53 activation with respect to lung cancer therapy, it is necessary to understand
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the mechanism underlying p53-mediated lung cancer cell apoptosis to facilitate the efficient
clinical application of p53-based therapies.

In the present study, we treated human NSCLC A549 cells with two well-known p53-
reactivating compounds, nutlin [22] and RITA [23], to elucidate the mechanisms underlying
p53-mediated lung cancer apoptosis. Using integrated analysis of genome-wide short hairpin
RNA (shRNA) screening data in combination with genome-wide gene expression data, we
identified GSK3 as one of the key factors in p53-mediated apoptosis in human lung cancer
cells.

Materials and Methods

Cells and transfection

A549 cells were grown in Dulbecco’s minimum essential medium (Sigma Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal calf serum (Invitrogen, Carlsbad, CA, USA), 10 U/ml penicillin/streptomycin
(Sigma Aldrich) and 2 mM L-glutamine (Sigma Aldrich). The cells were treated for 8 hours for all molecular
biology assays and for 24 hours for all FACS assays unless otherwise indicated. Small interfering RNAs
(siRNA) for GSK3a were purchased from Qiagen (S100288554, Valencia, CA, USA). siRNAs for GSK3(
(42839) and p53 (106141) and a negative-control siRNA (AM4611) were all purchased from Invitrogen.
siRNA transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions.

Reagents

PFT-a, PFT-y, nutlin (Nutlin-3, CAS Number 548472-68-0), lithium chloride and propidium iodide
(PI) were all purchased from Sigma. RITA, SB216763, TWS119 and AR-A014418 were purchased from
Selleckchem (Selleck Chemicals, Houston, TX, USA).

Growth suppression assays

Fluorescence-activated cell sorting (FACS) was performed using a BD FACScan flow cytometer. Analysis
was performed using a FACScan flow cytometer with CellQuest software, version 4.0.2 (BD, Mountain View,
California, USA). Cell cycle assays were performed via FACS with PI staining, as described in [24]. Cell
proliferation assays were performed via FACS with BrdU-PI staining (BrdU, Sigma-Aldrich; FITC-conjugated
anti-BrdU antibody, ab74545, Abcam, MA, USA), according to the manufacturer’s instructions. Apoptosis
assays were performed via FACS with Annexin V-PI staining using an Annexin V-FITC Apoptosis Detection
Kit (ab14085, Abcam) or sub-G1 population detection via PI staining according to the manufacturer’s
instructions.

RT-qPCR

Total RNA was isolated using Trizol (Invitrogen) and reverse-transcribed using a SuperScript III First-
Strand Synthesis Kit (Invitrogen) according to the manufacturer’s instructions. RT-qPCR was performed
using a SYBR PrimeScriptTM Kit (TaKaRa Bio Inc, Tokyo, Japan) on an ABI 7500 Real-Time PCR System (Life
Technologies, Inc., Carlsbad, CA, USA). The primer sequences are presented (for all online suppl. material,
see www.karger.com/doi/000478873) in Table S1.

Protein extraction and Western blotting

Western blotting was performed as described in [25]. Briefly, cells were washed with ice-cold PBS
and soluble proteins were extracted with cell lysis buffer (100 mM Tris-HCl pH=8, 150 mM NacCl, 1% NP-40,
phosphatase and protease inhibitor cocktail tablets (Abcam) according to the manufacturer's protocol).
The protein concentration was determined using the Bio-Rad Bradford assay (Bio-Rad, Hercules, CA) and
BSA standards (Sigma Aldrich). An equal amount of protein was separated by SDS-PAGE. The following
antibodies were used: p53 (DO-1, Santa Cruz, St Jose, CA, USA), GSK3a (EP793Y, Abcam), GSK3 (Y174,
Abcam), p-GSK3 (a/B) (Tyr279/Tyr216) (ab75745, Abcam), p-GSK3« (Ser21) (ab28808, Abcam), p-GSK3f3
(Ser9) (EPR2286Y, Abcam), and B-actin (Sigma Aldrich).

KARGER

1179


http://dx.doi.org/10.1159%2F000478873

Cellular Physiology

and Biochemistry

Luciferase assay

Cells transiently
co-transfected with the
luciferase  reporter
vector (pGL4.77, Promega,
Madison, WI) and empty
plasmid (pGL4.27, Promega)
or the plasmid containing
TCF-LEF  response element
(pGL4.49, Promega) for 24
h using Lipofectamine 2000
(Invitrogen), followed by the
administration of indicated
GSK3 inhibitors for another 24
h. Then the luciferase activity in
total cell lysates was measured
using the Dual-Glo luciferase
reporter assay (Promega), and
data were calculated according
to manufacturer instructions.
Briefly, for each well, the
ratio of firefly luminescence
to Renilla luminescence was
calculated. After that, the ratio
of each experimental
was normalized to the ratio
of background control well.
Then the relative luciferase
activity was determined as the
ratio of normalized ratio of
each inhibitor to that of DMSO
control.

were

Renilla

well

RNA sequencing

Genome-wide A549 cell
gene expression profiling was
performed using RNA deep
sequencing by Annoroad Gene
Technology Co., Ltd (Beijing,
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Table 1. List of top 20 upregulated genes and top 20 downregulated
genes by nutlin treatment in A549 cells

Gene_id

L.og2(fold_change) p_value q_value

XLOC_046673
XLOC_007248
XLOC_010648
XLOC_029164
XLOC_050171
XLOC_037227
XLOC_030648
XLOC_026188
XLOC_028882
XLOC_021825
XLOC_025224
XLOC_042898

XLOC_054823PRKY,RNU6-941P

XLOC_051307
XLOC_000130
XLOC_044379
XLOC_037516
XLOC_038724
XLOC_023179
XLOC_037810

XLOC_017951
XLOC_003859
XLOC_048171
XLOC_044116
XLOC_022791
XLOC_011716
XLOC_040564
XLOC_040801
XLOC_015755
XLOC_004657
XLOC_023706
XLOC_038310
XLOC_030823
XLOC_022133
XLOC_033602
XLOC_045472
XLOC_004121
XLOC_039201
XLOC_020744
XLOC_007142

Gene Locus
Top 20 upregulated genes upon nutlin

AC072052.7 7:6490792-6491098 e}

SYT8 11:1828306-1837521 o)
MUC19 12:40393394-40570832 7.13
TP53I3 2:24076525-24201698 436
LYeD 8:142784879-142812120 4.17
SORCSZ 4:7192537-7742836 4.08
ABCA12 2:214810228-215138428 3.85
CYP4F2 19:15878022-15898120 3.77
INPP5D 2:233059966-233207903 3.67
RNF157-AS1 17:76136332-76240373 3.64
LGALS7B 19:38789210-38791749 3.53
CDKN1A 6:36676459-36687339 3.47
Y:7273971-7381548 3.38
CYSRT1 9:137224634-137226311 3.37
RP3-510D11.2 1:9182006-9202619 3.28
PTCHD4 6:47878027-48068689 3.11
SPATA18 4:52051330-52097292 2.99
RP11-241F15.1  4:49486925-49489551 2.95
GRIN2C 17:74842022-74861504 2.80
RP11-115D19.1  4:89551355-89841978 2.78

Top 20 downregulated genes upon nutlin

PIF1 15:64815631-64825668 -5.44
FAM72C 1:143944178-143971965 -5.37
ESCO2 8:27733310-27838095 -5.22
MDC1 6:30699806-30717889 -5.03
KIF18R 17:44924708-44947711 -5.00
CDCA3 12:6839953-6852066 -5.00
KIF20A 5:138139765-138213343 -4.97
HMMR 5:163460202-163494058 -4.93
DLGAP5 14:55148111-55191678 -4.81
NEKZ 1:211658656-211675630 -4.81
SKA1 18:50374994-50394173 -4.75
NEIL3 4:177309835-177362943 -4.71
HJURP 2:233775678-233854566 -4.68
AURKB 17:8204732-8210600 -4.64
GTSE1 22:46296740-46330810 -4.63
ANLN 7:36324220-36453791 -4.59
IQGAP3 1:156525404-156572604 -4.56
CCNA2 4:121801316-121823933 -4.55
FAMG64A 17:6444414-6556494 -4.55
MKI67 10:128096658-128126385 -4.52

1.45E-036.44E-03
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
3.05E-031.22E-02
5.00E-053.15E-04
5.00E-053.15E-04
3.45E-031.35E-02
5.00E-053.15E-04
5.00C-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
9.40E-033.15E-02
5.00E-053.15E-04
5.00E-053.15E-04

5.00E-053.15E-04
2.30E-039.58E-03
1.50E-048.63E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00E-053.15E-04
5.00C-053.15E-04
5.00E-053.15E-04

China). Library construction was performed following the manufacturer’s instructions provided by Illumina
(San Diego, CA, USA). Samples were sequenced on an [llumina HiSeq 2500 instrument.

High-throughput data analysis

RNA sequencing data were analysed with a web-based tool, Galaxy [26]. Pathway analysis was
performed using DAVID (gene-enrichment analysis using EASE Score, a modified Fisher exact p-value) [27].
Functional protein network analysis was performed using STRING [28].

Genome-wide pooled shRNA screening
We combined publicly available genome-wide pooled short hairpin RNA (shRNA) screening data from
A549 cells transduced with the Systems Biosciences 200K shRNA lentiviral library and subsequently treated
with nutlin [29] with our RNA sequencing data to perform integrated pathway analyses. The experimental
procedure and data processing procedure are described in [24].
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Statistics

The SPSS
package (SPSS for Windows,
Release 13.0 for Windows,
SPSS Inc., Chicago, IL, UAS) was
used for statistical analysis.
Data obtained from several
experiments are reported as
the mean * standard deviation
(SD). The difference between
two groups was determined by
Student's t-test. Analysis of two-
way ANOVA with Bonferroni
was employed for multi-group
comparison. A p value less than
0.05 was considered significant.

software

Results

p53-mediated  A549

cell apoptosis and cell

cycle arrest have dis-

tinct  transcriptional

profiles

We tested the bio-
logical effects of two well-
studied p53 activators, nut-
lin and RITA, in wild-type
p53-expressing human
lung carcinoma A549 cells,
as shown in Fig. 1. The in-
ductions of p53 by nutlin
and RITA were observed by
western blotting (Fig. 1A).
RITA induced A549 cell ap-
optosis (Fig. 1A), but not
cell cycle arrest (Fig. 1A),
while nutlin induced cell
cycle arrest, but not apop-
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Table 2. List of top 20 upregulated genes and top 20 downregulated
genes by RITA treatment in A549 cells

Gene_id

Gene

Locus

Log2(fold_change) p_value q_value

XLOC_016747
XLOC_028570
XLOC_030789
XLOC_049681
XLOC_028007
XLOC_033742

XLOC_054823PRKY,RNU6-941P

XLOC_042056
XLOC_011718
XLOC_026541
XLOC_001692
XLOC_000417
XLOC_034254
XLOC_029164
XLOC_022134
XLOC_045390
XLOC_044872

XLOC_004902
XLOC_052465
XLOC_045947
XLOC_011545
XLOC_045112
XLOC_005448
XLOC_046029
XLOC_046124
XLOC_003617
XLOC_038706
XLOC_017877
XLOC_014936
XL.OC_013004
XLOC_044476
XLOC_048687
XLOC_013183
XLOC_024266
XLOC_034431
XLOC_007506
XLOC_036332

Top 20 upregulated genes upon RITA
XLOC_004888 RP4-597N16.4 1:235104179-235104609
XLOC_013644 WI2-1528010.1 13:114346166-114346637
XLOC_015320 RP11-736N17.4 14:103139674-103141959

RP11-265N6.3
AC005037.1
AC017104.4
AC100823.1

NT5DC4
TXNRD2

FGF1
RNU7-1
EID2B
FCER1G
GPR3
EMC3-AS1
TP5313
LINC00324
HOXA-AS2
CTGF

15:42571926-42572433
2:200844239-200845461
2:231437100-231437421

8:73241423-73259502
2:112721485-112764677
22:19875516-20016808
Y:7273971-7381548
5:142310426-142698070
12:6942977-6946003

19:39530989-39534422

1:161215233-161220699
1:27392643-27395814
3:9958716-10011209
2:24076525-24201698
17:8220641-8224043
7:27106183-27157936
6:131948175-132077393

8§ 8 8 8 8 8

o
7.54
3.72
3.58
3.35
3.34
3.26
3.22
3.15
311
2.99
2.98
2.87
2.77

Top 20 downregulated genes upon RITA

RP4-580N22.2
RP13-297E16.4
AC002451.3
TMEM132B
PARK2
PRKG1
MUC12
FOXP2
DPYD
CORIN
ALDH1A?2
RGS6
GALNT9
LGSN
cPQ
NBEA
ZBTB7C
ITGA9
NAV2
ABI3BP

1:235957878-235971825
X:1732583-1755985
7:95596681-95613719
12:125186835-125662377
6:161347419-163315492
10:50991357-52314128
7:100969622-101018949
7:114086326-114693772
1:97077742-97921049
4:47593997-47838106
15:57953423-58569843
14:71932438-72595125
12:132196371-132329349
6:63275950-63319977
8:96645226-97149654
13:34942286-35673022
18:18026672-18410752
3:37452114-37861780
11:19350723-20121598
3:100749155-100993515

-0
-0

-0

-4.53
-3.89
-3.73
-3.68
-3.30
-3.17
-3.13
-3.11
-3.08
-3.08
-2.99
-2.90
-2.83
-2.79
-2.73
-2.71
-2.68

5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
3.70E-039.27E-03
7.00E-042.06E-03
5.00E-031.22E-02
2.00C-046.53E-04
5.00E-051.79E-04
2.50E-048.02E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
1.50E-045.01E-04
5.00E-051.79E-04

6.45E-031.53E-02
2.05E-035.46E-03
1.75E-034.75E-03
5.00E-051.79E-04
2.00E-046.53E-04
7.00E-042.06E-03
1.15E-033.25E-03
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
1.00F-043.44E-04
4.00E-041.23E-03
5.00E-051.79E-04
5.00E-051.79E-04
5.00E-051.79E-04
1.00E-032.86E-03
5.00E-051.79E-04
5.00E-051.79E-04

tosis (Fig. 1A). The p53-dependence of RITA-induced apoptosis and of nutlin-induced cell
cycle arrest was confirmed by p53 depletion using siRNA (Fig. 1B). Furthermore, we found
that the apoptosis induced by RITA-mediated p53 activation and the cell cycle arrest induced
by nutlin-mediated p53 activation are transcription dependent, as both of these processes
were completely inhibited by PFT-o, a chemical inhibitor of p53 transcriptional activity [30]
(Fig. 1C). Therefore, we used A549 cells treated with RITA or nutlin as a model to identify the
factors affecting p53-mediated A549 apoptosis.

Because the apoptosis and cell cycle arrest induced by p53 activation are transcription
dependent, we analysed the genome-wide gene expression profiles of RITA- or nutlin-treated
A549 cells to compare the p53-mediated pro-apoptotic transcription profile and pro-cell
cycle arrest transcription profile. Using RNA sequencing, we identified 658 upregulated
genes and 797 downregulated genes reflecting the pro-apoptotic function of p53 reactivated
by RITA and 319 upregulated genes and 568 downregulated genes reflecting the pro-cell
cycle arrest effects of p53 reactivated by nutlin using the following criteria: (i) p value < 0.05,
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(ii) q value < 0.05, and (iii) fold change Table 3. List of top 20 SLNs
> 2 (see supplementary material, Table

S2 and S3). The top 20 upregulated

HUGO Gene Symbol Log2 Fold ChangeAdj. p-value p-value p(wZ)

MON1B -40.53 451E-26 1.73E-292.67E-02
genes and top 20 downregulated genes sqsrm1 //csorias  -38.89 3.43E-02 2.65E-031.53E-02
by nutlin or RITA treatment in A549 reszo0 -38.83 1.95E-02 1.22E-031.04E-02
cells were listed in Table 1 and Table LYRM7 -38.01 4.35E-02 3.67E-037.25E-03
2 respectively. Hierarchical clustering POMK -38.00 2.03E-04 3.91E-064.28E-03
analysis involving these differentially '“A'" 3785 LBAE-03 5.97E-052.40E-02

BCL11A -37.68 2.75E-05 3.56E-071.88E-03

expressed genes demonstrated efficient .. o 2766 5 OSE.03 2.57E.043.94F.03
clustering of the biological replicates yywco

-37.31 4.27E-02 3.58E-031.64E-02
of control and RITA- or nutlin-treated poLk 37.04 2.15E-02 1.39E-034.28E-03
cells (Fig. 2A). For validation purposes, TNFaipsL2 -36.88 1.81E-02 1.11E-031.91E-02
the transcription levels of 20 randomly smoci -36.76 2.35E-02 1.57E-033.71E-02
selected differentially expressed genes XPELR3 -36.70 5.35E-07 3.92E-093.28E-03
were determined via RT_qPCR The ORAI3 -36.43 1.;0E-05 1.23E-071.50E-02
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Fig. 1. A549 cells treated with RITA or nutlin was used as experimental model of p53-mediated suppression
of lung cancer. (A) The biological outcomes of RITA and nutlin in A549 cells were determined by assessing
cell cycle, cell proliferation and apoptosis. The induction of p53 in A549 cells upon nutlin or RITA treatment
was assessed by immunoblotting (right panel). -actin was used as loading control. (B) p53 dependence of
the effect of RITA and nutlin was assessed in p53-depleted A549 cells. The depletion of p53 in A549 cells
with siRNA targeting p53 was assessed by immunoblotting (right panel). $-actin was used as loading cont-
rol. (C) The effect of RITA and nutlin was halted by blocking p53 transcriptional activity with PFT-a. Cell cy-
cle was assessed by FACS using Propodium lodide (PI) staining (left panels of A, B, and C), cell proliferation
was assessed by FACS using Brdu-PI double staining (middle panel of A, and C, middle left panel of B), and
apoptosis was assayed by FACS of Annexin V-PI-stained cells (right panel of A, and C, middle right panel of
B) or sub-G1 population detection using PI staining (left panels of A, B, and C). Data are presented as mean
+ SD, n = 3. One-way ANOVA with Bonferroni was employed and a p value less than 0.05 was considered
significant. The values marked without the same superscript differ significantly.
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Fig. 2. Analysis of RNA sequencing data revealed distinct transcriptional profiles by RITA and nutlin in A549
cells. (A) Heatmap representation of the expression profiles of genes significantly changed by RITA or nutlin
in A549 cells. Red indicates promotion and blue indicates repression. Columns indicate arrays and rows
indicate genes. Raw data was normalized within each row. p value < 0.05, g value < 0.05, and Fold change
> 2. (B) The transcriptional level of 20 selected genes was examined by RT-qPCR and compared with RNA-
seq data for validation. Data are presented as mean * SD, n = 3. Student's t-test was employed for com-
parison and a p value less than 0.05 was considered significant. (C) Venn diagram shows the intersection of
genes (upper panel) and pathways (lower panel) significantly changed by RITA or nutlin treatment in A549
cells. p< 0.05. (D) Top 3 pathways significantly enriched by RITA or nutlin upregulated/downregulated ge-
nes. p< 0.05.

which induces cell cycle arrest, were associated with distinct transcriptional profiles. Among
2157 differentially expressed genes, the two treatments had only 71 upregulated genes and 43
downregulated genes in common (Fig. 2C, upper panel). In addition, pathway analysis using
the DAVID tool demonstrated that among the 3 and 17 pathways promoted and repressed
by nutlin (see supplementary material, Table S4) and the 33 and 32 pathways promoted and
repressed by RITA (see supplementary material, Table S5), only the p53 signalling pathway
was commonly regulated by both treatments (Fig. 2C, lower panel). In contrast, 94.71% of
the differentially expressed genes, which were enriched in 66 of the abovementioned 68
significantly altered pathways, were distinctly regulated by RITA or nutlin (Fig. 2C, lower
panel). The top three pathways promoted or repressed by nutlin/RITA were listed in Fig. 2D.

Integrated genome-wide pathway analysis highlights key synthetic lethal nodes
To identify the molecular events responsible for the different biological outcomes
induced by the aforementioned 66 pathways enriched by 2043 out of 2157 differentially
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Fig. 3. Integrated genome-wide pathway analysis highlights key synthetic lethal nodes. (A) Hierarchical
clustering analysis of the shRNA screen data identifies 1294 genes synthetic lethal (SLNs) with nutlin tre-
atment in A549 cells. Yellow indicates low abundance of shRNA and blue reflects high abundance. Rows
indicate shRNAs. Raw data was normalized within each shRNA. p< 0.05, Log, fold change > 1, and p(wZ)
< 0.05. (B) Venn diagram shows the intersection of SLNs, nutlin induced genes and RITA repressed genes.
(C) Combined pathway analysis with genome-wide shRNA screen data and transcription data. Synthetic
lethal pathways enriched by 1294 SLNs after nutlin treatment are presented in the left part of the panel.
The overlap of pathways identified by analysis of the genome-wide shRNA screen data and the RNA-seq
data is shown in the right panel. Pink indicates the pathways enriched by induced genes; blue indicates the
pathways enriched by repressed genes; white indicates the pathways enriched by neither repressed genes
nor induce genes. p< 0.05. (D) Analysis of functional interactions between proteins encoded by the genes
enriched in 'Adherens junction’ and ‘Axon guidance' pathways.

regulated genes acceptable for DAVID tool, we conducted integrated pathway analyses using
our RNA-seq data and publicly available genome-wide shRNA screening data from A549 cells
transduced with the Systems Biosciences 200K shRNA lentiviral library and subsequently
treated with nutlin [29]. We identified 1294 genes that are synthetic lethal with nutlin whose
knockdown could promote the cell killing effect of nutlin (Fig. 3A, and see supplementary
material, Table S6), a few of which overlapped with genes that are significantly upregulated
by nutlin or repressed by RITA (Fig. 3B). The top 20 genes synthetic lethal with nutlin
treatment were listed in Table 3. The abovementioned 1294 genes that are synthetic lethal
with nutlin were significantly enriched in 19 pathways (Fig. 3C), indicating that inhibition
of these pathways is synthetic lethal with nutlin. Among these 19 pathways, two pathways,
‘Adherens junction' and 'Axon guidance', were uniquely enriched by p53-downregulated
genes and upon RITA treatment, but not by p53-upregulated genes or genes altered by nutlin
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treatment, and none of the 19 pathways was uniquely enriched by p53-upregulated genes
upon nutlin treatment. These data indicate the importance of the genes associated with
these two pathways in p53-mediated A549 cell apoptosis induction.

Therefore, we subsequently performed an analysis of the functional connections
among the proteins encoded by the 26 genes enriched in the ‘Adherens junction' and Axon
guidance' pathways upon RITA treatment using STRING software. Twenty-four of 26 genes
had at least two connections, as shown in Fig. 3D. Notably, these 24 genes were centred
on GSK3p, FYN, MET, and SEMA3A, of which only SEMA3A is a known tumour suppresser,
having been identified in many types of tumours, including lung cancer [31-34]. Our genome-
wide screening data showed that knocking down SEMA3A was not synthetic lethal with
p53 activation in A549 cells (Table S6). Thus, SEMA3A was not considered for subsequent
experiments. In contrast, GSK3[ inhibition, FYN inhibition and MET inhibition have been
shown as promising strategies for combating cancer [35-37]. In our study, both FYN
inhibition and MET inhibition were synthetic lethal with p53 activation in A549 cells (Table
S6). Although not synthetic lethal with p53 activation, according to the genomic screening
data, GSK3p is well known to act upstream of FYN kinase [38], and GSK3f inhibition by
either siRNA or chemical inhibitors has been shown to decrease MET activity levels in A549
cells [35]. Moreover, among GSK3f3, FYN and MET, only GSK3f has been shown to bind p53
[39, 40] and to modulate p53-mediated apoptosis [41, 42]. The absence of GSK3f from
the abovementioned list of synthetic lethal nodes may due to the high level of cell death
that results from GSK3f inhibition [35] or to reductions in the levels of both the active and
the inhibitory forms of GSK3f via knockdown [43]. We investigated GSK3f in subsequent
experiments. Overall, our analysis indicated that GSK3{3 may serve as a crucial modulator of
p53-mediated A549 cell apoptosis. We therefore investigated the effects of GSK3f3 on p53-
mediated apoptosis upon nutlin treatment.

Pharmacological modulation of GSK3 promotes p53-induced apoptosis

First, we determined whether GSK3f3 depletion is synthetic lethal with nutlin-mediated
p53 activation using siRNAs targeting GSK3f. Knockdown efficiency was evaluated by
western blotting (Fig. 4A). Although GSK3f knockdown itself induced A549 cell apoptosis
(Fig. 4B), GSK3p depletion had no additive effect on cell viability upon nutlin treatment
(Fig. 4B). Similar results were obtained from GSK3«a, which is 85% homologous to GSK3{3
and exhibits 98% homology in the kinase domains (Fig. 4C and D). Considering the
redundancy between GSK3a and GSK3f, four well-used GSK3 inhibitors, lithium chloride,
SB216763, TWS119 and AR-A014418, were employed in this study. Robust apoptosis
was successfully triggered in nutlin-treated A549 cells by the administrations of three of
the four GSK3 inhibitors which regulated phosphorylation states of GSK3a/f without
affecting GSK3a/[3 protein levels (Fig. 4E and F), indicating the importance of specific post-
translational modifications of GSK3 to the induction of A549 cell apoptosis in response to
nutlin-mediated p53 re-activation. Among these inhibitors, only SB216763, failed to trigger
apoptosis in A549 cells upon nutlin treatment (Fig. 4F). Given that GSK3a/f3 activity can
be regulated by their activating phosphorylation (Tyr279 in GSK3a/Tyr216 in GSK3[3) and
inhibitory phosphorylation (Ser 21 in GSK3a/Ser 9 in GSK3[) [43], the effects of these
GSK3 inhibitors on the phosphorylation state of GSK3a/3 were compared. Western blotting
revealed diverse phosphorylation patterns of GSK3 by these inhibitors (Fig. 4E). Consistent
with the distinct effects of these inhibitors on the apoptosis of A549 cells in combination
with nutlin treatment, comparing with the other three inhibitors, SB216763 is the only
one having no profound inhibition on Tyr216 phosphorylation of GSK3f and induced the
highest repression of Ser 9 phosphorylation of GSK3f in our experimental system (Fig. 4E),
which indicated a potential pivotal role of GSK3f in the robust induction of apoptosis by
these GSK3 inhibitors upon nutlin treatment. Among the three GSK3 inhibitors facilitating
apoptosis in A549 cell upon nutlin treatment, TWS119 and AR-A014418 affected GSK3f3
and had no effect on GSK3a tyrosine phosphorylation. However, both inhibitors reduced not
only the Tyr216 phosphorylation but also the Ser 9 phosphorylation of GSK3f (Fig. 4E),
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transcriptional activity of 3-catenin after exposure to GSK3 inhibitors. Cells were transiently co-transfected
with the Renilla luciferase reporter vector and empty plasmid or the plasmid containing TCF-LEF response
element for 24h, followed by the administration of indicated GSK3 inhibitors for another 24h. Then the
relative luciferase activity was measured and calculated. (H) The depletion of p53 in A549 cells with siRNA
targeting p53 was assessed by immunoblotting. $-actin was used as loading control. (I) p53 dependence of
the effects of Lithium chloride, TWS119 and AR-A014418 was assessed in p53-depleted A549 cells. (]) The
effects of Lithium chloride, TWS119 and AR-A014418 were halted by blocking the post-transcriptional acti-
vity of p53 with PFT-u instead of blocking p53 transcriptional activity with PFT-a. FACS data are presented
as mean * SD, n = 3. One-way (B, D) or two-way ANOVA (F, G, [ and ]J) with Bonferroni was performed for
multi-group comparison and a p value less than 0.05 was considered significant. The values marked without

the same superscript differ significantly.
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which made it hard to determine the effects of these two inhibitors on the activity of GSK3.
The activity of GSK3 can be directly reflected by the transcriptional activity of -catenin,
since GSK3 is a key kinase regulating Wnt signalling pathway through mediating (3-catenin
phosphorylation and subsequent degradation [44]. Therefore, the transcriptional activity
of B-catenin upon the administration of each GSK3 inhibitor was detected using a luciferase
reporter containing eight copies of TCF-LEF response element. Results showed that all these
four inhibitors enhanced the transcriptional activity of 3-catenin, while the transcriptional
activity of B-catenin induced by SB216763 was much lower than that induced by other
inhibitors (Fig. 4G). Given that Wnt signalling has been shown to confer the apoptotic effect
of some GSK3 inhibitor in cancer cells [45], these results indicated that GSK3 inhibition
is synthetic lethal with p53 re-activation, possibly through its effect on the action of Wnt
signalling.

Furthermore, the additive apoptosis by TWS119 and AR-A014418 upon nutlin
treatment was greatly attenuated by either p53-specific siRNA (Fig. 4H and I) or PFT-y, a
chemical inhibitor that halts p53 post-transcriptional activity by blocking p53 translocation
into the mitochondria [46], but not by PFT-a, which inhibits p53 transcriptional activity
by blocking p53 nuclear transport [29] (Fig. 4]), indicating that the pro-apoptotic effect of
TWS119 and AR-A014418 on A549 cells upon nutlin treatment is p53 post-transcriptional
activity-dependent, rather than p53 transcriptional activity-dependent. However, neither
p53-specific siRNA nor p53 inhibitor could totally compromise the additive apoptosis by
lithium chloride, which suppressed both GSK3a and GSK3f (Fig. 4E), upon nutlin treatment
(Fig. 4H and I). This might due to the existence of additional mechanisms of the synthetic
lethal effect of lithium chloride and nutlin.

Discussion

In the present study, we performed integrated genome-wide shRNA screening data
analyses in combination with genome-wide gene expression analyses to elucidate the
molecular mechanisms underlying p53-mediated lung cancer cell apoptosis. We identified
GSK3 as one of the crucial determinants of p53-induced lung cancer cell apoptosis and
demonstrated that the combination of GSK3 modulation and p53 activation induced by their
specific targeting chemical compounds can trigger robust apoptosis in lung cancer cells.

Pharmacological re-activation of p53-mediated tumour suppression is a promising
strategy for combating cancer. Several p53-reactivating compounds, including PRIMA-1,
nutlin, RITA, tenovins and others, have been identified, and some of them are currently being
tested in clinical trials [13]. However, the pleiotropic character of the p53 network makes
it difficult to predict the consequences of p53 activation, which has limited the success of
p53-based therapies. Gaining a better understanding of the mechanisms underlying p53-
mediated apoptosis is urgently needed for the clinical application of p53-based therapies.
To date, four genome-wide loss-of-function screens using pooled siRNA or shRNA libraries,
including ours, have been carried out using human HCT116 colorectal cancer cells, MCF-
7 breast carcinoma cells, and A549 lung carcinoma cells to identify the key factors and
signalling pathways associated with p53-mediated tumour suppression [24, 29, 47, 48].
Genetic screening based on loss-of-function phenotypes could in principle reveal all factors
and signalling pathways affecting the biological outcomes of pharmacological re-activation
of p53. However, it is difficult to determine precisely which of these pathways confer the
tumour suppressor function of p53 in response to specific stimuli. To answer this question,
Sullivan et al. analysed genome-wide shRNA screening data from HCT116 colorectal cancer
cells [29], and we analysed similar data from MCF-7 breast cancer cells [24], in combination
with transcriptomic data. p53 is a promising therapeutic target in lung cancer treatment
due to its frequent malfunction in human lung cancers, which is closely correlated with poor
clinical outcomes in NSCLC patients [20]. Although Sullivan et al. also performed genome-
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wide shRNA screening in A549 lung carcinoma cells, no transcriptomic data from A549
cells treated with p53-reactivating compounds are currently available. Thus we performed
the RNA sequencing on A549 cells treated with p53-reactivating compounds and further
analysed the transcriptomic data combined with genome-wide loss-of-function screening
data, which may be useful to future studies.

Results from the studies, including the one performed by Sullivan et al. in HCT116 cells,
our previous study in MCF-7 cells and present study in A549 cells, showed that most of the
factors that modulate the tumour suppressor function of reactivated p53 are not affected
by p53-reactivating compounds at transcriptional level. Additionally, according to our
genome-wide shRNA screening data, most of the genes that are significantly regulated by
pharmacological p53 re-activation are not synthetic lethal with p53 re-activation in A549
cells. Given that the functions of many of the factors that contribute to p53-mediated tumour
suppression are regulated through control of their protein stability and posttranslational
modifications rather than transcriptional modifications, identifying factors on the basis of
only genome-wide shRNA screening data and gene expression data may not capture all the
important participants in the tumour suppression function of pharmacological re-activation
of p53. Thus, we compared the pathways enriched by the key nodes identified by genome-
wide shRNA screening and the pathways enriched by the genes significantly altered by p53
activation according to the transcriptomic data in our previous study using MCF-7 cells and
in this study using A549 cells. Using this strategy, in our previous study, we successfully
determined that Sp1, which is modified at protein level, but not at transcriptional level, upon
pharmacological p53 re-activation, is a key cofactor indispensable for the initiation of p53-
mediated pro-apoptotic transcriptional repression and for robust apoptosis induction in
both colorectal cancer cells and breast carcinoma cells [24]. In this study, we determined
that GSK3 plays a key role in p53-mediated A549 cell apoptosis.

Surprisingly, this crucial role of GSK3 could only be identified by GSK inhibitors (Fig.
4F) but not by genome-wide shRNA screening (Table S6) or siRNA targeting GSK3a/f3 (Fig.
4B). This may due to the redundancy of the two isoforms or the requirement of the existence
of GSK3 protein for successful induction of apoptosis upon p53 re-activation. Although
GSK3a and GSK3f are 98% homology in the kinase domain and perform similar function in
many biological processes, previous studies on colorectal cancer cells showed that GSK3,
but not GSK3a, binds to p53 and promotes p53-dependent apoptosis [40-42]. Besides, in
our experimental system, the transcription level of GSK3f was differentially regulated by
RITA (induces apoptosis in A549 cells) and nutlin (induces cell cycle arrest in A549 cells),
whereas neither RITA nor nutlin altered the transcription level of GSK3a (Table S2 and S3).
Further, the common difference between SB216763, which could not induce apoptosis in
combination with p53 re-activation, and the other GSK3 inhibitors, which were synthetic
lethal with p53 re-activation, are that SB216763 had less effect on Tyr216 phosphorylation
of GSK3p (Fig. 4E and F) and induced lower level of beta catenin activity (Fig. 4G), compared
with the other inhibitors. All these findings indicated a potential pivotal role of GSK3p,
rather than GSK3q, in the robust induction of apoptosis by these GSK3 inhibitors upon
nutlin treatment. Whereas, this hypothesis was not supported by the finding that lithium
chloride, TWS119 and AR-A014418, which all facilitated apoptosis in combination with
nutlin in A549 cells, exhibited opposite effects on phosphorylation of GSK3f at Ser9 (Fig.
4E). Therefore, it is hard to identify the factor conferring the synthetic lethal effect of GSK3
inhibition and p53 re-activation based on our current findings. Additionally, Wnt signalling
has been shown to be important for the apoptotic effect of some GSK3 inhibitor in cancer
cells [45], since GSK3 is a key kinase repressing Wnt signalling pathway through mediating
[-catenin phosphorylation and subsequent degradation [44]. In present study, we found
that the transcriptional activity of $-catenin induced by SB216763 was much lower than
those induced by other inhibitors, although the transcriptional activity of [3-catenin was
enhanced by all these four inhibitors (Fig. 4G). These results indicate a potential pivotal role
of the activation level of Wnt signalling in the induction of nutlin-mediated apoptosis by
pharmacological inhibition of GSK3. Of cause, this finding cannot rule out the possibility of
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the involvement of specific isoform or post-translational modification of GSK3a/f in p53-
mediated apoptosis upon GSK3 inhibition. Further investigations of the post-translational
modifications of GSK3a/ in combination with point mutation at each site are still needed
to answer this question.

In conclusion, our study indicates that pharmacological modulation of GSK3 promotes
p53-mediated lung cancer cell apoptosis upon nutlin treatment and thus may provide a
guide for new and more efficient strategies for p53-GSK3-based cancer therapies.
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