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Abstract

Lung adenocarcinoma is a major public health problem with the low 5-year survival rate (15%) among cancers.
Aberrant alterations of meiotic genes, which have gained increased attention recently, might contribute to elevated
tumor risks. However, systematic and comprehensive studies based on the relationship between meiotic genes

and LUAD recurrence and treatment response are still lacking. In this manuscript, we first confirmed that the meiosis
related prognostic model (MRPM) was strongly related to LUAD progression via LASSO-Cox regression analyses.
Furthermore, we identified the role of PPP2R1A in LUAD, which showed more contributions to LUAD process
compared with other meiotic genes in our prognostic model. Additionally, repression of PPP2R1A enhances cellular
susceptibility to nelfinavir-induced apoptosis and pyroptosis. Collectively, our findings indicated that meiosis-related
genes might be therapeutic targets in LUAD and provided crucial guidelines for LUAD clinical intervention.

Highlights

- Meiotic genes-related risk score (MRS) is a promising prediction feature with high reliability and accuracy
for LUAD patients.

- PPP2RTAis overexpressed in LUAD and associated with malignancy.

- Nelfinavir inhibited cell viability and yields anti-tumor effects in LUAD cells.

- PPP2R1A silencing sensitizes cancer cells to nelfinavir induced cell apoptosis and pyroptosis.
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Introduction [7]. In recent years, several signaling pathways and

Lung cancer is the leading cause of cancer-related death
worldwide [1, 2]. Lung adenocarcinoma (LUAD) is the
most common histological type of lung cancer, which
accounts for 40% of lung cancer. Due to its late diagnosis,
tumor high heterogeneity and therapy resistance, LUAD
remains a major public health problem with the low
5-year survival rate (15%) among cancers [3]. At present,
large-scale genomic studies of human tumor biopsies
have defined several genetic alterations in the initiation
and progress of LUAD such as TP53, KRAS and EGFR [3,
4]. Combined with drug development and the molecular
characterization, LUAD patients benefit from precision
therapies that targeted EGFR or KRAS. However, the
heterogeneity of the LUAD limits the therapy treatment
and prognosis of each patient precisely. Therefore, how to
guide the selection of effective and sensitive treatment of
LUAD patients remains a great challenge.

Double-strand break (DSB), a serious type of DNA
damage generated by physiological or pathological
means, triggers multiple responses within cells [5,
6]. Once DSB occurs near or at the transcription
site, transcriptional repression was induced by DSB

transcriptional factors were reported to control DSB-
induced transcriptional repression, including ATM
signaling [8] and DNA-PKcs signaling [9]. Cancer
cells possess abnormal DSB repair to promote cell
proliferation, provide survival microenvironment and
increase resistance. It is well known that various cancers
possess alteration of DSB repair genes. Activation of
DSB repair genes is a challenge for chemoresistance and
radio-resistance.

Recent studies have found that aberrant regulation
of meiotic genes in somatic cancers affect homologous
recombination  (HR)-dependent-DNA  repair [10].
HORMADI is one of the most studied meiotic genes
implicated in carcinogenesis and genomic instability
[11]. HORMADI is significantly upregulated in several
cancers, including breast cancer, lung cancer [12], colon
cancer, gastric cancer and melanoma [13, 14], which
contributes to increasing genomic instability and poor
patient prognosis. PRDM9 is also a gene that involved in
meiotic recombination, and was found to be expressed in
various tumors. Intriguingly, the expression of PRDM9
was closely correlated with genomic instability [15, 16].
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DMC1, another meiosis-specific gene, has been reported
to drive cancer cells escape from cell death induced by
radiation and drug. DMCI1 inhibition also contributes
to reduced tumor growth and prolonged survival in vivo
[17-19]. All these investigations have suggested that
the meiotic repair genes provide tumor cells with a
repair mechanism to increase resistance and evade cell
death caused by DNA damage. These observations also
raised our interest for targeting meiotic genes that are
aberrantly expressed in cancer cells.

In the present study, we identified meiosis-related
genes in LUAD and constructed a meiosis related
prognostic model by Cox regression and least absolute
shrinkage and selection operator (LASSO) regression
analyses based on TCGA database, which showed high
accuracy in predicting recurrence and was confirmed
by GSE31210. Furthermore, we identified the role of
PPP2R1A in LUAD, which showed more contributions
to LUAD process compared with other meiotic genes in
our prognostic model. PPP2R1A was shown to promote
cell proliferation and drug-resistance in LUAD cell lines.
Moreover, the interaction between the antiretroviral
drug nelfinavir and PPP2R1A protein was predicted.
Repression of PPP2R1A enhances cellular susceptibility
to nelfinavir treatment. Additionally, nelfinavir combined
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with cisplatin exhibited enhanced efficacy in inducing
cell apoptosis and pyroptosis.

Collectively, these findings indicated that meiosis-
related genes might be therapeutic targets in LUAD
and provided crucial guidelines for LUAD clinical
intervention.

Results

Identification and analysis of meiotic genes in lung
adenocarcinoma

To systematically and comprehensively examine the
predict prognosis role of meiotic genes in LUAD, we
present the application of K-means clustering method
for the classification of LUAD samples from TCGA
database based on the expression of meiosis related
genes. As shown in Fig. 1A, the following two distinct
patterns were the most valid: 170 cases in Clusterl (C1)
and 175 cases in Cluster2 (C2). Next, both the principal
component analysis (PCA) plot and t-distributed
stochastic neighbor embedding (tSNE) plot have proved
the feasibility of grouping (Fig. 1B, C). The Kaplan—Meier
(KM) survival analysis of the overall survival (OS) with
the two subtypes showed significant differences (Fig. 1D).
A protein—protein interaction (PPI) network was also
constructed based on 50 prognostic-related genes
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Fig. 1 50 meiotic genes associated with prognosis of lung adenocarcinoma were identified. A K-means clustering analysis of meiosis related
genes was performed using the expression profile of lung adenocarcinoma in TCGA; heatmap displaying consensus clustering with the robust
classification (k=2). B PCA plot proved the feasibility of grouping. C tSNE plot proved the feasibility of grouping. D Kaplan-Meier curves of OS
between clusters. Log-rank test p values are shown. E A PPl network was constructed based on 50 prognostic-related genes obtained by univariate

regression analysis
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obtained by univariate regression analysis (Fig. 1E). These
50 meiotic genes were considered to play more important
roles in the progression of LUAD. Collectively, these
results demonstrated that meiotic genes play important
roles in LUAD recurrence and progression.

Construction of a meiosis related prognostic model

to predict the overall survival of LUAD patients

To screen the OS-related meiotic genes based on the 50
genes, the multivariate cox regression analysis was used.
As shown in Fig. 2A, 9 meiotic genes were markedly
related to OS based on p-value less than 0.05, including
6 genes (PLK1, HSPA2, PPP2R1A, FANCD2, CCNE2,
SMC4) that showed hazardous factors with hazard ratios
(95% CI) greater than 1, and 3 genes (MEI1l, MSH4,
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ZCWPW1) showed protective roles with hazard ratios
(95% CI) less than 1(Fig. 2A). Correlation heatmap
showed that these genes were correlated with each
other, suggesting that meiotic genes in LUAD are overall
changes (Fig. 2B).

To establish a comprehensive and effective meiosis
related prognostic model (MRPM), we performed
LASSO Cox regression analysis for the OS-related key
meiotic genes. After cross-validation, 7 key meiotic
genes (PPP2R1A, PLK1, SMC4, HSPA2, CCNE2,
MEI1 and MSH4) were identified (Fig. 2C). The
MRPM for prognosis was constructed based on the
following formula: meiotic genes-related risk score
(MRS) =0.4088 * the expression of PPP2R1A +0.2605
* the expression of PLK1+0.1143 * the expression of
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Fig. 2 A meiosis related prognostic model was established in the TCGA-LUAD cohort. A Forest plot showed nine genes associated with OS using
multivariate cox regression analysis. B Correlation heatmap showed correlations between nine genes. C LASSO coefficient profiles of 7 DEGs
Cross-validation revealed an optimum parameter in the LASSO model. D Violin plot showed the expression of seven genes in lung adenocarcinoma
and normal tissues using TCGA-LUAD and GTEX. **** p <0.0001, *** p <0.001, ** p<0.01, * p<0.05
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SMC4+0.1128 * the expression of HSPA2+0.0169
* the expression of CCNE2— 0.1829 * the expression
of MEI1 — 0.2980 * the expression of MSH4. We
then used TCGA-LUAD and GTEX to investigate the
expression of 7 key meiotic genes in LUAD tissues
and normal tissues (Fig. 2D). PPP2R1A, MEI1,
CCNE2, SMC4, PLK1 and HSPA2 were significantly
upregulated in LUAD tissues compared to normal
tissues.

We then calculated the MRS according to this
model and divided the LUAD patients into a high-
MRS subgroup and a low-MRS subgroup. As shown
in Fig. 3A, the OS rate of LUAD patients with low-risk
subgroup was obviously higher than that of the high-
risk subgroup, indicating that higher MRS indicated
a higher probability of recurrence. In addition, we
also used GSE31210 datasets that contains 226 LUAD
samples to test this prediction model. Similarly, the OS
rate of low-risk subgroup in GSE31210 datasets was
obviously higher than that of the high-risk subgroup
(Fig. 3A). PCA, tSNE and UMAP analysis plot were
demonstrated the validation of subgroup both in
TCGA and GSE31210 (Fig. 3B, C, Additional file 1:
Fig. S1A, B). Patients with high-risk score showed
worse survival compared with patients with low-risk
score both in TCGA and GSE31210 database (Fig. 3D).
Besides, we explored the relationship among the risk
score, clinical features (gender, smoking history and
pathologic stage) and the expression levels of the seven
key meiotic genes in TCGA and GSE31210 database.
The heatmap plot of Fig. 3E showed that the expression
of PPP2R1A, PLKland SMC4 were upregulated in
the high-risk subgroup both in TCGA and GSE31210
database, while the expression of MEI1 and MSH4
were downregulated in the high-risk subgroup. Next,
we constructed a prediction model and visualized the
model by nomogram (Fig. 3F). Both calibration plot
and ROC curve analysis showed that the monogram
model have great value for OS in TCGA and GSE31210
(Fig. 3G, H).

In summary, these findings demonstrated that the
MRS may be a promising prediction feature with high
reliability and accuracy for LUAD patients.

(See figure on next page.)
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Evaluating the characteristics of different meiotic
genes-related risk score (MRS) subgroups

To investigate the relationship between Cluster and risk
score, box plot showed that Cluster 2 has a high-risk score
compared with Cluster 1 (Fig. 4A). To systematically
and comprehensively examine the difference at the gene
level in LUAD TCGA database between the high-risk
subgroup and the low-risk subgroup, we screened for
differentially expressed genes (DEGs). Comparing the
high-risk group to the low-risk group, 470 DEGs were
upregulated and 1029 DEGs were downregulated in the
TCGA cohort on the basis of p<0.05 and |Fold change|
>1.2 (Fig. 4B). Gene set variation analysis (GSVA) was
carried out to predict the gene set changes between the
high- and low-risk groups in the LUAD TCGA cohort.
The results revealed that the gene sets of the high-risk
samples were gathered in pathways related to mitotic
spindle, myc targets, G2M checkpoint, DNA repaire, UV
response and mtorcl signaling, while the low-risk group
were enriched in fatty acid metabolism, myogenesis
and bile acid metabolism, suggesting that there was a
significant difference in tumor growth, metabolism,
metastasis and therapy response (Fig. 4C). Moreover, the
heatmap also showed a significant difference between
the high and low risk groups using C2 reactome gene
sets by GSVA (Fig. 4D). These results indicated that
the subgroups had different microenvironments and
response.

Nelfinavir inhibited cell viability and yields anti-tumor
effects in LUAD cells

Considering PPP2R1A revealed the greatest contribution
to the MRS model, we next explored the expression
and role of PPP2R1A in LUAD. Kaplan—Meier Plotter
showed that high mRNA expression of PPP2R1A was
closely correlated with poor survival of LUAD patients
(Fig. 5A). We employed multiplex immunohistochemical
(mIHC) and RT-qPCR to explore the protein and mRNA
expression of PPP2R1A among tumor and adjacent
tissues of LUAD patients (Fig. 5B, C). We found that
PPP2R1A was highly expressed in adenocarcinoma
tissues compared with adjacent tissues (Fig. 5B, C). These
results were consistent with the data obtained from the
TCGA database (Fig. 2D). Consistently, these results

Fig. 3 Evaluation of the meiosis related prognosis model in TCGA-LUAD and GSE31210. A Survival status and risk scores in TCGA and GSE31210.
B PCA analysis of grouped samples in TCGA and GSE31210. C tSNE analysis of grouped samples in TCGA and GSE31210. D The KM curve showed
longer OS in the low-risk group whether it was TCGA or GSE31210. E Unsupervised clustering of the 7 candidate genes using the tumor stage,
smoking history, gender and risk score as patient annotations in TCGA and GSE31210. F Nomogram based on the 7 meiosis related genes
quantitatively predicted the survival of patients with LUAD in TCGA and GSE31210. G Calibration plot for internal validation of the nomogram

in TCGA and GSE31210. H AUC values of time-dependent ROC curves verified the predictive accuracy of the risk score in TCGA and GSE31210



Liu et al. Cancer Cell International

TCGA-LUAD (n=345)

(2024) 24:145

GSE31210 (n=226)

Page 6 of 13

10 8
294 B4
4 o -1
Z 8 risk score: 26+ risk score:
= =
Zq4 Low % 5. ®Low
o @ High &° @ High
time(days): 4 time(days):
Alive —~ 3,000
@ Dead 2
< 2,000
1
E 1,000
B TCGA GSE31210 TCGA
020 5 A Group v Group w risk score
A High 02071 ¥ Low L
015 ¥iow | v "
R 015 - "' v & A High Z0s
g 0107 3‘5 010 """"'*V v & 2
b X v A2 'é
- -
X o0 S 005 % yv‘W ¥ ‘:'v It 5%
=4 g 'l % x g -,
2 0004 o 0004 }c ' 203+ e~
o a J A Agd 3 ~ -
a X @
e -005 o 7 ¥ Gk p=1.7e13
e ‘v“ Ada s 001 HR=3.33,95C1%(2.37.4.67)
-0.104 1 suh
gy INumber at risk
-0.15+ A Lpse 32 3 2 1
~0.154 A
P A ST SR L L T A T R TR T T T T T T T T T Hl89 L] 1 1 1
-0.14 -0.10 -006 -0.02 002 006 010 014 -0.15 -0.10 -005 000 005 010 015 020 025 H 1812 3824 sa% 726
PCA1(31.11%) PCA1(28.98%) time(days)
c TCGA . GSE31210 GSE31210
124 A v, 8 > Group isk score]
104 » ., v Yv A High 4 v A VL i L1
8 ) PP A ‘2' ¥ Low 1 VL ‘e o L
L ‘L e WA vag'%y v, A High 2,
6 A, AV'A ad v i Zos e,
L AR LTt A TR Y Y L 2 R
~ 4 a 4 Ay o YAy wiy ¥ 8
w YW la s ‘AAA“Av v 2], YA SV Y VIV A 2054
g o] P Tt A £ u, KRR LTS 3
2} a AA v Z04 , aav 7 A
T e e Sy g | i ae s Tt s 20
~“4 . v!, v v v Y 244" A A LAA Yevy L 3
w WaA vy Ta & PRy -
-6 L A w v A “}w i® pe0.01
ol Wy !Vv v A:" - ki ““ 4 " ¥y 00 HR=2.31,95CI%(1.19,4.48)
v v
~104 v gy i"" B b4 . X A AaTyy 7 INumber at risk
124 ‘ﬁ b g - Lpss 133 50 8 1
TR T N NI o M N S S
tSNE_1 o
tSNE_1 - time(days)
TCGA
E F o 10 » 3 o o w » » » 10
okiny age
R g 2 0 7
. “.'.k., 5 5 35 60 65 70 75 50 83 %0
PPP2RIA >~
smoking ¥
HSPA2 )
pathologic stage @ ———@——Sud 1Y
MEN i
rikscore 1 - v f :
[P : H X H ) o
106! pabas o 1] 20 0 w0 0 “ o 0 - 100 o 20 e 1
SMC4 No Lincar Predictor
15 2 s 1 a5 5 o T ) T ) 3
g"m'"s sage: Probability of 365
PLK1 Stage | i a%s @5 0ks 01 073 07T0kSGs0Ss 0us 03 03 ols
Stage ll Probabilicy of 1095 ) 0 0xs 75 0706506055 045 035 025 01501 008
congz @ SugelliaIv Probability of 1825 -
- s 085 08 075 0706506055 045 035 025 01501 005
GSE31210 GSE31210
ek 2 10 2 0 w « “ » = " 10
- 30 35 “0 a5 S0 5 o o » b =
pender "8,
risk score: smoking @———=
®ow b
High ologic stage @
gender: pechece o
el ik score e —
5 i o H 58 H o 7 T
Shiokiag; Totl polats . £ ) 1) ) o i) 1 "o o £ ™
ox Lincar Predictor r % T p T T T - T ~ ]
Elholngw stage: Probability of 365 N R TR
el Probability of 1095
o5 U3 Ok 08 075 07 045 06033 0504sesnIs0D0ls
Probability of 1825
ofs @5 Gk 68 075 07 DA 06055 050450403503055 62 015 01
G GSE31210 H TCGA - GSE31210
z z
3 g 08 0.8
£ £
k] g 3
E E = 0.64
H] H] Z
§ g
% 3 204
g g 02 Time:AUC(95%C1) 02 Time:AUC(95%C]
=365:0.790.86-0.72) 5:0.89%(0.99-0.78]
——1095:0.8((0.86-0.74) 1095:081(0.91-0.71),
” = 1825:0.77(0.85-0.68) £ ——1825:0.73(0.83-0.62)
T v T T T T T X T
00 02 04 06 08 10 04 05 06 07 08 09 10 0.0 02 0.4 0.6 08 1.0 0.0 02 04 0.6 08 1.0
Nomogram predicted survival probability Nomogram predicted survival probability 1-Specificities

Fig. 3 (Seelegend on previous page.)

1-Specificities



Liu et al. Cancer Cell International (2024) 24:145

A
11 e
Cluster
o ®ci
[ .
C2
104 o
g 97
—<
2 o
74 e
6 T
Cluster
C

FATTY_ACID_METABOLISM
MYOGENESIS
BILE_ACID_METABOLISM
HEDGEHOG_SIGNALING
ADIPOGENESIS

UNFOLDED_PROTEIN_RESPONSE [ ]
apoptosis [ ]
E2F TARGETS [ ]
ESTROGEN_RESPONSE_LATE [T ]
MTORCI_SIGNALING [ ]
o UVRESPONSE UP [ ]
H u SPERMATOGENESIS [ ]
T —
GaM_CHECKPOINT [T 1]
MYCTARGETS V2 [ ]
MYC_TARGETS V1 [

MITOTIC_SPINDLE |

-1.0 05 0.0 05
log FC

Page 7 of 13

Regulated
V¥ Down-regulated 1029
A Up-regulated 470

T T - T T T T T T
5-10-05 00 05 10 15 20 25
log2(FoldChange)

T T
=25 20 -

I D
LS >
=
" 2
e Rt
E‘v !

Risk Score:
® uieh
. Low

Fig. 4 I|dentification of biological pathways associated with the risk of meiosis related prognosis model. A Boxplot showed the relationship
between consistent clustering and risk score. B Volcano plot depicted DEGs in the high- and low-risk groups in the TCGA cohort (including 470
upregulated and 1029 downregulated genes). C Histogram showed pathway differences between high and low risk groups using hallmark gene
sets by GSVA. D Heatmap showed pathway differences between high and low risk groups using C2 reactome gene sets by GSVA. GSVA: Gene Set

Variation Analysis

revealed that PPP2R1A is overexpressed in LUAD and
associated with malignancy.

Using CMap, we identified the two chemicals—
nelfinavir and velnacrine that might inhibit the effects
of PPP2R1A and were correlated to reverse the risk
score of LUAD patients (Additional file 1: Fig. S2A). To
further investigate the effects of nelfinavir and velnacrine
in LUAD, we treated BEAS-2B, A549 and PC9 cells with
a series of concentration of nelfinavir and velnacrine in
different timepoints. As shown in Fig. 5D, E, nelfinavir
and velnacrine inhibited the viability of LUAD cells
in a dose- and time- dependent manner. Even at a
concentration as low as 10 umol, nelfinavir significantly
inhibited the proliferation of both A549 and PC9 cells.
Velnacrine inhibited BEAS-2B, A549 and PC9 cell
proliferation in a higher dose even at 100 pmol which
limits the clinical use of velnacrine (Fig. 5E). BEAS-2B

exhibits more tolerance to nelfinavir and velnacrine
treatment compared with A549 and PC9 (Fig. 5D,
E). Hence, we use nelfinavir for further investigation.
CCK8 assay indicated that the combination of nelfinavir
and cisplatin, a clinical chemotherapy drug for lung
cancer therapy, suppressed cell proliferation more
significantly than nelfinavir or cisplatin alone in cancer
cells (Fig. 5F G). These results demonstrated that a
combination treatment of nelfinavir and cisplatin has a
significant anti-tumor effect on cancer cells.

To investigate the type of cell death that occurred,
multiple inhibitors of common cell death pathways,
including apoptosis, pyroptosis, necroptosis, ferroptosis
and autophagy, were used to rescue the cell death
induced by nelfinavir treatment. Notably, the apoptosis
inhibitor ~Z-VAD-FMK and pyroptosis inhibitor
2-Bromohexadecanoic acid (2-BP) reversed the reduced



Liu et al. Cancer Cell International

Percent survival

Relative mRNA level

-

Relative Cell Viability

3
3

g

B

PPP2R1A -
c

@

- High(n=581) 8

—— Low(n=580) 2

.

o

5

=

T T T 1
100 150 200 250

Time (months)

D
g BEAS-2B-Nelfinavir s
£ 10 s
H e
5 s H
3 2
E 60 2
£ 2 i
2 3
2 o0 &
s o 24 48 72 %3
NC(7) Tumor(7) Time after culture (hours)
E g BEAS-2B-Velnacrine

‘i’ 100

§ 80

2

3

I

£ w

g

2 2

5 o

3 o 2 48 72 %

(% of Control)

Cell apoptosis (%)

-
=]
S

Time after culture (hours)

(2024) 24:145

Page 8 of 13

/A549-Nelfinavir

PC9-Nelfinavir

-5
- 10
-~ 20
- 40
- 60

100
80
60
40
20
o % 48 12 %

Cell proliferation inhibition rate(%)

Time after culture (hours)

A549-Velnacrine

0 2 48 72 9

Time after culture (hours)

DMSO

Cell proliferation inhibition rate(%)

100 s
80-
0.
40
20
o m @ 12 %

Time after culture (hours)

PC9-Velnacrine

g
100-
E - 25
5 w0 - 50
i - 100
£ o -
< — = 200
2 40 ~+ 300
E
2 2
H
= 0
3
3
Time after culture (hours)
Ne (10uM)

Cell proliferation inhibition rate(%)

AFkk
Fkk

Ne CisNe+Cis

A549

Cis (10uM)

Cell proliferation inhibition rate(%)

Ne CisNe+Cis
PC9

Ne (10uM) +Cis (10uM)

Q2
230 .

a1
059

at

Jos1

Comp-PE-A

Q3 10§

Comp-PE-A

Q2
183

Comp-PE-A

Q2

a1
PEX 525

Q3
C NN NS 41 72 747
Selelelelet Feletetele® i R = e 0 e i P PR
[\ b\“y\ INIAS [N IPNRNGING 10 o 10° 10° 10° 10 ° 10 0 10°
& 1’;\" &, ‘\oo ,L,@ & 1’7\" . ‘x°° ,“,0 Como-FTC-A Como-FITC-A
Vehicle Nelfinavir(20uM)
PC9
PC9
¢ NE (M) - 15 30
RIPK1 |
# Necroptosis - -
— MLKL | —
##
100 —— I Early stage
*okk Y Siog) D —— ——
- I Late stage GSDME
- 1 Pyroptosis S e a—
60:
= | -
1 —
40 T Autophagy Lc3m
20

DMSO NE Cis NE+Cis
PC9

Ferroptosis

c-Cc3
Apoptosis

GAPDH

e

Fig. 5 Nelfinavir inhibited cell viability and yields anti-tumor effects in LUAD cells. A Kaplan—Meier plotter showed the survival of LUAD patients
in high expression group and low expression group of PPP2R1A. B mIHC showed the level of PPP2R1A in adjacent tissues and tumor tissues

of LUAD patients (n=5). C RT-qPCR was used to detect the mRNA level of PPP2R1A. D CCK8 assay measured the viability of BEAS-2B, A549
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Liu et al. Cancer Cell International (2024) 24:145

cell viability induced by nelfinavir treatment, but this
finding was not obtained with the necroptosis inhibitor
necrostatin-1, the autophagy inhibitor 3-methyladenine
or the ferroptosis inhibitor ferrostatin-1 (Fig. 5H). To
determine whether the cell proliferation inhibition
induced by nelfinavir was associated with cell apoptosis,
PC9 cells were treated with nelfinavir (10 pmol) and
cisplatin (10 umol) alone or in combination for 24 h and
were subsequently analyzed via flow cytometry with
Annexin V-FITC/PL Significantly, nelfinavir combination
with cisplatin increased cell death compared with
nelfinavir/cisplatin alone (Fig. 5I-J). Combination
treatment caused obvious cell death in late-stage, which
could be associated with other cell death pathways
(Fig. 5J). Next, we detected apoptosis, ferroptosis,
autophagy, pyroptosis and necroptosis related protein
through western blot. Interestingly, we found markedly
increased cleaved forms of Caspase-3 and GSDME in
PC9 cells treated with nelfinavir (Fig. 5K), but no obvious
effect on necroptosis related protein RIPK1 and MLKL,
autophagy related protein LC3-1/1I or ferroptosis protein
SLC7A11 and TERC. Collectively, these data indicated
that apoptosis and pyroptosis were induced by nelfinavir
in LUAD cells.

PPP2R1A regulates the drug resistance of LUAD cells

To further examine whether PPP2R1A drives tumor
formation and drug resistance, we performed PPP2R1A-
overexpression and PPP2R1A-knockdown experiments
using lentiviral-based overexpression and knockdown
approaches. Western blot analysis and RT-qPCR
showed successful establishment of knockdown
clones derived from PC9 cells which show a higher
expression of PPP2R1A (Fig. 6A—C) and overexpression
clones derived from A549 cells which show a lower
expression of PPP2R1A (Fig. 6D, E). Interestingly, the
overexpression of PPP2R1A decreased the effects of
nelfinavir and velnacrine-induced cell death (Fig. 6F).
In addition, knockdown of PPP2R1A sensitizes PC9
cells to nelfinavir and velnacrine treatment (Fig. 6G).
Consistently, flow cytometry revealed that knockdown
of PPP2R1A enhanced cell sensitivity to the treatment

(See figure on next page.)
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of nelfinavir and attenuated cell apoptosis (Fig. 6H,
I). Nelfinavir treatment resulted in the cleavage of
GSDME and Caspase3 (Fig. 6K). Next, LDH release
was detected in knockdown PPP2R1A cell lines treated
with/without nelfinavir. Significantly, knockdown of
PPP2R1A promotes nelfinavir -induced LDH release
(Fig. 6]). Moreover, the inhibition of PPP2R1A was found
to enhance the cleavage of GSDME and Caspase3 in
response to nelfinavir treatment (Fig. 6K). These results
suggested that knockdown of PPP2R1A sensitizes cancer
cells to nelfinavir treatment and contributes to nelfinavir
induced cell apoptosis and pyroptosis.

Discussion

Aberrant regulation of meiotic genes, closely associated
with meiotic recombination, contributes to genome
instability and ultimately leads to carcinogenesis [20].
Accompanied by aberrant alteration of meiotic genes,
meijotic recombination exerts a profound influence
on gene expression, tumor evolution [4, 21, 22] and
therapy tolerance [23, 24]. Hence, we constructed a
comprehensive and effective meiosis related prognostic
model based on LASSO Cox regression analysis for
the OS-related key meiotic genes to provide clinical
prognostic information and diagnosis and treatment
guidelines for LUAD patients.

In this study, we initially identified and analyzed meiotic
related DEGs in TCGA database, and subsequently
constructed a meiosis related prognostic model. Based
on these findings, LUAD patients were divided into
high-risk and low-risk subgroups. Notably, patients with
higher had shorter survival time both in TCGA and
GSE31210 database (Fig. 6D). Furthermore, we analyzed
the relationship among the risk score, gender, smoking
history, pathologic stage and the expression of the seven
key meiotic DEGs. Consistently, PPP2R1A revealed
higher expression in the high-risk group both in TCGA
and GSE31210 database.

PPP2R1A emerged as the predominant factor in this
model, suggesting its potential important role in LUAD
progression. PPP2R1A, a well-characterized scaffold
subunit of the PP2A complex [25], has been reported to

Fig. 6 Knockdown PPP2R1A sensitizes cancer cells to nelfinavir treatment. A Expression of PPP2RTA in normal lung epithelial cells (BEAS-2B)

and lung adenocarcinoma cells (A549, PC9, SPCA1 and H1299). B, C Protein (B) and mRNA (C) level of PPP2R1A were determined in PC9 knockdown
PPP2R1A cell lines. D, E Protein (D) and mRNA (E) level of PPP2R1A were determined in A549 overexpressing PPP2R1A cell lines. F CCK8 assay
measured the cell viability of A549 overexpressing PPP2R1A cell lines under the treatment of nelfinavir (20 umol), cisplatin (20 pmol) or velnacrine
(200 pmol) for 24 h. G CCK8 assay measured the cell viability of PC9 knockdown PPP2R1A cell lines under the treatment of nelfinavir (20 umol),
cisplatin (20 umol) or velnacrine (200 umol) for 24 h. H PC9 knockdown PPP2R1TA cell lines under the treatment of nelfinavir (10 umol) for 24 h.
Apoptosis was detected by Annexin V-FITC/PI staining. | Percentages of early-stage and late-stage apoptotic cells among the three groups. J LDH
release of PC9 knockdown PPP2R1A cell lines under the treatment of nelfinavir (10 umol, 20 pmol) for 24 h. K Western blot detected apoptosis

and pyroptosis-related protein in knockdown PPP2R1A cell lines
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decrease the cytotoxicity of chemoradiation treatment
in pancreatic cancer via activating HRR and inhibiting
CDC25/and CDK1 [26]. Additionally, PPP2R1A was
identified as a migration regulator recently depends
on its interaction with NHSL1-containing WAVE Shell
Complex [25]. PPP2R1A also exerts crucial functions
in mammalian brain development and function.
Its dysfunction is one of the main reasons leads to
neurodevelopmental disorder [27]. These observations
underscore the multifaceted involvement of PPP2R1A
across various cancers and neurodegenerative disease. In
light of these insights, we initially focused on PPP2R1A,
and found that PPP2R1A was significantly upregulated
in LUAD tumor tissues through both TCGA database
and clinical samples. Importantly, patients exhibiting
high levels of PPP2R1A expression displayed shorter
overall survival compared to those with low-expression
counterparts.

cMAP analysis is a valuable resource for identifying
relationships between diseases, genes, and chemicals.
The correlation between genes and 2837 chemicals in 9
tumor cell lines was determined using cMAP. Notably,
Nelfinavir and Velnacrine exhibited significant effects on
the risk model and PPP2R1A, suggesting their potential
contribution to lung cancer treatment. Nelfinavir, an
orally administered protease inhibitor [27], has been
found to show anti-cancer effects through various paths
such as cell cycle regulation, apoptosis, autophagy,
oxidative stress and the tumor microenvironment
[27-30]. Clinical trials have also demonstrated that
nelfinavir combined with radiation therapy is well
tolerated and exerts clinical improvements in non-
small cell lung cancer, pancreatic cancer and advanced
rectal cancer [30-32]. Our study further elucidated
that nelfinavir causes caspase-dependent apoptosis and
GSDME-dependent pyroptosis. Moreover, combination
treatment of nelfinavir with cisplatin synergistically
inhibits growth and enhances cell death in lung cancer
cells. Additionally, our results indicate that knockdown
of PPP2R1A enhances nelfinavir-induced cell death while
overexpression of PPP2R1A confers protection against
chemical damage. Collectively, our findings provide
novel insights into the mechanism underlying nelfinavir-
induced cancer cell death and validate PPP2R1A as a
promising therapeutic target for LUAD.

Materials and methods

Cell culture, plasmids and shRNAs

Human lung cancer cell line A549 (ATCC: CCL-185")
was obtained from ATCC. PC9 cell line was kindly
provided by Professor S.W. Tsao, University of Hong
Kong, Pokfulam, Hong Kong. 293T cells were maintained
in DMEM (Gibco); other cells were maintained in RPMI
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1640 (Gibco). All media was supplemented with 10%
(V/V) EBS. All cell lines were cultured under 37 °C with
5% CO.,.

PPP2R1A overexpressing plasmid was obtained from
Geneppl. Lentiviral shRNA clones targeting Human
PPP2R1A (#1 ACCAGGATGTGGACGTCAAAT; #2
CTCATAGACGAACTCCGCAAT; #3 TTGCCAATG
TCCGCTTCAATG; #4 GTITCTTTGATGAGAAACT
TAA) and the nontargeting control construct were
purchased from Clontech (NO. 632177). Lentiviral
particles were produced in 293T cells. A549 and PC9 cell
lines that were transfected and selected with puromycin
at a concentration of 2 ug/ml.

CCK8 assay and flow cytometry
Exponentially growing cell lines were digested and seeded
into 96-well plates with 1 x 10* cells/well. After treatment
with different concentrations of nelfinavir (Targetmol,
T7779), velnacrine (Targetmol, T35045) and cisplatin
(Targetmol, T1564) in different times points, cell viability
was detected by SuperKine™ Maximum Sensitivity Cell
Counting Kit-8 (CCK-8) (Abbkine, Cat#BMU106-CN).
The 50% inhibitory concentration (IC50) of drug
was calculated with the method of “log(inhibitor) vs.
normalized response- Variable slope” using GraphPad
Prism 8.0

Apoptosis were detected with the Annexin V-FITC/PI
Apoptosis Detection Kit (Yeasen, NO. 40302), performed
according to the manufacturer’s instructions. Cells were
analyzed by flow cytometry (Fortessa, BD Biosciences).

Quantitative real-time PCR assay

We executed qRT-PCR assay according to the methods
described previously [33]. In brief, we extracted total
RNA from samples using RNAfast 200 Kit (Fastagen,
China, No. 220010). cDNA was synthesized by RNA
(1 pg) using a TransScript® All-in-One First-Strand
c¢cDNA Synthesis SuperMix for qPCR (One-Step
gDNA Removal) Kit (Transgen, China, No. AT341).
Amplification and semiquantification of transcripts were
performed using the SYBR Green mix (Biomake) and
specific primers on a 7500 Fast Real Time PCR System
(Applied Biosystems, Life Technologies). The primers
sequences were as follows: PPP2R1A (F: ACCGCATGA
CTACGCTCTTCTG, R: TTGAAGCGGACATTGGCA
ACCQG).

Western blot and antibody

Details of these procedures have been previously
described [33, 34]. The following antibodies were used:
PPP2R1A (Proteintech, 15882-1-AP, 1:1000), Flag
(Proteintech, 66008-4-Ig, 1:1000), GAPDH (Sangon
Biotech, D190090, 1:1000), MLKL (Cell signaling
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technology, 37333, 1:1000), GSDME (Abcam, ab21591,
1:1000), PARP1 (Sangon Biotech, D161071, 1:1000),
Caspase 3 (Cell signaling technology, 9662, 1:1000),
Caspase 8 (Cell signaling technology, 4927, 1:1000),
cleaved-Caspase-3 (Cell signaling technology, 9661,
1:1000).

Data acquisition and analysis
Data of LUAD samples from TCGA and GSE31210
were acquired for subsequent analyses after excluding
patients with incomplete clinical information [35]. GO
analysis and GSVA analysis were performed on DEGs
by R package “cluster Profiler” in this study [35].
Multivariate cox regression was used to screen
meiosis-related genes. These genes were identified by
LASSO analysis and consensus clustering divided the
cohort into two groups [35]. The risk score for each
patient was calculated as follows: risk score =sum (each
candidate gene expressionX corresponding LASSO
regression coefficient).

Statistical analyses

Results are shown as the mean + SEM or SD. Significant
differences between two groups were analyzed by
unpaired Student’s t-test (two-tailed) if data were
normally distributed; otherwise, data were analyzed
by Kolmogorov—Smirnov test. All statistical analyses
were performed using Prism 8.0 GraphPad software. A
p-value < 0.05 was considered statistically significant.
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