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LncRNA RP3-326113.1 promotes cisplatin resistance in lung adenocarcinoma by
binding to HSP90B and upregulating MMP13
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ABSTRACT
Cisplatin (DDP) resistance has become the major obstacle in the therapy of malignant tumors,
including lung adenocarcinoma (LAD). Long non-coding RNAs (IncRNAs) were confirmed to be
related to DDP-resistance. Studies have shown that RP3-326113.1 (also known as PINCR) could
promote the progression of colorectal cancer, and RP3-326113.1 knockdown could induce hyper-
sensitivity to chemotherapy drugs. While the function of RP3-326113.1 in LAD is unclear, therefore,
this study aimed to research the biological function and related molecular mechanisms of RP3-
326113.1 in DDP-resistance of LAD. QPCR analysis found that RP3-326113.1 was highly expressed in
A549/DDP cells and LAD tissues. Cytological assays found that RP3-326113.1 pro-moted the
proliferation, migration, invasion, and DDP-resistance of LAD cell lines. Moreover, knock-down
of RP3-326113.1 could induce G1 phase arrest. Nude mouse xenograft assay confirmed that RP3-
326113.1 could promote tumor growth and DDP-resistance in vivo. Mechanically, RNA pull-down
and mass spectrometry analysis indicated that heat shock protein HSP 90-beta (HSP90B) could be
combined with RP3-326113.1. HSP90B knockdown inhibited the effect of RP3-326113.1 on prolif-
eration, invasion, and promoted LAD cell lines apoptosis. Transcriptome sequencing analysis
found that MMP13 was the downstream mRNA of RP3-326113.1. In conclusion, RP3-326113.1
could promote DDP-resistance of LAD by binding to HSP90B and upregulating human matrix
metalloproteinase-13 (MMP-13) and may serve as a therapeutic target, as well as a biomarker for
predicting DDP-resistance in LAD.

Abbreviations:
DDP: Cisplatin; LAD: Lung adenocarcinoma; LncRNAs: Long non-coding RNAs; gPCR: real-time
fluorescent quantitative PCR; HSP90B: Heat shock protein HSP 90-beta; RPMI: Roswell Park
Memorial Institute; FBS: Fetal bovine serum; CT: computed tomography; MRI: magnetic resonance
imaging; RECIST: Response evaluation criteria in solid tumors; NC: Negative control; OE: over-
expression; shRNA: short hairpin RNA; siRNA: small interfering RNA; CCK-8: Cell Counting Kit-8;
IC50: The half maximal inhibitory concentration; PBS: Phosphate buffer saline; Pl: propidium
iodide; SDS-PAGE: sodiumdodecylsulfate-polyacrylamide gel electrophoresis; ceRNA: Competing
endogenous RNA; HE: hematoxylin-eosin; ns: no significance.
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Introduction

et resistance seriously affected the prognosis of
Lung adenocarcinoma (LAD) is a common type  patients [5]. The mechanisms of DDP-
of lung cancer [1]. For operable LAD, postopera-  resistance mainly include abnormal DNA

tive adjuvant chemotherapy could improve the
survival rate of patients [2]. The first-line treat-
ment scheme is a combination of cisplatin
(DDP)-based drugs, which has been used as the
standard adjuvant treatment scheme in advanced
stages [3,4]. However, the emergence of DDP-

damage repair function, intracellular drug inac-
tivation, and changes of drug resistance-related
genes and so on [6,7]. Therefore, finding new
ways to regain the sensitivity of LAD-resistant
cells to DDP is of great significance for improv-
ing patients’ outcomes.
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Long non-coding RNAs (IncRNAs) lack pro-
tein-coding functions but can exert their function
in  epigenetics, transcription, and  post-
transcription through interactions between DNA,
RNA, and proteins [3719]. Increasing studies have
indicated that IncRNAs are involved in the promo-
tion of tumor occurrence, metastasis, and resis-
tance to chemotherapy [''""°]. Our pre-
experimental found that IncRNA RP3-326113.1
(also known as IncRNA PINCR) was overex-
pressed in colon cancer and was responding to
the DNA damage through the p53/PINCR/
Matrin3 axis [14].

Heat shock protein 90 (Hsp90) is a molecular
chaperone that can participate in a variety of cel-
lular processes including DNA repair, develop-
ment, transport, and protein degradation [15,16],
and plays an important role in the occurrence and
development of tumors. Among them, HSP90B
could interact with Microtubule-associated ser-
ine/threonine kinase 1 (MAST1) to block the ubi-
quitination of MAST1 at lysines 317 and 545, and
prevent proteasome degradation, thereby enhan-
cing MAST1-mediated DDP-resistance [17].

In this study, we used gene chip and real-time
quantitative PCR (qPCR), cell culture, animal
experiment, and so on, to thoroughly study the
biological function and molecular mechanism of
LncRNA RP3-326113.1 promotes cisplatin resis-
tance in lung adenocarcinoma.

Results

RP3-326113.1 was highly expressed in
DDP-resistant LAD tissues and cells

To study the role of IncRNAs in DDP-resistance of
LAD, we compared the differential genes in DDP-
sensitive A549 cells and DDP-resistant A549/DDP
cells through gene chip, and found that RP3-
326113.1 was significantly increased in A549/DDP
(change fold = 121.053) (Figure 1(a)). We subse-
quently verified it in cells and tissues by qPCR and
found that RP3-326113.1 was highly expressed in
DDP-resistant A549/DDP cells and 57 cases LAD
tissues (Figure 1(b,c)). In addition, compared with
DDP-sensitive tissues with disease relief, RP3-
326113.1 expression was higher in DDP-resistant
tissues with disease progression (Figure 1(d)).

Compared with A549 cells, the IC50 value of
DDP enhanced in A549/DDP cells, demonstrating
that A549/DDP cells had high DDP-resistance
(Figure 1(e)).

RP3-326113.1 enhanced DDP-resistance by
promoting the proliferation, migration, and
invasion of LAD cell lines

Since RP3-326113.1 was high expression in A549/
DDP and low expression in A549 cells, we chose to
overexpress RP3-326113.1 in A549 cells, and knock
down RP3-326I13.1 in A549/DDP cells to verify
the function of RP3-326113.1 in DDP-resistance.
QPCR results confirmed that we successfully con-
structed the OE-RP3-326113.1 A549 cells and sh-
RP3-326113.1 A549/DDP cells (Figure 2(a,b)).
Then, we found that RP3-326113.1 overexpression
increased the IC50 value of DDP in A549 cells,
while RP3-326113.1 knockdown significantly
decreased the IC50 value of DDP in A549/DDP
cells (Figure 2(c)).

CCK-8 assays showed that the OE-RP3-326113.1
group promoted the proliferation of LAD cell
lines, after treatment with DDP (1 pg/ml), the
cell proliferation was inhibited, but RP3-326113.1
overexpression reversed the inhibitory effect of
DDP in A549 cells (Figure 2(d)). Sh-RP3
-326113.1 group inhibited the proliferation of
A549/DDP cells and the cells proliferation was
inhibited after treatment with DDP (2 pg/ml)
(Figure 2(e)). We found that the OE-RP3
-326113.1 group promoted clone formation ability,
and it was inhibited after treatment with DDP,
while RP3-326I13.1 knockdown group had the
opposite effect (Figure 2(f)).

Cell cycle assays found that the proportion of
G2 + S phase cells increased after RP3-326113.1
overexpression, but the proportion of G1 phase
cells also increased. There was no significant dif-
ference in the G1 and G2 + S phase after treatment
with DDP (Figure 2(g)). RP3-326113.1 knockdown
increased the proportion of G1 phase cells, and the
proportion of G2 + S phase cells decreased accord-
ingly. After DDP interference, Gl phase cells
increased, and G2 + S phase cells decreased corre-
spondingly, and RP3-326113.1 knockdown further
strengthened this phenomenon (Figure 2(g)). We
found that the OE-RP3-326113.1 group promoted
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Figurel1. RP3-326113.1 was highly expressed in cisplatin (DDP) resistant lung adenocarcinoma (LAD) tissues and cells. (a) LncRNAs
gene chip was used to detect RP3-326113.1 expression in A549 cells and A549/DDP cells and found that RP3-326113.1 was
significantly increased in A549/DDP. (b) We found that RP3-326113.1 was highly expressed in DDP-resistant A549/DDP cells.(c) Mann-
Whitney U test shown that the expression level of RP3-326113.1 in LAD tissues(n = 57) was significantly higher than that in adjacent
tissues(n = 57).(d) Mann-Whitney U test shown that the expression level of RP3-326113.1 in the tissues of patients with progressive
LAD (cisplatin treatment-naive) (n = 32) was significantly higher than that of patients in complete remission(n = 25). () Compared
with A549 cells, the 1C50 value of DDP enhanced in A549/DDP cells. Cytological experiments were repeated three times and their
statistics were performed using t-test.*P < 0.05, **P < 0.01, ****P < 0.0001.

the migration and invasion of LAD cell lines. After
treatment with DDP, the migration and invasion
ability were significantly lower than those
untreated with DDP, but RP3-326113.1 overex-
pression reversed the inhibitory effect of DDP,
RP3-326113.1 knockdown cells produced the
opposite results (Figure 2(h—j)).

HSP90B cooperates with RP3-326113.1 to
promote DDP-resistance of LAD

PCR amplified the sense and antisense strands of
RP3-326113.1 to obtain an in vitro transcribed
DNA template of the A549 cells. The electrophor-
esis diagram of the PCR products was shown in
Figure 3(a). Then, we performed RNA pulldown,
and silver staining to detect the proteins bound to
RP3-326113.1 (Figure 3(b)), there were no obvious

difference bands. Subsequently, we performed
mass spectrometry identification and obtained
the Venn diagram of the differential proteins
(Figure 3(c)). The protein-related information
with obvious differences is shown in Table 1, and
HSP90B has been reported to be involved in DDP-
resistance [17]. In addition, we used the RNA-
Protein Interaction Prediction website (http://
pridb.gdcb.iastate.edu/RPISeq/) [18] to find that
there was a strong interaction between HSP90B
and the 3’-UTR of RP3-326113.1 (interaction prob-
ability > 0.8) (Figure 3(d)). Therefore, according to
the above results, we chose HSP90B for the next
study.

We found that HSP90B was highly expressed in
A549/DDP cells, LAD tissues, and LAD progres-
sion tissues (Figure 3(e-g)). Subsequently, we
knocked down HSP90B expression in A549/DDP


http://pridb.gdcb.iastate.edu/RPISeq/
http://pridb.gdcb.iastate.edu/RPISeq/

1394 H. ZHOU ET AL.

Ab549

a b A549/DDP Cc d A549 e A549/DDP
5 5000 = 3 s ~ OENC
E ::xg E = = A15 . W OE-NC 15 Pt 12 : :::z(;s&snsw
$ E‘ 3500 Ijl;l é E 1.0 £ R R o gz::zz:muoop Al e 2 i SIENCDDE
& 3000 28 2, = SN 20 Jeows |71 2 104 sh-RP3-326113.1+DDP
£g 2500 £e g =3 sh-RP3-326113.1 ; 2 | |"““
£ % =1
£ . £ ' ’
g 2 g oo . L L] L . T P
< N ‘\;0 \5
& 5.;@0 & 5»"\'5
& &
& &
f g A549 A549/DDP
AS49 AS549/DDP OE-NC OE-RP3-326113.1 sh-NC sh-RP3-326113.1
OE-NC OE-RP3-326113.1 sh-NC sh-RP3-326113.1 S0 #
‘
DDP - LA b - \m .
J /\L \ : }/\ ) o K Lc/'\
DDP + N
A R } a\
Ji N al
: pitvonsiulN v
§05 —_— =3 OE-RP3-326113.1+DDP :5;4" ,7,.—% =3 sh-RP3-326113.1+DDP
h
OE-NC # - + - sh-NC k3 # -
OE-RP3-326113.1 - + = + sh-RP3-326113.1 - + - +
DDP - . + + - DDP . . + +
-- Oh ---- .gsa
A549/DDP .
&
j A549 A549/DDP
OE-NC OE-RP3-326113.1 sh-NC sh-RP3-326113.1 =2'° <
o
z g
DDP - ER 3
2 2
505 5
& &
0.0
DDP +

Figure2. RP3-326113.1 was essential for proliferation, migration, invasion and DDP-resistance of LAD cell lines. (a) The expression
level of RP3-326113.1 of the OE-RP3-326113.1 (RP3-326113.1 overexpression) A549 cell was higher than that of A549 OE NC cells. (b)
The expression level of RP3-326113.1 of sh-RP3-326113.1 (RP3-326113.1 knockdown) A549/DDP cell decreased than sh-RP3-326113.1
NC A549/DDP cell. (c) We found that RP3-326113.1 overexpression increased the 1C50 values of DDP in A549 cells, while RP3-326113.1
knockdown significantly decreased the IC50 values of DDP in A549/DDP cells. (d) CCK-8 assay showed that the OE-RP3-326113.1
group promoted LAD cell proliferation, which was inhibited by treatment with DDP (1 pg/ml), but RP3-326113.1 overexpression
reversed the inhibitory effect of DDP in A549 cells. (e) Sh-RP3-326113.1 group inhibited the proliferation of LAD cell lines. After
treatment with DDP (2 pg/ml), the proliferation of cells was inhibited.(fl We found that the OE-RP3-326113.1 group promoted
clonogenic ability, which was inhibited by DDP treatment, while the opposite was true for the RP3-326113.1 knockdown group. (g)
Cell cycle testing found that after RP3-326113.1 overexpression, the proportion of cells in G2 + S phase increased, but the proportion
of cells in G1 phase also increased. After treatment with DDP, there is no significant difference between G1 and G2 + S phases. (h-j)
OE-RP3-326113.1 group promoted the migration and invasion of LAD cell lines(200 times under the mirror). After treatment with
DDP, migration and invasion were significantly lower than those without DDP treatment, but RP3-326113.1 overexpression reversed
the inhibitory effect of DDP, and RP3-326113.1 knockdown cells produced the opposite result. Cytological experiments were repeated
three times .* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ¥ P < 0.01, ** P < 0.001, *** P < 0.0001.
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Figure3. RP3-326113.1 promoted LAD cell proliferation, invasion and DDP-resistance by combining with HSP90B. (a) It showed the
electrophoresis diagram of the PCR products. (b) RNA pulldown and silver staining figure of RBP bound to RP3-326113.1. (c) We
carried out mass spectrometry identification and obtained Venn diagrams of different proteins. (d) Interaction potential between
HSP90B and the 3'-UTR of RP3-326113.1 was predicted by RNA-Protein Interaction Prediction. (e-g) RT-qPCR was used to detect
HSP90B expression in A549 cells and A549/DDP cells, adjacent tissues and LAD tissues, relief tissues and progression tissues. (h)
HSP90B expression was knocked down in A549/DDP cells. (i) Compared with the si-NC group, the si-HSP90B group can inhibit cell
proliferation. After treatment with DDP, the cell proliferation is inhibited, and the si-HSP90B+DDP group has a stronger inhibitory
effect on A549/DDP cells. (j) knockdown of HSP90B inhibited cell invasion, which was inhibited by treatment with DDP, and
knockdown of HSP90B further inhibited invasion. (k) HSP90B knockout promoted apoptosis of A549/DDP cells, while DDP treatment
produced more apoptotic cells. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ** P < 0.001, ** P < 0.0001.

cells (Figure 3(h)). Compared with the si-NC
group, the si-HSP90B group inhibited cell prolif-
eration, and after treatment with DDP, the cell
proliferation was inhibited, and the si-HSP90B
+DDP group had stronger inhibitory effects in
A549/DDP cells (Figure 3(i)), indicating that
HSP90B knockdown could inhibit the prolifera-
tion and DDP-resistance of A549/DDP cells. We
found that the HSP90B knockdown inhibited cell
invasion, and after treatment with DDP, cell inva-
sion was inhibited, and HSP90B knockdown
turther inhibit the invasion (Figure 3(j)). In addi-
tion, we found that HSP90B knockdown promoted

A549/DDP cells apoptosis, and DDP treatment
caused more cells to undergo apoptosis
(Figure 3(k)).

HSP90B knockdown could reverse the
tumor-promoting effect of RP3-326113.1

To further verify the relationship between RP3-
326113.1 and HSP90B, we co-transfected OE-RP3
-326113.1 and si-HSP90B vectors in A549 cells.
CCK-8 results displayed that HSP90B knockdown
successfully reversed the pro-proliferation effect of
RP3-326113.1 in both groups with or without DDP
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Table 1. Clinical features of 57 lung adenocarcinoma patients.

Term Case (n)
Sex

Male 28

Female 29
TMN stage

la 12

Ib 28

lla 7

Ib 2

llla 8
Degree of tissue differentiation

Poor 1

Poor-moderate 7

Moderate 17

Moderate-high 9

High 13
Lymph node metastasis

Yes 14

No 43
Smoking

Yes 20

No 37

treatment (Figure 4(a,b)). HSP90B knockdown
reversed the pro-invasive effect of RP3-326113.1
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in both groups with or without DDP treatment
(Figure 4(c,d)). Similarly, the apoptosis assays
also found that HSP90B knockdown reversed the
anti-apoptotic ability of RP3-326I13.1 and pro-
duced more apoptotic cells in both groups with
or without DDP intervention (Figure 4(e,f)).

MMP13 served as a downstream mRNA of
RP3-326113.1

In the RP3-326113.1 overexpression and knock-
down groups, we obtained multiple differentially
expressed mRNA through transcriptome sequen-
cing (Figure 5(a)), including MMP13, CP, ICAM]1,
CDK18, PARP14, OAS3, CXCL8, and PLEKHA4.
Further RT-QPCR results showed that MMP13,
CP, ICAM1, CDK18, and OAS3 were all up-
regulated in RP3-326I13.1 overexpression cells,
and down-regulated in RP3-326113.1 knockdown
cells (Figure 5(b-1i)).
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Figure 4. HSP90B knockdown could reverse the tumor-promoting effect of RP3-326113.1. (a, b)HSP90B knockdown successfully
reversed the pro-proliferative effect of RP3-326113.1 in both groups with and without DDP treatment. (c, d) HSP90B knockdown
reversed the pro-invasive effect of RP3-326113.1 in both groups with and without DDP treatment .(e, f) Knockout of HSP90B reversed
the anti-apoptotic ability of RP3-326113.1 and produced more apoptotic cells in the two groups with or without DDP intervention.
Invasion experiments were observed using 200 times under the mirror. ** P < 0.01, *** P < 0.001, **** P < 0.0001, * P < 0.05, **

P < 0.001, ** p < 0.0001.
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Figure 5. MMP13 served as a downstream mRNA of RP3-326113.1. (a) The heat map showed the differential mRNA expression in
RP3-326113.1 overexpression and knockdown cells of LAD. (b-i) RT-qPCR was used to verify the differentially expressed mRNA in the
sequencing results, including MMP13, CP, ICAM1, CDK18, PARP14, OAS3, CXCL8 and PLEKHAA4. (j, k) It showed the proliferation ability
of MMP13 overexpression (j) and knockdown (k) with or without DDP treatment by CCK-8 assays. ns: no significance, * P < 0.05, **

P < 0.01, *** P < 0.001, **** P < 0.0001.

Studies have shown that MMP13 was involved
in DDP resistance [19]; therefore, we further stu-
died the role of MMP13 in DDP-resistance of LAD
cell lines. Subsequently, we performed CCK-8
assays, found that MMP13 overexpression pro-
moted the proliferation of A549 cells, and after
treatment with DDP, cell proliferation ability was
inhibited, but MMP13 overexpression could
reverse the inhibitory effect of DDP (Figure 5(j)).
MMP13 knockdown inhibited the proliferation of
A549/DDP cells, and after treatment with DDP,
the proliferation of A549/DDP cells was further
inhibited, and in the DDP treatment group,
MMP13 knockdown increased the DDP-
sensitivity of A549/DDP cells and inhibited the

proliferation A549/DDP  cells

(Figure 5(k)).

ability  of

RP3-326113.1 enhanced DDP-resistance from
nude mice experiment cell lines

The size of the tumor formed as shown in
Figure 6(a). On the 7d, 14d, 21d, and 28d after
tumor formation, the relative tumor volume of
each mouse was measured and counted, and the
tumor growth curve was drawn (Figure 6(b)).
Compared with the 7th day of each group, the
volume of tumors on 14th day, 21st day, and
28th day gradually increased. And the tumor
growth of the OE-RP3-326I13.1+ DDP group
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Figure 6. RP3-326113.1 promoted tumor growth and decreased the sensitivity to cisplatin chemotherapy in nude mice. (a)
Representative images of nude mice xenografts after injection of RP3-326113.1 overexpression or knockdown cells and treatment
with DDP (including control+DDP, OE-NC+DDP, OE-RP3-326113.1+ DDP, sh-NC+DDP, sh-RP3-326113.1+ DDP) for 28 days. (b) The
volume of xenografted tumors in each group of nude mice. The tumor volumes were measured every 7 days (tumor
volume = lengthxwidth?/2). (c) Representative images of tumor cell necrosis in xenografted tumors in each group were analyzed
by HE staining. (d, e) The mRNA and protein expression levels of HSP90B and MMP13 in the sh-RP3-326113.1+ DDP group were lower
than those in the sh-NC+DDP group, while the mRNA and protein expression levels of HSP90B and MMP13 in the OE-RP3-326113.1
+ DDP group It is higher than the OE-NC+DDP group. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

on the 14th, 21st and 28th days was significantly
higher than the control group. RP3-326I13.1
knockdown had the opposite effect, the tumor
growth on the 14th, 21Ist, and 28th days was
significantly lower than the control group.
Moreover, hematoxylin-eosin (HE) staining ana-
lysis showed that tumor cell necrosis decreased
in the OE-RP3-326113.1+ DDP group compared
to the OE-NC+DDP group, and compared with
the sh-NC+DDP group, tumor cell necrosis

significantly increased in the sh-RP3-326I13.1
+ DDP group (Figure 6(c)).

Next, qPCR was used to detect the mRNA and
protein expression levels of HSP90B and MMP13
in tumor tissues of nude mice. The expression
levels of HSP90B and MMP13 mRNA and protein
level of the sh-RP3-326I13.1+ DDP group were
lower than the sh-NC+DDP group, while the
mRNA and protein expression levels of HSP90B
and MMP13 of the OE-RP3-326113.1+ DDP group



was higher than the OE-NC+DDP group (Figure 6
(d,e,f)).

Discussion

DDP is a strong nonspecific cell cycle blocking
drug, which has cytotoxicity, can inhibit the
DNA replication process of cancer cells, and has
a strong anti-tumor effect [20]. However, DDP-
resistance is increasing severity, and it has become
one of the main obstacles in clinical chemotherapy
[21,22]. The mechanism of DDP-resistance is
extremely complex [23].

Ritu Chaudhary et al. found that RP3-326113.1
promoted the progression of colorectal cancer by
combining with Matrin 3, and targeted deletion of
RP3-326I13.1 significantly induced resistance to
chemotherapeutics [14]. We found that RP3-
326I13.1 was highly expressed in A549/DDP cells.
And compared with adjacent tissues and relief
tissues, RP3-326113.1 expression was higher in
LAD tissues and progress tissues. These results
indicated that RP3-326I13.1 may produce
a marked effect in the DDP-resistance of LAD.

By identifying and inhibiting these cancer-
promoting molecules, the progression of cancer
could not only be inhibited, but also regain the
sensitivity to chemotherapy [24]. We found that
the up-regulation of RP3-326I13.1 significantly
promoted the proliferation, migration, invasion
and DDP-resistance of LAD cell lines, while
knockdown of RP3-326113.1 inhibited these
effects. DDP-induced cell cycle arrest is one of
the keys to exert anti-cancer effect [25]. The cell
cycle is an evolutionarily conserved process,
including G1, S, G2, and M phases [26]. We
found that knockdown of RP3-326I13.1 induced
G1 arrest and decreased the proportion of G2 + S
phase cells in LAD cell lines, thereby inhibiting
LAD cell lines division. These results indicated
that knockdown of RP3-326I13.1 could inhibit
the proliferation, migration, and invasion of LAD
cell lines and gain sensitivity to DDP.

LncRNAs can exert its function by interacting
with some specific proteins [27,28]. We identified
the differentially expressed HSP90B through RNA
pulldown and mass spectrometry. HSP90B is
a member of the HSP90 family and a marker located
in the endoplasmic reticulum [29,30]. The HSP90
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family is involved in regulating cell proliferation,
migration, invasion, and DDP-resistance [*13].
Subsequently, we found that HSP90B could be com-
bined with RP3-326I13.1 and enhance the invasion
and proliferation ability while decreasing the apop-
tosis rate of LAD cell lines, thereby enhancing DDP-
resistance. In addition, HSP90B knockdown could
reverse the proliferation, invasion, and DDP-
resistance induced by RP3-326113.1.

We further studied the downstream mRNA of
RP3-326113.1 through transcriptome sequencing.
QPCR was used to verify the candidate genes and
found that MMP13, CP, ICAMI1, CDK18, and
OAS3 mRNA expression levels had corresponding
changing in regulated expression of RP3-326113.1.
Among them, MMP13 has been reported to be
involved in the mechanism of DDP-resistance in
some tumors [19,35]. Our further studies found
that MMP13 could promote the proliferation of
LAD cell lines by increasing DDP-resistance.

The xenograft tumor model further verified the
effect of RP3-326I13.1 in vivo, and found that the
tumor growth of nude mice was the fastest in the
OE-RP3-326113.1+ DDP group, while RP3-
326113.1 knockdown significantly inhibited tumor
growth. We also detected the expression levels of
HSP90B and MMP13 mRNA in the tumor tissues
of five groups of nude mice, and the results were
consistent with cell verification. These results sug-
gested that HSP90B and MMP13 synergized with
RP3-326113.1 to promote tumorigenesis and DDP-
resistance in nude mouse model of LAD.

In summary, our results demonstrated that
RP3-326113.1 was highly expressed in DDP-
resistant cells and tissues of LAD. RP3-326113.1
could promote the proliferation, invasion, and
migration of LAD cell lines by binding to
HSP90B and up-regulating MMP13 expression,
thus leading to DDP-resistance in LAD. These
indicated that RP3-326I13.1 may serve as
a therapeutic target and a biomarker for predicting
DDP-resistance in LAD.

Materials and methods
Cell culture

The A549 and A549/DDP cells were obtained
from the Cell Bank of the Chinese Academy of



1400 H. ZHOU ET AL.

Sciences (Beijing, China), and then cultured in
Roswell Park Memorial Institute (RPMI)-1640
(Gibco; Thermo Fisher Scientific, Inc. MA, USA)
containing 10% fetal bovine serum (FBS) (Gibco;
Thermo Fisher Scientific, Inc. MA, USA). A549/
DDP cells were treated with 2 upg/ml DDP
(Beyotime Institute of Biotechnology, Shanghai,
China) to maintain resistance capability.

Human LAD tissue specimens and DDP-treated
LAD specimens

Fifty-seven samples of LAD and paired adjacent
tissues were collected from 28 males and 29
females (age range, 23-76 vyears; mean age,
46.68 + 16.52) at the First Affiliated Hospital of
Wenzhou Medical University ~ between
August 2013 and August 2014 (Table 2). After
surgical removal of tissue samples, they were fro-
zen and stored in liquid nitrogen within 15 min,
and all samples were confirmed by histopathologi-
cal examination.

Human LAD relief tissues (DDP-sensitive,
n = 25) and progression tissues (DDP-resistant,
n = 32) were collected at the First Affiliated
Hospital of Wenzhou Medical University between
2010 and 2015 (Table 3). All tissue samples had to
meet the following criteria: (1) patients with pri-
mary LAD and clinical-stage IIIB-IV; (2) the first-
line chemotherapy regimen: DDP 25 mg/m?* com-
bination with gemcitabine 1000 mg/m® or

Table 2. Clinical features between cisplatin-sensitive group and
cisplatin-resistant group of lung adenocarcinoma.

Sensitive group Resistant group

Term (n=18) (n = 20)
Sex

Male 10 11

Female 8 9
TMN stage

llb 1 12

v 7 8
Histological degree

Poor 4 5

Moderate 9 10

High 5 5
Lymph node

metastasis

Yes 8 6

No 10 14
Smoking

Yes 5 6

No 13 14

Table 3. shRNA or siRNA sequences.

Gene shRNA or siRNA sequences (5'-3")
RP3-326113.1 shRNA1  GTTCCACTGAAATAGCGAGTAACTCGAGTTA
CTCGCTATTTCAGTGGAATTTTT
shRNA2 ~ GCAGGATAAACACTTACAAAGACTCGAGTCT
TTGTAAGTGTTTATCCTGTTTTT
shRNA3  ATGGCAGG AGCAAGTGGTTAT
shRNANC GCTCAACAGAAGCTGAGCAAATCTCGAGATT
TGCTCAGCTTCTGTTGAGTTTTT
HSP90B siRNA1 GAAGGAACGAGAGAAGGAATT
siRNA2  GCAGAGGAAGAGAAAGGUGTT
siRNA3  AGAGAAAGGUGAGAAAGAATT
siRNA4  GAGAAAGAAGAGGAAGAUATT
siRNA NC UUCUCCGAACGUGUCACGUTT
MMP13 siRNA1 AGAAAGACUGCAUUUCUCGGA
siRNA2  AAGAAAGACUGCAUUUCUCGG
SiRNA3 UUUUUCAUGACAUCUAAGGUG

siRNA NC  UUCUCCGAACGUGUCACGUTT

NC, Negative control; shRNA, short hairpin RNA; siRNA, small interfering
RNA.

paclitaxel 80 mg/m? for 21 days, with each patient
receiving 3 cycles of treatment. Patients were
divided into a “DDP-sensitive group” (relief) and
a “DDP-resistant group” (progression) based on
medical imaging tests, as computed tomography
(CT), magnetic resonance imaging (MRI), serum
tumor markers, and Response Evaluation Criteria
in Solid Tumors (RECIST) criteria [36]. These
patients underwent fiberoptic bronchoscopy to
obtain lung cancer tissue after receiving three
cycles of treatment, which was cryopreserved in
liquid nitrogen within 15 minutes, and all speci-
mens were confirmed by histopathological
examination.

These study was approved by the Institutional
Ethical Review Committee of the First Affiliated
Hospital of Wenzhou Medical University
(YS2018001) and carried out in strict accordance
with the guidelines of the Declaration of
Helsinki [37].

Transfection

The overexpression lentiviral vector of RP3-
326113.1 (OE-RP3-326113.1) and human matrix
metalloproteinase-13 (MMP-13) (OE-MMP13)
and their corresponding negative control (OE-
NC) were purchased from Shanghai GeneChem
Co., Ltd. A549 cells were transfected with the
lentiviral vector targeting OE-RP3-326I13.1 or
OE-MMP13. The interference vector short



Table 4. Sequences of the primers used for RT-gPCR.

Primer ID Primer sequences (5'-3')
RP3-326113.1 Forward TCTTCTGCTGTACTTGCCCTT
RP3-326113.1 Reverse CACCTCCAACATAGGGGATCG
HSP90B Forward CAAACTCTATGTCCGCCGTG
HSP90B Reverse AGATGTTCAGG GGCAGATCC
MMP13 Forward CCAGTTTGCAGAGCGCTACC
MMP13 Reverse GACTGCATTTCTCGGAGCCT
OAS3 Forward CTTGGCCAGCTTCGAAAACC
OAS3 Reverse TAAAGGAGGGCTGGCATCAC
CP Forward CCAGCCTGGGCGAAAGAAA
CP Reverse AGATATTGGAATGTTCCGTGTCAAC
ICAM1 Forward GACCAGAGGTTGAACCCCAC
ICAM1 Reverse GCGCCGGAAAGCTGTAGAT
PARP14 Forward GTGTGCAGAATGCTAAGACCG
PARP14 Reverse GGAGCTCTGGTCCAGCTTTT
PLEKHA4 Forward GCCCTCACTTAGGTCTTGGG
PLEKHA4 Reverse TGGTGTTCCTTGGACTTGGT
CXCL8 Forward GCTCTGTGTGAAGGTGCAGTT

CXCL8 Reverse
CDK18 Forward

AATTCTCAGCCCTCTTCAAAAACTT
GGTATAAGGAGCAAAGGACCCG

CDK18 Reverse AAGTTCTCATTCCGCCGGTT
B-actin Forward CATGTACGTTGCTATC CAGGC
B-actin Reverse CTCCTTAATGTCACGCACGAT

RT-gPCR, real-time fluorescent quantitative PCR.

hairpin RNAs (shRNAs) targeting RP3-326113.1
(shRNA-RP3-326113.1) and the corresponding
negative control (sh-NC) were purchased from
Shanghai GeneChem Co., Ltd. The interference
vector small interfering RNAs (siRNAs) target-
ing HSP90B and MMP13, as well as their nega-
tive control (si-NC) were synthesized by
Shanghai GeneChem Co., Ltd. A549/DDP cells
were transfected with sh-RP3-326I13.1, si-
HSP90B, and si-MMP13, as well as their sh-NC
or si-NC. shRNA and siRNA sequences were
listed in Table 4. The best shRNA and siRNA
sequences were selected as subsequent experi-
mental groups.

Library preparation for transcriptome
sequencing and analysis

A total of 1 pg RNA per sample (including sh-RP3
-326113.1, sh-NC, and OE-RP3-326113.1, OE-NC)
were used as input material for RNA. Sequencing
libraries were generated using NEBNext® UltraTM
(New England Biolabs, USA). We screened the
differential mRNAs between sh-RP3-326113.1 vs.
sh-NC group and the differential mRNAs between
OE-RP3-326I13.1 vs. OE-NC, and then obtain the
two common differential mRNAs for PCR
verification.
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QPCR

Total RNA in tissues and cells was extracted by
RNA extraction kit (Thermo Fisher Scientific, Inc.
MA, USA). The quality and concentration of RNA
were tested by Nano-drop 2000 (Thermo Fisher
Scientific, Inc. MA, USA). Gene expression levels
were determined by real-time fluorescent quantita-
tive PCR (qPCR) in an ABI 7500 instrument
(Thermo Fisher Scientific, Inc. MA, USA). The pri-
mer sequences were listed in Table 5. The 20 pl
reaction volume consisted of 6 ul RNase-free
water, 10 pl SYBR Premix (2x), 1 ul forward primer
(10 pM), 1 ul reverse primer (10 pM), and 2 ul
cDNA template. QPCR reaction procedure included
a denaturation step of 30 sec at 95°C, 40 cycles (5 sec
at 95°C, 30 sec at 60°C). P-actin as the internal
reference, and results analysis by the 27**“* method.

The half maximal inhibitory concentration (IC50)
of DDP assay

3 x 10° cells were plated in 96-well plates and
incubated until the cell adhered, and then added
DDP containing 0, 1 pg/ml, 2 pg/ml, 4 pg/ml,
6 pg/ml, 10 pg/ml, 14 pg/ml concentration gradi-
ent complete medium. After 48 h incubation, 10 pl
of cell counting kit-8 (CCK-8, Dojindo Molecular
Technologies, Inc. Kumamoto, Japan) solution was
added and incubated for 1 h at 37°C. A microplate

Table 5. Some protein-related information sheet of mass
spectrum.

Coverage  Mass Unique Identified

Protein ID (%) (Da) Peptide by

sp|Q13085| 46.55  265,551.7 100 Sense
ACACA_HUMAN

sp|P11498| 53.82 129,632.6 74
PYC_HUMAN

sp|P08238| 51.52 83,263.5 27
HSP90B_HUMAN

sp|P04406| 72.24 36,053 45
G3P_HUMAN

sp|P07437| 68.24 49,670.5 5
TBB5_HUMAN

sp|Q13085| 37.68  265551.7 87 Antisense
ACACA_HUMAN

sp|P11498| 46.26  129,632.6 48
PYC_HUMAN

sp|P08238| 42.27 83,263.5 19
HSP90B_HUMAN

sp|P14618| 57.44 57,936.4 28
KPYM_HUMAN

sp|P07437| 55.86 49,670.5 7
TBB5_HUMAN
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reader (Molecular Devices, CA, USA) was used to
measure absorbance at 450 nm. Cell viability
(%) = (Appp — Aplank)/ (Ao pDP — Aplank) X 100%.
IC50 of DDP was calculated by the probit regres-
sion model in SPSS software (v22.0; IBM
Corp.USA).

CCK-8 assay

3 x 10° cells/well were added in 96-well plates,
after the cells adhered, changed the cell solution,
and added the corresponding concentration of
DDP to the DDP group. The concentration of
A549 cells treated with DDP was 1 ug/ml, and
A549/DDP cells treated with DDP was 2 pg/ml.
At each time point, 10 pl of CCK-8 solution was
added and incubated for 1 h at 37°C, repeated for
3 days. A microplate reader (Tecan, German) was
used to measure absorbance at 450 nm.

Colony formation assay

500 cells/well were inoculated in six-well plate,
after 14 days of incubation, cells were fixed in
methanol for 20 min and stained with crystal vio-
let (Beyotime Institute of Biotechnology, Shanghai,
China) for 30 min at room temperature. The stan-
dard was to use more than 50 cell clusters as a cell
clone. The number of cell clones was evaluated to
determine the ability of cell clone formation.

Cell migration experiment

Logarithmic growth cells were collected and plated
into six-well plates. When cells density reached
90%, a 200 ul pipette tip was used to make scars
on the cells. Phosphate buffer saline (PBS, Gibco;
Thermo Fisher Scientific, Inc. MA, USA) was used
to wash and remove floating cells and incubated
with a serum-free RPMI-1640 medium to reduce
the influence of cell proliferation. An inverted
microscope (Olympus Corporation, Japan) was
used to capture scratch images at a magnification
of 10x at 0 h and 48 h.

Cell invasion assay

Transwell pore polycarbonate membrane insert
(24-wells, Corning, pore size 8 um, New York,

USA) was used, and a layer of Matrigel (BD
Biocoat, Corning, New York, USA) was coated
on the insert. The upper chamber was inoculated
with 1 x 10* cells, and the lower chamber used
RPMI-1640 medium containing 20% FBS. After
48 h incubation, cells were fixed and stained.
Pictures were taken under the microscope
(Olympus Corporation, Japan).

Cell apoptosis assay

PBS was used to wash the cells twice, and cells
were added 300 pl binding buffer and 50 pl
1x Annexin, and incubated at room temperature
for 15 min, and added 5 pl of propidium Iodide
(PI) staining 5 min before being tested on a flow
cytometer (Beckman Coulter, Inc. Indianapolis,
USA). The parameters are 488 nm excitation
light wavelength, 515 nm bandpass filter for fluor-
escence detection, and another filter with
a wavelength greater than 560 nm for PI detection.
Flow]Jo software was used for data processing and
analysis.

Cell cycle assay

The collected cells were mixed with 3 ml PBS,
centrifugated at 1000 g for 5 min, and added
5 ml 75% ethanol to the collected cell pellet, incu-
bated at 4°C in the dark for more than 18 hours.
The collected cells were added 500 pl PI/RNase
staining solution and incubated for 15 min at
room temperature in the dark. Finally, it was
tested on a flow cytometer (Beckman Coulter,
Inc. Indianapolis, USA). FlowJo software (Becton,
Dickinson & Company, Ashland, USA) was used
for data processing and analysis.

In vivo xenograft assay

BALB/c, male nude mice, 4-week-old, weighing
18-20 g (Shanghai Slaughter Laboratory Animal
Co., China) were housed in an environment with
a temperature of 22 + 1°C, relative humidity of
50 £ 1%, and a light/dark cycle of 12/12 h. All
animal studies (including the mice euthanasia pro-
cedure) were done in compliance with the regula-
tions and guidelines of Wenzhou Medical
University institutional animal care



(WYDW2020-0380), the ARRIVE guidelines [38]
and the National Institutes of Health guide for the
care and use of laboratory animals.

Experimental steps: Nude mice were divided
into five groups (n = 5/group): control+DDP, OE-
NC+DDP, OE-RP3-326113.1+ DDP, sh-NC+DDP
and sh-RP3-326113.1+ DDP. According to experi-
mental groups, 1 x 10° LAD cell lines were
injected into nude mice. After 1 week, DDP was
injected into the tail vein of the nude mice at
a dose of 5 mg/kg/mouse. The relative size of the
tumor was measured and counted at 7, 14, 21 and
28 days after ~ tumorigenesis [tumor
volume = (length x width?)/2]. Subsequently, the
mice were euthanized by cervical dislocation, and
tumors were collected and photographed under
low temperature conditions. A part of the obtained
tumors prepared as paraffin blocks were stained
with hematoxylin-eosin (HE) and photographed;
the other part was subjected for RNA extraction to
detect the mRNA expression levels of HSP90B and
MMP13.

RNA pulldown and mass spectrometry

The basic principle is to first design the sense and
antisense strand PCR primers, and form the sense
and antisense strands of RP3-326113.1 by PCR to
obtain the DNA template with absorbing ability.
Further, RP3-326113.1 is labeled with biotin, and
then some of its complexes can be formed with
RP3-326113.1 to form RP3-326113.1-RBP com-
plexes and obtain the RBP. The RNA pull-down
kit (Thermo Fisher Scientific, Inc. MA, USA) was
used to adsorb proteins that interacted with RP3-
326113.1. Probe RP3-326113.1 was labeled and col-
lected the eluent containing specifically bound
proteins, and detected the enriched proteins by
sodiumdodecylsulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) electrophoresis silver stain-
ing, and identified the differential proteins by mass
spectrometry.

Statistical analysis

The student’s t-test was used for comparison
between two groups for normally distributed
data, and the Mann-Whitney U-test was used for
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non-normally distributed data. Statistical analysis
was performed using SPSS software (v22.0; IBM
Corp. USA) and GraphPad Prism (v8.0; GraphPad
Software, Inc. USA) was used to generate graphs.
P < 0.05 was considered statistically significant.
Data were expressed as the mean + standard devia-
tion of three independent tests.
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