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A B S T R A C T

Objective: Utilizing transcriptome analysis to investigate the mechanisms and therapeutic approaches for cisplatin
resistance in non-small cell lung cancer (NSCLC).
Methods: Firstly, the biological characters of A549 cells and A549/DDP cells were detected by RNA sequencing,
CCK-8 and hippocampal energy analyzer. Then, the differential Genes were functionally enriched by GO and
KEGG and the competitive endogenous RNA network map was constructed. Finally, the effects of the predicted
biogenesis pathway on the biological functions of A549/DDP cells were verified by in vitro and in vivo
experiments.
Result: The differentially transcribed genes of A549 and A549/DDP cells were analyzed by enrichment analysis
and cell biological characteristics detection. The results showed that A549/DDP cells showed significantly
increased resistance to cisplatin, glucose metabolism signaling pathway and glycolysis levels compared with
A549 cells. Among glycolysis-related transcription genes, PKM had the most significant difference Fold Change is
8. LncRNA PCIF1 is a new marker of A549/DDP cells and can be used as a molecular sponge to regulate the
expression of PKM. LncRNA PCIF1 targets miR-326 to induce PKM expression, promote glycolysis level, and
enhance the resistance of A549/DDP cells to cisplatin.
Conclusion: LncRNA PCIF1 as biomarkers of A549/DDP cells, higher expression can induce the PKM, promote cell
glycolysis, lead to the occurrence of cisplatin resistance. LncRNA PCIF1 can be considered as a potential target
for treating cisplatin-resistant NSCLC.

1. Introduction

Studies have found that less than 10 % of human genome sequences
are transcribed into RNA, and the vast majority are non-coding RNAs
(ncRNAs), which regulate life activities, affecting embryonic develop-
ment, metabolism, and tumorigenesis [1]. During the past two decades,
research on microRNAs (miRNAs) has trended deeper and extensive,
and it has been found that they can degrade by combining with
messenger RNAs (mRNAs) to regulate the opening or closing of genes
[2], especially in the field of oncology. In recent years, studies have
confirmed the equal importance of long ncRNAs (lncRNAs) in regulating
gene expression, which act by indirectly affecting mRNA expression
through complementary pairings with miRNAs. Until now, nearly 20,

000 lncRNAs have been identified, but only a small portion can clarify
the regulatory mechanism, and there are still many unknown biological
functions of lncRNAs to be explored [3,4]. Although the regulatory
mechanisms of lncRNAs have not been clearly studied, it can be believed
that they act at multiple levels, such as DNA replication, mRNA tran-
scription, and protein translation, directly or indirectly affecting the
development, deterioration, and drug resistance of tumors [5–8].

The number of deaths annually from lung cancer worldwide is close
to 1 million, ranking it first among all malignant tumors [9]. Eighty
percent of patients have entered an advanced stage of lung cancer at the
time of diagnosis and lost the opportunity for surgical treatment [10].
Currently, platinum-based chemotherapy is mainly used in clinical
treatment for anti-tumor purposes [11], but the frequency of drug
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resistance of tumors is increasing. In recent years, studies have
confirmed that tumor cells meet their growth and metabolic needs
through aerobic glycolysis. Tumor cells by glycolysis rapidly produce
ATP and some enzymes and metabolic product of glycolytic pathway to
promote the growth and proliferation of tumor cells, invasion and
metastasis, antiapoptotic effect, develop resistance to chemotherapy
drugs [12–14]. Pyruvate Kinase, including PKM1 and PKM2, is a key
enzyme in the glycolytic pathway. A large number of literatures have
confirmed that PKM is closely related to the occurrence and develop-
ment of a variety of tumors [15,16]. PKM by participating in the
glycolysis process and interact with other biological molecules, affect
the NSCLC cell proliferation, migration and resistance, which is closely
related to the progress of NSCLC [17].

In this study, Cisplatin-resistant human lung adenocarcinoma cell
line A549/DDP and its parent A549 cell line were selected as model cell
lines. The differences in gene expression and glycolysis of A549/DDP
cells were analyzed by RNA-Seq technology and cellular energy meta-
bolism analyzer. By constructing the CeRNA regulatory network, we
explored the molecular mechanism of how LncRNA induces cisplatin
resistance in A549/DDP cells by regulating the level of cellular glycol-
ysis. The experimental results of this study lay a theoretical foundation
for more effective treatment of lung adenocarcinoma in the future.

2. Materials and methods

2.1. Cell lines and cell culture

A549 cells were procured from Beijing Dingguo Changsheng
Biotechnology Co., Ltd. The biologically stable strains were cultured in
vitro for the purpose of conducting studies related to non-small cell lung
cancer (NSCLC). A549/DDP human lung adenocarcinoma cells were
procured from Beijing Xiehe Cell Resource Center and cultured with
cisplatin in vitro to establish biologically stable strains for NSCLC-
related studies. Both A549 and A549/DDP cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM)/high glucose (Hyclone
Laboratories, Logan, UT, USA) containing 10 % fetal bovine serum
(Hyclone Laboratories, Logan, UT, USA) at 37 ◦C, 95 % humidity, and 5
% CO2. Cell growth was observed regularly. Cell passage could be car-
ried out with a growth density of 80–90 %. To maintain the good
cisplatin-resistance stability of A549/DDP cells, they were continuously
cultured in a low-concentration cisplatin environment (7 μM) (Sigma-
Aldrich, St. Louis, MO, USA). The cisplatin was removed two weeks
before the experiment.

2.2. Reagents and antibodies

Cisplatin is purchased from Sigma (MO, USA). Antibodies include
rabbit PKM polyclonal antibody, rabbit BAX polyclonal antibody, mouse
capase 3/p17/p19 polyclonal antibody, mouse Bcl2 monoclonal anti-
body, goat anti-mouse IgG and goat anti-rabbit IgG purchased from
Proteintech (Wuhan, China).

2.3. RNA-seq data acquisition

Total RNA was extracted by TRIzol solution, and RNA content and
integrity were detected by NanoDrop ND-1000 and agarose gel elec-
trophoresis. NEB Next®Poly (A) mRNA Magnetic Separation Module kit
(New England Biolabs, Ipswich, MA, USA) and KAPA strand RNA-seq
library Preparation kit (Illumina, San Diego, CA, USA) were used for
mRNA enrichment and library construction, and the amplified frag-
ments were sequenced by Illumina sequencer.

2.4. RNA-seq data analysis

The original FASTQ sequences generated by Illumina sequencers
meet Q30 ≥ 80 % and FPKM >0.5, which can be used for subsequent

statistical analysis. By conducting a PCA of genes with significant dif-
ferences in mean (analysis of variance [ANOVA]) values between sam-
ples (P < 0.05) to show the classification of data, we can obtain the
intuitive distribution of samples between the experimental group and
the control group, detect and remove outliers, and find out the sample
set with high similarity.

2.5. GO and KEGG enrichment analysis

GO enrichment analysis used Fisher’s exact test to identify specific
functional items that were most closely related to differentially
expressed genes, and each GO item corresponded to a statistical value
(P-value), indicating significance. KEGG pathway enrichment analysis
method mainly matches the differentially expressed mRNA between
samples with the biological pathway resource entries in the KEGG
database, then compares and enriches these differentially expressed
mRNA with known functional entries, and finally gets a set of rela-
tionship graphs between differentially expressed genes and specific
functional entries.

2.6. Construction of the competing endogenous (ceRNA) network

The molecular mechanism of ceRNA can be summarized as follows:
endogenous lncRNAs regulate the activity of miRNAs by combining with
them, thereby affecting the interaction between miRNAs and mRNAs
and finally causing changes in gene expression. To find the potential
miRNA targets, TargetScan and miRNA software are usually used to
predict them. The ceRNA network was constructed by summarizing
common miRNAs.

2.7. Cell inhibition test of cisplatin

The number of cells per well was 5 × 103. A549 cells and A549/DDP
cells in the logarithmic phase of growth were inoculated on 96-well
plates and adhered to the wall overnight. We removed the culture me-
dium the next day, added cisplatin (12, 24, 48, 96, or 192 μM) to the
DMEM culture medium, intervened cells for 24 h, and added 10 μL of
cell counting kit 8 solution. After incubation at 37 ◦C for 4 h, the
absorbance value was detected under the absorbance wavelength of 460
nm. Each group of experiments was repeated three times.

2.8. Cell glycolysis pressure measurement

The dynamic changes of glycolysis level in A549 cells and A549/DDP
cells during growth were detected by Seahorse XF glycolytic stress test.
We inoculated 8 × 103 A549 and A549/DDP cells onto a Seahorse XF
microplate and then incubated the plate in a CO2-free incubator at 37 ◦C
for 24 h. After removing the cell culture microplate from the incubator,
we changed the cell growth medium into a warm detection solution and
then placed the cell culture microplate into a 37 ◦C CO2-free incubator
for 1 h. Subsequently, we ran the Seahorse XF glycolysis pressure test
and data analysis.

2.9. Glucose consumption and lactate production assay

We added an 80–90 % density of A549 cells and A549/DDP cells into
the lysate with reference to the instructions of the reagent and fully lysed
the cells by vortex vibration. The culture medium and cells were
collected separately, and glucose concentration and lactate production
were measured using the Glucose assay kit (Applygen, Beijing, China)
and the Lactic Acid assay (Jiancheng Bioengineering Institute, Nanjing,
China) in accordance with the manufacturers’ protocols, and the glucose
consumption level or the lactate production level was divided by the
number of cells.
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2.10. Synthesis of oligonucleotides and cell transfection

2 × 105 cells per well were injected into 6-well plates and cultivated
overnight, with cell fusion reaching more than 70 %. GenePharma
(Shanghai, China) synthesized miR-326 mimics and its miR-326 mimics
NC or miR-326 inhibitor and its miR-326 inhibitor NC, which were then
transfected into cells using the GoldenTran DR Reagent (Golden Trans
Technology, Changchun, China) to achieve miR-326 overexpression or
inhibition. The cDNA encoding PCIF1 was cloned into pcDNA3.1 vector
and its control pcDNA3.1 empty vector or the knockout gene si-PCIF1
and its control si-NC were synthesized by GenePharma and transfected
into cells to over-express or inhibit PCIF1 expression.

2.11. TUNEL assay

Cell climbs were first put on 24-well plates, followed by the seeding
of 2 × 105 A549/DDP cells in each well. Following 16 h of adherent
culture, cells from the control and drug experimental groups were
introduced for 24 h. The slides were picked up with sterile forceps and
cleaned with PBS once. The cells were fixed with 4 % paraformaldehyde
for 30 min before being permeabilized with Triton X-100 solution (0.1
%) for 5 min at room temperature. 50 μL of TUNEL detection solution
was added and incubated at 37 ◦C in the dark for 60 min before being
photographed using a fluorescence microscope.

2.12. EdU assay

A total of 5 × 104 cells were seeded into 24-well plates, and each
experimental group and the blank control group were treated for 24 h
according to the experimental requirements. After removing the culture
medium and washing it twice with PBS, 200 μL of 1 × EdU solution at a

final concentration of 10 μM was added and incubated for 2 h at room
temperature. Cells were rinsed with PBS and fixed for 30 min in 4 %
paraformaldehyde. Cells were stained with an EdU kit and DAPI staining
solution (Beyotime Biotechnology, Shanghai, China). Images were
captured with a Zeiss fluorescence microscope, and the number of cells
stained with EdU and DAPI was counted with ImageJ software.

2.13. Luciferase assay

Wild-type or mutant PCIF1 or PKM was constructed into pmirGLO
plasmids by GenePharma, miR-326 mimic or miR-NC, and Luciferaser-
eporter plasmids were transfected into HEK293 cells. Two substrates
Luciferase were added 48 h later and luciferase activity was detected
using a Dual-Luciferase Reporter Assay System.

2.14. Quantitative real-time PCR

RNA was extracted using RNA-easy Isolation Reagent (Vazyme,
Shanghai, China). For miR-326, cDNA was produced using miRNA-
specific reverse transcription primers, and qRT-PCR was carried out
using the SYBR green dye technique with the Hairpin-itTM miRNA qRT-
PCR Quantitation kit (GenePharma, Shanghai, China), as directed by the
manufacturer. The following were the qRT-PCR conditions for miRNAs:
3 min at 95 ◦C, followed by 40 cycles of 12 s at 95 ◦C and 40 s at 62 ◦C.
The expression of the U6 gene served as an internal control. For PCIF1
and PKM, and cDNA was reverse-transcribed using HiScript II Q Select
RT SuperMix for qPCR Kit (Vazyme, Shanghai, China) at 37 ◦C for 15
min and 85 ◦C for 5 s. The target gene’s expression was measured using
the ChamQ Universal SYBR qPCR Master Mix (Vazyme, Shanghai,
China) in triplicate under the following conditions: 95 ◦C for 30 s, fol-
lowed by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s. The β-Actin gene

Fig. 1. Analysis of biological characters of A549/DDP cells and A549 cells. (A) The growth-inhibition effect of cisplatin on A549 cells and A549/DDP cells was
determined. (B and C) Measurement of glucose consumption and lactic acid accumulation. (D) Determination of glycolysis pressure. (E) The intra- and inter-sample
correlations were analyzed by principal component analysis; Each red dot represents a coding gene, and each blue dot represents a non-coding gene. (F) Matrix heat
map method was used to analyze the correlation between samples and between samples. The deeper the color is, the higher the correlation. (G) Distribution of
differential genes in chromosomes. The red dots represent upregulated differentially expressed genes, the green dots represent downregulated differentially expressed
genes, and the grey dots represent the expression genes with no obvious differences. The experiments were repeated at least three times, and results were expressed as
mean ± S.D. *，p < 0.05; **，p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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was employed as an internal control. The relative mRNA expression was
estimated using formula 2 (− ΔΔCt).

2.15. Western blot

A549 cells and A549/DDP cells, as well as A549/DDP cells after
treatment in each experimental group, were lysed with RIPA solution to
extract proteins. Equal quantities of protein samples from each group
were added for SDS-PAGE electrophoresis at 80V 90 min. Protein bands
from SDS-PAGE gel were transferred to PVDF membrane at 25V, 1.3A
for 7 min. PVDF membranes containing proteins were washed with TBST
before overnight blocking with 5 % skim milk, a 1-h incubation with
primary antibody, and half a hour incubation with secondary antibody.
Finally, the ECL solution was employed to create the imaging.

2.16. In vivo experiments

Female BALB/c nude mice were subcutaneously injected with 0.2 ml

of A549/DDP cells at a concentration of 1 × 107 cells/mL on the right
side when the tumor had grown to 50–100 mm. The mice were then
randomly divided into four groups (n = 5 in each group). The groups
included si-NC + inhibitor-NC, si-PCIF1+inhibitor-NC, si-NC + inhibi-
tor-miR-326, and si-PCIF1+inhibitor-miR-326. These combinations
were injected into the tumors of the mice, and tumor size was observed
after 7 days of intervention. Western blot analysis was used to detect
protein expression levels.

2.17. Statistical analysis

The data are presented as mean ± standard deviation values. During
the statistical analysis of data, the difference between the two groups
was analyzed using two-tailed Student’s t-tests. ANOVA was used to
analyze differences in multiple groups of data. P < 0.05 was chosen to
indicate a statistically significant difference. SPSS software version 17.0
(IBM Corporation, Armonk, NY, USA) was used for statistical analysis.

Fig. 2. Functional enrichment analysis of differential genes. GO analysis of differentially up-regulated genes, (A) Biological process, (B) cellular component, and (C)
molecular function. GO analysis of differentially down-regulated genes, (D) Biological process, (E) cellular component, and (F) molecular function. KEGG enrichment
map of differentially expressed genes, (G) upregulated and (H) downregulated genes.
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3. Results

3.1. A549 cells and A549/DDP cell biological character difference
analysis

As shown in Fig. 1-A, cisplatin can inhibit the viability of both A549
and A549/DDP cells in a concentration-dependent manner. A549/DDP
cells have greater cisplatin resistance than A549 cells. The IC50 values of
A549 and A549/DDP cells were 26.67 and 48 μM, respectively. The
glucose consumption and lactic acid accumulation of cisplatin-resistant
A549/DDP cells were significantly increased compared to those of the
parent A549 cells (Fig. 1-B and 1-C). In addition, the extracellular
acidification rate was measured using a hippocampal cell energy meter
and, as shown in Fig. 1-D, the extracellular acidification rate of A549/
DDP cells was significantly higher than that of A549 cells.

As shown in Fig. 1-E and 2-F, PCA and heat map results showed a
high correlation between three repeat samples of A549 cells and A549/
DDP cells. Fig. 1-G is chromosome distribution of differentially

expressed genes. Compared to the parent A549 cells, approximately
2200 differentially expressed genes were upregulated, and 4300 differ-
entially expressed genes were downregulated in cisplatin-resistant
A549/DDP cells.

3.2. Function enrichment analysis

Fig. 2-A to F shows GO functional enrichment analysis, compared to
the parent A549 cells, the cisplatin-resistant A549/DDP cells had
different changes in molecular function categories, such as amide
binding, protein binding, peptide binding, and enzyme activities. In
addition, in the cellular component categories, there were cells and cell
compositions with significant changes. Meanwhile, significant changes
in biological process categories are mainly related to the cell cycle and
metabolic processes.

The KEGG database is a database of cellular pathways. Using the
classified entries of the KEGG pathway database, we can find the inter-
relationship between differentially expressed genes and specific

Fig. 3. Construction of the ceRNA network regulated by the glycolysis pathway.
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functional entries, thus promoting a greater understanding of the bio-
logical functions of transcription. As shown in Fig. 2-G and H, KEGG
annotation results showed that compared to the parent A549 cells, the
expression of genes related to the cell cycle pathway, DNA replication
pathway, and cell metabolism pathway in cisplatin-resistant A549/DDP
cells was significantly upregulated.

3.3. Construction of the ceRNA network forglycolysis regulation

GO and KEGG analyses and according to the enrichment score, it was
inferred that abnormal changes in cell metabolism may be a reason for
the occurrence of cisplatin resistance in A549/DDP cells. There are 200
differential genes involved in the regulation of metabolic abnormalities.
Through further mining of KEGG data, it was found that there are 19
differential genes related to the regulation of glycolysis. According to
the degree of difference in gene expression, the top six genes were
selected—namely, PKM, ALDOA, ENO1, ENO2, HK1, and PGAM1. Tar-
getScan and miRNA software were used to predict the miRNA targets
and construct a ceRNA network map (Fig. 3).

3.4. Lnc-PCIF1 affects glycolysis and cell viability in A549/DDP cells

As shown in Fig. 4-A and 4-B, the experimental results of RNA-Seq
were verified by qRT-PCR, and the results showed that there was no
statistical difference between the two, indicating that the results of RNA-
Seq data were very reliable. Compared with A549 cells, PKM and PCIF1
were increased by 7-fold and 14-fold in A549/DDP cells, respectively. As
shown in Fig. 4-C and 4-D, the expression of PCIF1 in A549/DDP cells

transfected with si-PCIF1 was significantly decreased, and the cell pro-
liferation activity was significantly decreased. The expression of PCIF1
in A549/DDP cells transfected with pc-PCIF1 was significantly
increased, and the cell proliferation activity was significantly increased.
As shown in Fig. 4-E，the expression level of PKM protein in A549/DDP
cells transfected with si-PCIF1 was significantly decreased. The expres-
sion level of PKM protein in A549/DDP cells transfected with pc-PCIF1
was significantly increased. Finally, we examined the effect of PCIF1 on
glucose consumption and lactate accumulation, and the results showed
that glucose consumption and lactate accumulation were significantly
reduced in A549/DDP cells transfected with si-PCIF1. The intracellular
glucose consumption and lactate accumulation levels of A549/DDP cells
transfected with pc-PCIF1 were significantly increased (Fig. 4-F).

3.5. Lnc-PCIF1 competed with PKM for miR-326 binding

As shown in Fig. 5-A, PCIF1 and miR-326 binding sites are predicted.
Transfection of si-PCIF1 could significantly promote the expression level
of miR-326, and transfection of pc-PCIF1 could significantly inhibit the
expression level of miR-326 (Fig. 5-B). Similarly, transfection of miR-
326 mimics in A549/DDP cells significantly inhibited the mrna
expression of PCIF-1, and transfection of miR-326 inhibitor significantly
promoted the mrna expression of PCIF-1 (Fig. 5-C). The results of dual-
luciferase assay showed that the dual-luciferase activity was signifi-
cantly decreased after co-transfection of miR-326 mimics and Wt-PCIF1
pmirGLO plasmids. The dual luciferase activity was significantly
increased after co-transfection of miR-326 inhibitor and Wt-PCIF1
pmirGLO plasmids, but not changed in the Wt-PCIF1 pmirGLO

Fig. 4. Lnc-PCIF1 inhibited the glycolysis and cell viability of A549/DDP cells. RNA-Seq and qRT-PCR were used to detect the expression differences of (A) PCIF1 and
(B) PKM genes. (C) The PCIF1 gene silencing or overexpression vectors were constructed and transfected, and the effect on PCIF1 gene expression was detected. (D)
EdU method was used to detect cell proliferation activity. (E) The expression of PKM protein was detected by Western blot. (F) Intracellular glucose consumption and
lactate accumulation were measured by Elisa. The experiments were repeated at least three times, and results were expressed as mean ± S.D. *，p < 0.05; **，p
< 0.01.
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plasmids group (Fig. 5-D). As shown in Fig. 5-E, prediction of the
binding sites of PKM and miR-326. Co-transfection of miR-326 mimics
and Wt-PKM pmirGLO plasmids significantly decreased the dual lucif-
erase activity, while co-transfection of miR-326 inhibitor and Wt-PKM
pmirGLO plasmids significantly increased the dual luciferase activity.
However, the activity values of dual luciferase did not change in the
Mut-pKM pmirGLO plasmids group (Fig. 5-F).

3.6. Lnc-RNA PCIF1 inhibits the expression of PKM and promote cell
apoptosis

As shown in Fig. 6-A, si-PCIF1+inhibitor-NC experimental group
could inhibit the expression of PKM, and si-NC + miRNA-inhibitor
experimental group could increase the expression of PKM. The expres-
sion level of PKM in the si-PCIF1+ miRNA-inhibitor group was similar.
Similarly, glucose consumption and accumulated lactate levels were
measured and the results showed that the si-PCIF1+inhibitor-NC group
could inhibit glucose consumption and accumulated lactate levels
compared with the si-NC + inhibitor-NC control group. The si-NC +

miRNA-inhibitor experimental group could increase the glucose con-
sumption and the cumulative level of lactate, while the si-PCIF1+
miRNA-inhibitor experimental group had similar glucose consumption
and the cumulative level of lactate (Fig. 6-B). We use TUNEL and
Western blot method to research the PCIF1 effects on apoptosis of A549/
DDP cell. The results showed that si-PCIF1+inhibitor-NC group could
promote the apoptosis of A549/DDP cells compared with si-NC +

inhibitor-NC control group. The si-NC + miRNA-inhibitor group could
inhibit cell apoptosis, but the si-PCIF1+ miRNA-inhibitor group had no
change in cell apoptosis (Fig. 6-C). Finally, in vivo experiments showed
that si-PCIF1 could inhibit tumor growth and PKM expression in mice
(Fig. 6-E and F).

4. Discussion

In the process of gene transcription, only 2 % of nucleic acid se-
quences are used to encode proteins, while the remaining 98 % of
nucleic acid sequences cannot encode proteins [18]. RNA sequences that
cannot encode proteins are called ncRNAs. In recent years, studies have
found that such ncRNAs also have important biological functions, and
they play an important regulatory role at the chromosome and tran-
scriptional levels and in epigenetic modification [19–21]. In recent
years, many studies have confirmed that miRNAs are involved in regu-
lating tumor growth, differentiation, metastasis, proliferation, drug
resistance, and other aspects [22–25]. However, with the deepening of
research, new questions have also emerged, such as whether other fac-
tors can also affect the functional activity of miRNAs. Based on these
questions, the ceRNA hypothesis was first proposed in 2011 [26], which
revealed a new mechanism of RNA interaction—namely, a comple-
mentary pairing of ceRNAs and miRNAs, which affects the combination
of miRNA and mRNA and ultimately realizes the regulation of mRNA
expression. This is often closely related to the activation of oncogenes,
the deterioration of tumors, and tumor metastasis [27]. Currently, the

Fig. 5. Lnc-PCIF1 competed with PKM for miR-326 binding. (A) Prediction of Lnc-PCIF1 and miR-326 action sites. (B) Effect of PCIF1 on expression of miR-326. (C)
Effect of miR-326 on PCIF1 expression. (D) Dual luciferase assay was used to detect the binding between PCIF1 and miR-326. (E) Prediction of PKM and miR-326
action sites. (D) Dual luciferase assay was used to detect the binding between PKM and miR-326. The experiments were repeated at least three times, and results were
expressed as mean ± S.D. *，p < 0.05; **，p < 0.01.
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ceRNAs discovered mainly include circoRNAs, lncRNAs, synthetic
miRNAs, and viral miRNAs [28]. Studies have revealed a significant
increase in the expression of lncRNA GLCC1 in colorectal cancer, leading
to the promotion of glycolysis and subsequently enhancing cell survival
and proliferation [29]. Studies have found that the expression of
LncRNA HOTAIRM1 is increased in NSCLC, which can promote the level
of glycolysis metabolism, the viability, migration and invasion of tumor
cells [30].

The incidence and mortality rates of lung cancer have ranked it
among the top three types of tumors worldwide for a long time. Non-
–small-cell lung cancer (NSCLC) is the most common type of lung cancer
[31]. Most patients have lymph node or distant organ metastasis at the
time of diagnosis [32]. A combination drug regimen based on platinum
drugs is the first choice for the treatment of NSCLC, but with the increase
in chemotherapy times, patients show resistance to platinum drugs,

which seriously affects the clinical efficacy of NSCLC treatment [33]. In
recent years, metabolic reprogramming has been considered to be one of
the 10 characteristics of tumor cells, in which glycometabolism
reprogramming plays an important role, and glycometabolism reprog-
ramming of tumor cells has received increasing attention in the research
of tumor drug resistance mechanisms [34,35]. Currently, it has been
found that several key enzymes of glucose metabolism are related to the
drug resistance of tumor cells [36]. Among them, hexokinase (HK)
catalyzes the first step of the glycolysis reaction, and it is a rate-limiting
enzyme in the glycolysis pathway. Research shows that the application
of HK-targeted small-molecule inhibitors combined with paclitaxel can
significantly prolong the survival time of mice with NSCLC [37]. Pyru-
vate kinase (PK) is another rate-limiting enzyme in the glycolysis
pathway that catalyzes the production of pyruvate and ATP. Studies
have confirmed that the inhibition of PKM2 activity can reduce the

Fig. 6. Lnc-PCIF1 regulates glycolysis and apoptosis in A549/DDP cells. (A) The expression of PKM protein was detected by Western blot. (B) Intracellular glucose
consumption and lactate accumulation were measured by Elisa. (C) Cell apoptosis was detected by Tunel assay. (D) Cell apoptosis was detected by Western blot. (E)
Tumor growth in tumor-bearing mice. (F) The expression of PKM protein in tumor tissues was detected by Western blot. The experiments were repeated at least three
times, and results were expressed as mean ± S.D. * and #，p < 0.05; ** and ##，p < 0.01.
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glycolysis level and ATP production level of tumor cells and enhance the
sensitivity of cells to cisplatin drugs [38,39]. Lactic acid dehydrogenase
(LDH) is a third key glycolysis-related enzyme able to convert pyruvate
into lactic acid, inhibit the expression of LDH or reduce the enzyme
activity, and improve the drug resistance of tumor cells to paclitaxel and
trastuzumab [40,41].

In this study, the cisplatin-resistant A549/DDP cell line and its parent
A549 cell line were selected as research objects. First, cisplatin chemo-
therapeutic drugs were administered to the two cell lines, and the results
showed that the growth-inhibition effect of cisplatin on A549/DDP cells
was significantly smaller than that on A549 cells. It was also found that
the glucose consumption and lactic acid production of A549/DDP cells
were greater than those of A549 cells. These results suggest that the drug
resistance of A549/DDP cells might be related to abnormal glycolysis.
Subsequently, we performed RNA-seq of A549/DDP and A549 cells, and
then analyzed their differentially expressed genes at the gene and
transcription levels. The results showed that A549/DDP cells had sig-
nificant differences in gene expression and transcription level compared
to A549 cells. In A549/DDP cells, approximately 4000 mRNAs were
upregulated (the maximum upregulated factor was 23-fold), while
approximately 5000 mRNAs were downregulated (the maximum
downregulated factor was 138-fold). The enrichment analysis of GO
terms and KEGG pathways for these different mRNAs showed that the
genes involved in the cell metabolic pathway in A549/DDP cells were
activated, and the enrichment ranked in the top 10 of the overall dif-
ference ranking. Further analysis of the changed metabolic pathways
revealed that there were significant differences in 19 genes related to
sugar metabolism, such as ALDOA, ENO1, ENO2,HK1, PKM and PGAM1.

We constructed a ceRNA network map using TargetScan, miRNA
software, and the degree of difference in lncRNA expression. Combined
with ceRNA network and RNA-Seq results, a regulatory complex, Lnc-
PCIF1-miR-326-PKM, was selected. We confirmed that Lnc-PCIF1
could competitively combine with miR-326 to promote the expression
of PKM by detecting changes in target genes by silencing or over-
expressing genes in transfected cells, as well as dual-luciferase assay. In
addition, we found that knockdown of Lnc-PCIF1 reduced glycolysis
level and promoted apoptosis in A549/DDP cells. In this study, we
verified that LncRNA PCIF1 has certain resistance to A549/DDP cells by
in vivo and in vitro experiments. However, there are limitations in using
only one cell line model and the lack of in vivo validation in other animal
models, and we need to further verify the validity of these limitations in
the future.

5. Conclusions

A549/DDP cell line as the NSCLC representative model bacterium,
found the glycolytic pathway and related control gene increased
significantly. Lnc PCIF1 as molecular sponge adsorption induced
expression of PKM miR - 326 levels, promote the A549/DDP glycolysis
and cisplatin resistance. As an early biomarker, Lnc PCIF1 affects the
development of NSCLC. Early intervention targeting Lnc PCIF1 com-
bined with other therapies can improve the therapeutic effect and pre-
vent the occurrence of cisplatin resistance in NSCLC. More and deeper
studies are needed to explore the differences of Lnc PCIF1 in other
subtypes of NSCLC and whether this difference affects the efficacy of
targeted lnc-PCIF1 therapy, so as to provide theoretical basis for future
clinical application.
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