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Abstract 

Aim: This study aimed to explore the mechanism of LncRNA urothelial carcinoma-associated 1 (UCA1) promoting 
cisplatin resistance in lung adenocarcinoma (LUAD).

Method: The UCA1 expression level in LUAD cell lines was detected by reverse transcription-quantitative polymer-
ase chain reaction (RT-qPCR). We overexpressed UCA1 in A549 cells and downregulated UCA1 in A549/DDP cells 
by the lentivirus-mediated technique. Subsequently, in vitro, and in vivo functional experiments were performed to 
investigate the functional roles of UCA1 in the growth and metastasis of LUAD cell lines. Furthermore, RNA pulldown, 
mass spectrometry, and RNA immunoprecipitation technique were performed to analyze various downstream target 
factors regulated by UCA1.

Results: The results revealed a higher UCA1 expression level in A549/DDP cells and LUAD tissues than in A549 cells 
and adjacent cancer tissues. UCA1 expression was significantly associated with distant metastasis, clinical stage, and 
survival time of patients with LUAD. UCA1 overexpression significantly increased the proliferation, invasion, clone 
formation, and cisplatin resistance ability and enhanced the expression levels of proliferating cell nuclear antigen 
and excision repair cross-complementing gene 1 in A549 cells. However, these trends were mostly reversed after the 
knockdown of UCA1 in A549/DDP cells. Tumorigenic assays in nude mice showed that UCA1 knockdown significantly 
inhibited tumor growth and reduced cisplatin resistance. Enolase 1 was the RNA-binding protein (RBP) of UCA1.

Conclusion: Based on the results, we concluded that UCA1 promoted LUAD progression and cisplatin resistance and 
hence could be a potential diagnostic marker and therapeutic target in patients with LUAD.
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Introduction
Lung cancer was the second most diagnosed cancer and 
the leading cause of cancer death, with an estimated 
2.2  million new cancer cases and 1.8 million deaths in 
2020 [1]. The current 5-year survival rate of patients 
with lung cancer was lower than 20% due to the absence 
of validity for diagnosis in the early stage and the lack of 
effective therapies for advanced lung cancer, [2]. Lung 
adenocarcinoma (LUAD) was the most common histo-
logical type of non-small cell lung cancer (NSCLC).
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Notably, platinum-based chemotherapy was still the 
first-line treatment for advanced NSCLC and an effi-
cient method to improve the survival rate and life qual-
ity of patients [3]. Inevitably, platinum‐based drugs 
and targeted drugs, which achieved a significant effect 
at the beginning of treatment, had limitations due to 
the development of resistance with long-term use [4]. 
The mechanism of resistance to cisplatin (DDP) was 
extremely complex, involving multiple genes, and was 
currently thought to be achieved primarily through 
multiple mechanisms [5–7]. Despite many advances in 
genomic and proteomic studies, the mechanism of cis-
platin resistance remained elusive.

Meanwhile, accumulating evidence indicated the 
involvement of long noncoding RNA (lncRNA) in 
cancer development, progression, and drug resist-
ance [8–15]. LncRNA urothelial carcinoma-associated 
1 (UCA1) was first reported by Wang [16]. UCA1 
belongs to the human endogenous retrovirus H fam-
ily, with a full length of 1439  bp and without protein 
translation. It was one of the most distinctive genes for 
bladder cancer [16].

Some reports were available regarding the role of 
UCA1 in chemoresistance. UCA1/miRNA204-5p/
cAMP responsive element binding protein-1 (CREB1) 
axis [17], UCA1/miRNA-143/Fos-like antigen 2 
(FOSL2) axis [18], and UCA1/miRNA-196a-5p/CREB 
axis [19] were involved in enhancing the chemore-
sistance of colorectal, ovarian, and bladder cancers. 
In NSCLC, Li et  al. [20] discovered complementary 
binding sites between UCA1 and miRNA-495, and 
indicated that UCA1 promoted cisplatin resistance of 
NSCLC by regulating the miRNA-495/Nuclear factor-
erythroid 2-related factor 2 (NRF2) axis as ceRNA. Liu 
et  al. [21] found that epithelial–mesenchymal transi-
tion (EMT) related proteins had changed and LUAD 
cell lines restored the sensitivity of cisplatin after 
UCA1 knockdown, which meant that UCA1 promoted 
cisplatin resistance by participating in the EMT signal-
ing pathway. However, the specific regulatory relation-
ship between UCA1 and chemoresistance in NSCLC 
was still unclear.

In our previous experiments, differentially expressed 
lncRNAs between LUAD cisplatin-sensitive cell line 
A549 and LUAD cisplatin resistant cell line A549/
DDP were screened using a lncRNA chip. We found 
that UCA1 was highly expressed in A549/DDP cells. 
Hence, we speculated that UCA1 played a vital role in 
the cisplatin resistance of LUAD. A mechanistic study 
of lncRNA UCA1 promoting cisplatin resistance in 
LUAD was also performed.

Materials and methods
Human LUAD tissue samples
The clinicopathological features and UCA1 expres-
sion level in 433 patients with LUAD were downloaded 
from The Cancer Genome Atlas (TCGA) database. The 
age of patients ranged from 33 to 88 years (median age 
66  years), including 198 men and 235 women. UCA1 
expression in LUAD and normal tissues, and the sur-
vival curve in the TCGA database were obtained 
through the analysis of the UALCAN website (http:// 
ualcan. path. uab. edu/ index. html) [22].

Cell culture
A549 and A549/DDP cells were purchased from the 
Cell Bank of the Chinese Academy of Sciences (Shang-
hai, China). The cell lines were cultured in a Roswell 
Park Memorial Institute1640 (RPMI 1640, Thermo 
Fisher Scientific, MA, USA) medium containing 10% 
fetal bovine serum (FBS, Thermo Fisher Scientific) and 
maintained in an incubator at 37 °C, in the presence of 
5%  CO2 in a humidified atmosphere. The cell culture 
medium was changed every 2–3 days. When near con-
fluence, the culture medium was discarded, and 2  mL 
of PBS (phosphate buffer saline) was added to rinse. 
The cells were digested using pancreatic enzymes, 
made into a single-cell suspension, and sub-cultured 
in a ratio of 1:3. For the culture of A549/DDP, 1 µg/mL 
cisplatin (Beyotime, Shanghai, China) was added to the 
RPMI1640 medium described earlier to maintain cispl-
atin resistance capability.

Cisplatin sensitivity test
A single-cell suspension was prepared. The cells were 
seeded into 96‐well plates (4 ×  103  cells/well) and cul-
tured overnight. The next day, the culture medium in 
the well was removed, and the cells were incubated 
with different concentrations of cisplatin (0, 1, 2, 4, 
and 8  µg/mL) for 48  h. Then, the culture medium in 
each well was replaced with 90  µL of RPMI 1640 and 
10  µL of Cell Count Kit 8 (CCK8, Dojindo, Kuma-
moto, Japan) solution. After 1 h, the absorbance value 
was measured at 450  nm with a microplate reader 
(Tecan company, Mannedorf, Switzerland). Cell viabil-
ity % = (Aplus − Ablank)/(A0 plus drug − Ablank) × 100%. The 
half-maximal inhibitory cisplatin concentration (IC50) 
was calculated using a SPSS21.0 software profit regres-
sion model.

Cell viability assay
A single-cell suspension was prepared. The cells were 
seeded into 96‐well plates (2 ×  103  cells/well) and the 
cisplatin-containing medium in the cisplatin treatment 
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groups was replaced after the cells were attached 
completely. According to the IC50 value of cells, the 
cisplatin concentration of the medium in the UCA1 
overexpression groups was 2  μg/mL, and that in the 
UCA1 knockdown groups was 4 μg/mL. The next day, 
the culture medium in the well was removed, and 
100  μL of the culture medium containing 10% CCK8 
was added to each well. The absorbance value was 
measured at 450  nm after 1  h. This procedure was 
repeated for 5 consecutive days.

Cell migration and invasion assays
The migration and invasion assays were performed with 
8.0-μm-pore inserts in a 24-well plate. For the migra-
tion assay, 5 ×  104 cells and 100  μL of RPMI 1640 were 
added into the upper compartment of the Transwell 
inserts, and 200  μL of the culture medium contain-
ing 30% FBS was added into the lower compartment. 
The invasion assay was performed with Matrigel-coated 
filters. In the cisplatin treatment groups, RPMI 1640 
and the culture medium, containing 2  μg/mL cisplatin 
(UCA1 overexpression group) and 4  μg/mL cisplatin 
(UCA1 knockdown group), was added to the upper and 
lower chambers respectively. The cells were incubated 
for 24 h (migration assay) and 48 h (invasion assays). The 
migrated and invaded cells were fixed with methanol and 
stained with 0.1% (w/v) crystal violet. Finally, five fields 
were randomly taken under the microscope to perform 
cell counting and statistical analysis of results. Each 
experiment was performed three times.

Colony formation assay
A total of 300 cells were seeded into 12-well plates. In the 
cisplatin treatment groups, a medium containing 2  μg/
mL cisplatin (UCA1 overexpression group) and 4  μg/
mL cisplatin (UCA1 knockdown group) was added. After 
14 days of incubation, the cells were fixed with 4% para-
formaldehyde for 15  min and stained with 0.1% (w/v) 
crystal violet for 15  min. The cell colonies (more than 
50 cells) were counted, which indicated the ability of cell 
clone formation. The assay was conducted three inde-
pendent times.

Constructed lentivirus‑mediated overexpression 
and shRNA vector
The overexpression vector targeting UCA1 as well as 
a negative control (NC, Genechem, Shanghai, China) 
were transfected into A549 cells. A549/DDP cells were 
transfected with an shRNA vector targeting UCA1 and 
shNC (Genechem). Transfection was performed by seed-
ing 2 ×  105  cells into a six-well plate, and the medium 
was aspirated and incubated with a transfection com-
plex after 24  h following the manufacturer’s protocol 

[multiplicity of infection (MOI) value was 10]. The A549/
DDP and A549 cells were infected with lentivirus for 
72 h and treated with 2 μg/mL puromycin to obtain cells 
transfected with the vector successfully. The transfec-
tion efficiency was detected by RT-qPCR. Detailed target 
sequences of shRNA and NC were as follows: CTC CTG 
GAA GCC ACA AGA TTA and TTC TCC GAA CGT GTC 
ACG T.

Real‑time RT‑PCR
Total RNA from cells was isolated using TRIzol reagent 
(Thermo Fisher Scientific) and reverse-transcribed into 
cDNA using a PrimeScript RT Reagent Kit (TaKaRa, 
Dalian, China), following the manufacturer’s proto-
col. The expression levels of genes were normalized to 
the levels of the internal control β-actin by the  2−ΔΔCT 
method. Quantitative polymerase chain reaction (PCR) 
assays were carried out on ABI 7500 (Thermo Fisher 
Scientific). The detailed primer sequences are shown in 
Table  1. A 10  μL PCR system contained 1  μL of cDNA 
template, 0.4  μL of 10  μM preserve primers, 0.4  μL of 
10 μM forward primers, 5 μL of TaKaRa TB Green™ Pre-
mix Ex Taq™ II (TaKaRa), 0.2 μL of ROX II (TaKaRa), and 
3 μL of  ddH2O. PCR conditions were as follows: 30 s at 
95 °C, followed by 40 cycles of 5 s at 95 °C, 34 s at 55 °C, 
and 15 s at 95  °C; and 1 cycle of 15 s at 95  °C, 1 min at 
60  °C, and 15  s at 95  °C. The reactions were performed 
independently in triplicate.

Western blot analysis
For harvesting the protein, the cells were washed twice 
with PBS and lysed with 100  μL of ice-cold 1× Radio 
Immunoprecipitation Assay (RIPA) lysis buffer (Beyo-
time) after growing to 80% density. For each sample, 
20 μg protein was subjected to Sodium Dodecyl Sulfate 
Polyacrylamide Gel Electrophoresis (SDS‐PAGE) at 70 V 
for 40 min, and 120 V for 60 min and then transferred to 
a Poly Vinylidene Fluoride (PVDF) membrane (Millipore, 
MA, USA) at 300 mA for 60–120 min in an ice bath. The 
membrane was incubated with antibodies, including 
excision repair cross complementing gene 1 (ERCC1), 
proliferating cell nuclear antigen (PCNA), survivin, and 
β-actin (Proteintech, IL, USA), overnight at 4  °C. After 
washing with PBST, the PVDF membrane was incubated 

Table 1 Detailed primer sequences for real-time RT-PCR

Gene Primer sequences

Forward Reverse

UCA1 ACG CTA ACT GGC ACC TTG TT CTC CGG ACT GCT TCA AGT GT

β-Actin CCT GGC ACC CAG CAC AAT GCT GAT CCA CAT CTG CTG GAA 

ENO1 ACC CAG TGG CTA GAA GTT CAC CCA TGG GCT GTG GGT TCT AA
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with secondary antibody (Beyotime) for 1  h at room 
temperature. An enhanced chemiluminescence (ECL) 
kit (Thermo Fisher Scientific) was used to visualize and 
analyze the expression of indicated proteins. Finally, the 
protein bands were scanned and analyzed in Alpha View 
software for gray values. The grayscale of targeted bands 
was normalized to the grayscale of β-actin, and the rela-
tive grayscale was analyzed using SPSS software.

RNA pulldown and mass spectrometry
RNA pulldown assays were performed with a Pierce 
Magnetic RNA–Protein Pull-Down Kit (Thermo Fisher 
Scientific) following the manufacturer’s protocol. The 
primer sequences of sense chain and antisense chain of 
lncRNA UCA1 are listed in Additional file  2: Table  S1. 
Sense and antisense transcripts of UCA1 were labeled 
using Biotin RNA Labeling Mix (Roche Diagnostics, 
Mannheim, Germany). The labeled RNA was mixed with 
magnetic beads (Thermo Fisher Scientific). The mixture 
of RNA and magnetic beads was added to the cell lysate 
and incubated to form an RNA–protein complex. The 
supernatant was purified and analyzed by Western blot, 
silver staining, and protein mass spectrometry.

The raw Mass spectrometry/Mass spectrometry files 
of the mass spectrometer were submitted to Protein-
Pilot (https:// sciex. com. cn/ produ cts/ softw are/ prote inpil 
ot- softw are, version 4.5, SCIEX, Redwood City, Califor-
nia, USA) for data analysis. The parameters are set as 
follows: the instrument is TripleTOF 5600, the cysteine 
is modified with iodoacetamide; the biological modifica-
tion is selected as the ID focus. For the identified protein 
results, certain filtration criteria were selected, and the 
peptide with an unsed score > 1.3 (more than 95% confi-
dence) was considered a trusted peptide, retaining a pro-
tein containing at least one unique peptide.

RNA immunoprecipitation
The RNA immunoprecipitation (RIP) assays were 
conducted using a Magna RIP RNA-Binding Protein 
Immunoprecipitation Kit (Millipore) following the 
manufacturer’s protocols. In brief, the cell extracts were 
mixed with protein A/G beads conjugated to an anti-
body against Enolase 1 (ENO1) or IgG (NC, Proteintech). 
Then, the precipitated RNAs were analyzed by qPCR.

In vivo tumorigenic ability
A total of 24 BALB/c nude mice (male, 4  weeks) were 
purchased from the experimental animal center at Wen-
zhou Medical University (Wenzhou, China). The pro-
tocols of animal studies were approved by the Animal 
Experimental Ethical Inspection of Laboratory Animal 
Centre, Wenzhou Medical University (WYDW2020-
0380). The mice were maintained and treated under 

specific pathogen-free (SPF) conditions and randomly 
divided into four groups (A549/DDP-Lenti-shNC, A549/
DDP-Lenti-shUCA1, A549/DDP-Lenti-shNC + DDP, and 
A549/DDP-Lenti-shUCA1 + DDP). Further, 1 ×  107  cells 
were implanted into the right flank of mice via subcuta-
neous injection. Tumor sizes were calculated using a Ver-
nier caliper as follows: tumor volume  (mm3) = (L × W2)/2, 
where L = long axis and W = short axis. For the cisplatin 
treatment group, once the tumor size was 50   mm3, cis-
platin (0.35  mg/kg) was injected intraperitoneally twice 
a week for 4 weeks. On the 38th day of the experiment, 
the mice were anesthetized (induction under 5% isoflu-
rane, 1–2% continued isoflurane to maintain anesthesia), 
and anesthetic depth was confirmed by toe pinch. Eutha-
nized animals were then subjected to cervical dislocation 
to ensure euthanasia, and excised xenograft tumors were 
weighed.

Statistical analysis
Statistical analyses were performed using SPSS 21.0 
software and the two-sample t-test. The clinical data 
were analyzed using the chi-square test or Fisher’s exact 
test. P values < 0.05 indicated statistically significant dif-
ference. NS meant not significant; *P < 0.05; **P < 0.01; 
***P < 0.001.

Result
UCA1 was highly expressed in LUAD tissues and cells 
and was related to the prognosis
In a previous study, we screened the lncRNAs between 
A549/DDP cells and A549 cells through a high-through-
put microarray. UCA1 was one of the significantly upreg-
ulated genes in A549/DDP cells. To further confirm this 
result, we detected UCA1 expression in A549 and A549/
DDP cells, and found that UCA1 was highly expressed in 
A549/DDP cells (t = 10.35, P < 0.001, Fig. 1A), which was 
consistent with previous findings. Next, we investigated 
the UCA1 expression levels in LUAD tissues and normal 
adjacent tissues through the TCGA database and found 
that the expression of UCA1 was higher in cancer tissues 
than in adjacent tissues (http:// ualcan. path. uab. edu/ cgi-
bin/ TCGAE xResu ltNew2. pl? genen am= UCA1& ctype= 
LUAD, P < 0.001, Fig. 1B).

In addition, the 433 patients from the TCGA data-
base were divided into 2 groups according to gene 
expression to investigate the correlation between 
UCA1 expression and clinical characteristics of 
patients with LUAD. Patients with the expression lev-
els higher than the median were classified into the 
high-expression group; otherwise, they were classified 
into the low-expression group. The result showed no 
correlations between UCA1 expression and age, sex, 
T stage, N stage, smoking history, and tumor location. 

https://sciex.com.cn/products/software/proteinpilot-software
https://sciex.com.cn/products/software/proteinpilot-software
http://ualcan.path.uab.edu/cgibin/TCGAExResultNew2.pl?genenam=UCA1&ctype=LUAD
http://ualcan.path.uab.edu/cgibin/TCGAExResultNew2.pl?genenam=UCA1&ctype=LUAD
http://ualcan.path.uab.edu/cgibin/TCGAExResultNew2.pl?genenam=UCA1&ctype=LUAD
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Fig. 1 Expression of UCA1 in LUAD and LUAD cell lines and its role in poor prognosis of patients with LUAD. A Expression level of UCA1 was 
significantly higher in A549/DDP cells than in A549 cells. B UCA1 was highly expressed in LUAD cancer tissues than in corresponding NT examined 
by RT-qPCR. C TCGA database indicated that UCA1 expression was higher in tumor tissues than in adjacent normal tissues. D Kaplan Meier analysis 
showed that patients with LUAD having higher UCA1 expression had a shorter survival time. NT normal tissue; *P < 0.05, **P < 0.01, ***P < 0.001
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UCA1 was significantly associated with the M stage 
(P = 0.019) and clinical stage (P = 0.046, Table 2). The 
Kaplan–Meier analysis showed that the overall sur-
vival time of patients with high UCA1 expression lev-
els was significantly shorter than those with low UCA1 
expression levels (http:// ualcan. path. uab. edu/ cgi- bin/ 
TCGA- survi val1. pl? genen am= UCA1& ctype= LUAD, 
P = 0.021, Fig. 1C).

These results showed the role of UCA1 in LUAD 
cancer development and cisplatin resistance and its 
potential as a biomarker to predict poor prognosis and 
cisplatin resistance in patients with LUAD.

UCA1 promoted cell proliferation and reduced sensitivity 
to cisplatin in the LUAD cell lines
RT-PCR showed that the RNA expression of UCA1 
was markedly elevated in the overexpression group 
A549-Lenti-UCA1 compared with the negative control 
group A549-Lenti-NC (t = 54.71, P < 0.001, Fig.  2A). 
The UCA1 expression level decreased significantly in 
the A549/DDP-Lenti-shUCA1 group than in the A549/
DDP-Lenti-shNC group (t = 95.10, P < 0.001, Fig.  2B). 
The cells with stable UCA1 overexpression and knock-
down were established.

Table 2 Relationship between expression of UCA1 expression and clinicopathological characteristics in patients with LUAD. N(%)

a “X” means that the tumor could not be evaluated or measured. The clinicopathological data of these patients was not included in statistical tests

*The difference was statistically significant

Group Total (n = 433) UCA1 P value

High expression Low expression

Gender 0.229

 Male 198 93 (46.97) 105 (53.03)

 Female 235 124 (52.77) 111 (47.23)

Age (year) 0.598

 > 65 224 115 (51.34) 109 (48.66)

 ≤ 65 209 102 (48.80) 107 (51.20)

N stage

 N0 281 142 (50.53) 139 (49.47) 0.706

 N1–3 142 69 (48.59) 73 (51.41)

  NXa 10 6 (60.00) 4 (40.00)

T stage

 T1–2 376 185 (49.20) 191 (50.80) 0.383

 T3–4 54 30 (55.56) 24 (44.44)

  TXa 3 2 (66.67) 1 (33.33)

M stage

 M0 286 137 (47.90) 149 (52.10) 0.019*

 M1 20 15 (75.00) 5 (25.00)

  MXa 127 65 (51.18) 62 (48.82)

Clinical stage 0.046*

 I, II 344 164 (47.67) 180 (52.32)

 III, IV 89 53 (59.55) 36 (40.45)

Smoking 0.434

 No 66 36 (54.55) 30 (45.45)

 Yes 277 181 (49.32) 186 (50.68)

Tumor location 0.217

 Superior lobe of left lung 108 61 (56.48) 47 (43.52)

 Inferior lobe of left lung 65 28 (43.08) 37 (56.92)

 Superior lobe of right lung 159 72 (45.28) 87 (54.72)

 Middle lobe of right lung 17 10 (58.82) 7 (41.18)

 Inferior lobe of right lung 84 46 (54.76) 38 (45.23)

http://ualcan.path.uab.edu/cgi-bin/TCGA-survival1.pl?genenam=UCA1&ctype=LUAD
http://ualcan.path.uab.edu/cgi-bin/TCGA-survival1.pl?genenam=UCA1&ctype=LUAD
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Next, we evaluated the role of UCA1 in LUAD cell pro-
liferation. It was shown that the absorbance at 450  nm 
was higher in the A549-Lenti-UCA1 group than in 
the A549-Lenti-NC group after 24  h, 48  h, 72  h, 96  h, 
and 120  h (all P values < 0.05) after UCA1 overexpres-
sion (Fig. 2C). Under the effect of 2 μg/mL cisplatin, the 
absorbance values were still higher in the A549-Lenti-
UCA1 group than in the A549-Lenti-NC group (all P 
value < 0.05, Fig.  2C). In contrast, the absorbance at 
450 nm after 48 h, 72 h, 96 h and 120 h (all P values < 0.05) 
was lower in the A549/DDP-Lenti-shUCA1 group than 
in the A549/DDP-Lenti-shNC group (Fig.  2D). After 
4 μg/mL cisplatin treatment, except for 24 h, the prolifer-
ation levels of the A549/DDP-Lenti-shNC cell lines were 
still stronger than that of UCA1 knockdown cell lines (all 
P values < 0.05, Fig. 2D). PCNA was an auxiliary protein 
involved in DNA replication and has been confirmed 
to be an indicator to evaluate the proliferation status of 
tumor cells [23, 24]. PCNA protein expression signifi-
cantly increased after UCA1 overexpression (t = 2.819, 
P = 0.0479, Fig.  2E) and decreased after UCA1 knock-
down (t = 4.136, P = 0.0144, Fig. 2F). These results dem-
onstrated that UCA1 could promote the proliferation of 
LUAD cells and reduce sensitivity to cisplatin in LUAD 
cell lines.

UCA1 promoted the migration and invasion of LUAD cells
We found that the number of A549-Lenti-UCA1 migrat-
ing cells passing through the Transwell chamber was sig-
nificantly higher than that in the control group (t = 2.596, 
P = 0.0318, Fig.  3A). After treatment with 2  μg/mL cis-
platin, this trend was still obvious (t = 8.352, P < 0.0001, 
Fig. 3A). On the contrary, the A549/DDP-Lenti-shUCA1 
group had fewer migrating cells than the A549/DDP-
Lenti-shNC group (t = 5.754, P = 0.0004, Fig.  3A). The 
knockdown cells were treated with 4  μg/mL cisplatin, 
and the result was the same as that without the cisplatin 
treatment group (t = 3.307, P = 0.0107, Fig. 3A).

The results of the Matrigel invasion assays also showed 
that UCA1 significantly enhanced the cell invasion 
capability in A549 cells (t = 7.537, P < 0.0001; t = 3.173, 
P = 0.0131, Fig.  3B). However, the results were reversed 
after the knockdown of UCA1 (t = 5.568, P = 0.0005; 
t = 3.325, P = 0.0105, Fig.  3B). Migration and invasion 
assays showed that stable UCA1 overexpression signifi-
cantly promoted the A549 cell migration and invasion 

ability, whereas UCA1 knockdown reduced the A549/
DDP cell migration and invasion ability, whether under 
the influence of cisplatin.

UCA1 enhanced the clonogenic capability of LUAD cells
The UCA1 overexpression group possessed a higher 
colony-forming ability than the NC group (t = 8.766, 
P = 0.0009; t = 5.935, P = 0.0040; Fig.  4A). This result 
was reversed in the UCA1 knockdown group (t = 6.649, 
P = 0.0027; t = 5.375, P = 0.0058; Fig.  4A). These results 
demonstrated that UCA1 markedly enhanced the colony-
forming ability of LUAD cells.

UCA1 enhanced cisplatin resistance of LUAD cells by ERCC1
The cell IC50 assay showed that the IC50 value of cispl-
atin of A549 cells increased from 0.865 ± 0.071 μg/mL to 
1.878 ± 0.037  μg/mL (t = 21.92, P < 0.001, Fig.  5A). After 
UCA1 knockdown, the IC50 value of A549/DDP cells 
decreased from 5.135 ± 0.472 μg/mL to 4.021 ± 0.377 μg/
mL (t = 3.193, P = 0.0331, Fig. 5B).

ERCC1 protein has been confirmed to be highly cor-
related with cisplatin resistance in NSCLC [25]. We 
detected ERCC1 expression in the cells and found that 
ERCC1 expression increased with the increase in UCA1 
expression (t = 3.084, P = 0.0368, Fig. 5C) and decreased 
with the decrease in UCA1 expression (t = 4.393, 
P = 0.0118, Fig.  5D). Based on the results, as ERCC1 
was involved in the DNA repair pathway, we inferred 
that UCA1 might activate the DNA repair pathway to 
enhance cisplatin resistance of LUAD cells.

UCA1 promoted proliferation and cisplatin resistance 
of LUAD cells in vivo
Tumor xenograft models were employed to further 
evaluate the effect of UCA1 on tumor growth and cis-
platin resistance in  vivo. As shown in Fig.  6A, the 
transplanted xenograft tumors were constructed after 
8  days. No significant difference was found in the vol-
ume of transplanted tumors except on the 10th day. At 
other time points, the tumor volume was significantly 
higher in the A549/DDP-Lenti-shNC group than in the 
A549/DDP-Lenti-shUCA1 group (all P values < 0.05). 
The weight of nude mice was slightly lower in the A549/
DDP-Lenti-shNC group (20.300 ± 2.326  g) than in the 
A549/DDP-Lenti-shUCA1 group (21.533 ± 2.482  g), but 
the difference was not statistically significant (Fig.  6B). 

(See figure on next page.)
Fig. 2 UCA1 contributed to the proliferative capacity of LUAD cells. A, B Lentivirus-mediated UCA1 overexpression and knockdown in A549 cells 
and A549/DDP cells were examined by RT-qPCR. C, D Growth curves of cells were evaluated by CCK-8 assays after overexpressing and knocking 
down UCA1 in A549 cells and A549/DDP cells. E, F Protein expression levels of PCNA in A549 cells and A549/DDP cells were determined by Western 
blot analysis, which indicated that UCA1 promoted LUAD cell proliferation. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 2 (See legend on previous page.)
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However, the weight of transplanted tumor was sig-
nificantly lower in the A549/DDP-Lenti-shUCA1 group 
(0.074 ± 0.042  g) than in the A549/DDP-Lenti-shNC 
group (0.310 ± 0.066  g) (t = 7.354, P < 0.001, Fig.  6C, D). 
The tumor growth was most significantly inhibited in 
mice following UCA1 knockdown compared with that in 
the NC groups, indicating that UCA1 played an impor-
tant role in regulating the growth of LUAD cells in vivo.

With cisplatin treatment, the bodyweight in the A549/
DDP-Lenti-shUCA1 + DDP group decreased from 
19.417 ± 1.137  g to 17.067 ± 0.784  g and that in the 
A549/DDP-Lenti-shNC + DDP group decreased from 
20.383 ± 0.947  g to 18.000 ± 1.643  g, with no signifi-
cant difference between the two groups both before and 
after chemotherapy (Fig.  7A). After an intraperitoneal 

injection of cisplatin, the inhibition degree of the trans-
planted tumor was significantly higher in the A549/
DDP-Lenti-shUCA1 + DDP group than in the control 
group. During chemotherapy, the tumor volume was sig-
nificantly lower in the A549/DDP-Lenti-shUCA1 + DDP 
group than in of the A549/DDP-Lenti-shNC + DDP 
group (all P values < 0.05, Fig.  7B). After chemo-
therapy, the tumor weight in the A549/DDP-Lenti-
shUCA1 + DDP group was 0.025 ± 0.009  g, which was 
significantly lower than that in the A549/DDP-Lenti-
shNC + DDP group (0.285 ± 0.071 g, t = 0.885, P < 0.001, 
Fig. 7C, D). These results demonstrated that the knock-
down with UCA1 restored the sensitivity of A549/DDP 
cells to cisplatin. Taken together, UCA1 promoted prolif-
eration and cisplatin resistance of LUAD cells in vivo.

Fig. 3 UCA1 promoted LUAD cell invasion and migration. A, B Cell migration was determined by Transwell assays after UCA1 overexpression and 
knockdown in A549 cells and A549/DDP cells. C, D Cell invasion was detected by Transwell assays with Matrigel after UCA1 overexpression and 
knockdown. *P < 0.05, **P < 0.01, ***P < 0.001
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RNA‑binding protein ENO1 of UCA1
After RNA pulldown, the products of UCA1_sense and 
UCA1_antisense were visualized by silver staining (Addi-
tional file  1: Fig. S1). And through protein mass spec-
trometry (MS), a total of 441 proteins were identified, 
among which 219 were identified in 2 samples, while 75 
proteins were identified uniquely in UCA1_sense and 147 
unique proteins in UCA1_antisense (Fig.  8A). Among 
these, some proteins related to tumor chemotherapy 
resistance were summarized in Table 3.

Enolase 1 (ENO1), known as coding enolization 
enzyme 1, played a key role in glucose metabolism and 
tumor development [57]. ENO1 was highly expressed in 
lung cancer tissues and promoted LUAD progression by 

regulating the glycolytic pathway [58]. We explored by 
the RIP experiment whether ENO1 was bound to UCA1. 
The results confirmed that UCA1 was highly expressed 
in immunoprecipitated ENO1 (t = 6.859, P = 0.0024, 
Fig.  8B), indicating that ENO1 possibly was one of the 
RNA-binding proteins (RBP) of UCA1. It was quite pos-
sible that UCA1 might co-engage with ENO1 in regulat-
ing cisplatin resistance mechanisms in LUAD.

Discussion
Using a lncRNA microarray, we analyzed the differen-
tially expressed genes between cisplatin-sensitive cell 
line A549 and cisplatin-resistant cell line A549/DDP, in 

Fig. 3 continued
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which UCA1 expression was upregulated. Consistent 
with the results from the TCGA database, we discovered 
by RTqPCR that UCA1 in LUAD tissues and A549/DDP 
cells were highly expressed. UCA1 expression had a cor-
relation with metastasis, worse clinical staging, and prog-
nosis, and was consistent with previous findings [59–61]. 
The results suggested that UCA1 was involved in the 
development and cisplatin resistance of LUAD and could 
be used as a biomarker to predict the prognosis and cis-
platin resistance.

We found that the capability of cell proliferation, 
migration, and invasion was enhanced after UCA1 over-
expression. The existing research results showed that 
UCA1 participated in cell proliferation [61], migration, 
and invasion [62, 63] to regulate tumor progression. 
Therefore, we detected the IC50 value of LUAD cell lines 
and confirmed that the IC50 value to cisplatin increased 
after UCA1 overexpression. This suggested that UCA1 
was likely to increase the cisplatin resistance ability of 

Fig. 4 UCA1 enhanced LUAD cell clonogenic ability. A, B Colony-forming assays showed significantly more colonies after UCA1 overexpression in 
A549 cells compared with negative control, and UCA1 knockdown reversed the increase in cloning ability. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 5 UCA1 enhanced the cisplatin resistance ability of LUAD cell lines. A UCA1-overexpressing A549 cells were more resistant to cisplatin, with 
higher IC50. B UCA1-knockdown A549/DDP cells were more sensitive to cisplatin, with lower IC50. C Western blot analysis of ERCC1 protein showed 
that UCA1 could enhance the cisplatin resistance of A549 cells. D UCA1 knockdown reduced the protein expression level of ERCC1. *P < 0.05, 
**P < 0.01, ***P < 0.001
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LUAD. Nevertheless, the specific mechanism still needs 
further research and remains to be explored.

RBP could bind to their target RNA, form ribonucleo-
protein complexes, and regulate gene expression after 
transcription [64]. A total of 441 proteins were identified. 
We selected the ENO1 protein to perform RIP experi-
ments. The RIP result showed that UCA1 expression 
increased in the ENO1 immunoprecipitation complex, 
indicating that ENO1 was likely to be the RBP of UCA1. 
ENO1 has been identified to be involved in the process of 
drug resistance in many types of tumor cells [36, 65, 66]. 
Therefore, UCA1 may bind with ENO1 and affect ENO1 
expression and its target genes.

Conclusions
In summary, UCA1 was involved in the regulation of cell 
proliferation, migration, invasion, and enhanced cell cis-
platin resistance in LUAD. High UCA1 expression pre-
dicted a poor prognosis and was associated with distant 
metastasis and high tumor grade in patients with LUAD. 
ENO1 is an RNA-binding protein of UCA1. This study 
provided a potential diagnostic marker and therapeutic 
target for lung cancer and cisplatin resistance of LUAD, 
which was expected to effectively prolong the survival 
time and improve the quality of life of patients with 
LUAD.

Fig. 6 UCA1 promoted the growth and cisplatin resistance in A549/DDP cells in vivo. A Growth rate of the transplanted tumor was significantly 
slower in the UCA1 knockdown group than in the control group. B Average weight of nude mice in the UCA1 knockdown group and control group 
showed no significant difference between groups. C Volume of the transplanted tumor was significantly smaller in the A549/DDP-Lenti-shUCA1 
group than in the control group; D weight of transplanted tumor was significantly higher in the A549/DDP-Lenti-shNC group than in the UCA1 
knockdown group. NS means no statistically difference. NS not significant; *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 7 Knockdown with UCA1 restored cisplatin sensitivity of cisplatin-resistant cell lines in vivo. A Two groups of nude mice treated with cisplatin 
showed different degrees of weight loss. B Growth of the transplanted tumor in the UCA1 knockdown group was significantly inhibited by cisplatin. 
C Transplanted tumor in the A549/DDP-Lenti-shNC + DDP and A549/DDP-Lenti-shUCA1 + DDP groups. (D) Weight of the transplanted tumor 
was significantly lower in the A549/DDP-Lenti-shUCA1 + DDP group than in the A549/DDP-Lenti-shNC + DDP group. NS not significant. *P < 0.05, 
**P < 0.01, ***P < 0.001

Fig. 8 RNA-binding protein ENO1 of UCA1 was obtained. A A Wayne diagram showed the proteins of UCA1_sense and UCA1_antisense detected 
by protein MS after RNA pulldown. B RIP assays were applied using anti-ENO1 antibodies and anti-IgG antibodies with extractions from A549 cells, 
and the UCA1 expression levels in the immunoprecipitates were detected by RT-qPCR assays. *P < 0.05, **P < 0.01, ***P < 0.001



Page 15 of 17Fu et al. Cancer Cell Int          (2021) 21:505  

Abbreviations
CCK8: Cell count kit-8; CREB1: CAMP responsive element binding protein-1; 
DDP: Cisplatin; EMT: Epithelial–mesenchymal transition; ENO1: Enolase 1; 
ERCC1: Excision repair cross-complementing gene 1; FBS: Fetal bovine serum; 
FOSL2: Fos-like antigen 2; IC50: Half-maximal inhibitory concentration; lncRNA: 
Long noncoding RNA; LUAD: Lung adenocarcinoma; MS: Mass spectrometry; 
MOI: Multiplicity of infection; NC: Negative group; NRF2: Nuclear factor-eryth-
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Additional file 1: Figure S1. The proteins of RNA pulldown were resolved 
through SDS-PAGE and visualized by silver staining.

Additional file 2: Table S1. The primers sequence of sense chain and 
antisense chain of LncRNA UCA1 for RNA pulldown.

Table 3 Detailed information of the proteins related to drug resistance of UCA1_sense and UCA1_antisense detected by protein MS 
after RNA pulldown

Identified by Protein ID Function Ref.

Both UCA1_sense 
and UCA1_anti-
sense

sp|P04406|G3P_HUMAN Inhibit cytarabine resistance of A549 cells [26]

sp|P07437|TBB5_HUMAN Be linked to paclitaxel chemoresistance of ovarian cancer cells [27]

sp|P25705|ATPA_HUMAN Lead to 5-FU resistance of colon cancer cells [28]

sp|P60174|TPIS_HUMAN Be an anti-drug resistance agent in gastric cancer [29]

sp|P00338|LDHA_HUMAN serve an important role in docetaxel resistance in castration-resistant prostate cancer [30]

sp|P07737|PROF1_HUMAN Synergize with chemotherapeutic drugs to induce tumor cell death [31]

sp|P31943|HNRH1_HUMAN Result in acquired chemoresistance to thymidine phosphorylase activated fluoropyrimidine 
anticancer drugs

[32]

sp|O43175|SERA_HUMAN Be a critical driver for sorafenib resistance in hepatocellular carcinoma [33]

sp|P15924|DESP_HUMAN Increase the sensitivity to anticancer drug-induced apoptosis in NSCLC [34]

sp|P04792|HSPB1_HUMAN Inhibit cell apoptosis induced by paclitaxel in ovarian cancer [35]

sp|P06733|ENOA_HUMAN Be a partner protein of fibroblast growth factor receptor‐like 1 promoting chemoresistance of 
small‐cell lung cancer

[36]

UCA1_sense sp|Q8N163|CCAR2_HUMAN Promote drug resistance of colonospheres colon cancer cells [37]

sp|P11908|PRPS2_HUMAN Be a target gene regulated by miRNAs which co-regulate vincristine resistance in childhood 
acute lymphoblastic leukemia

[38]

sp|Q13045|FLII_HUMAN Silencing of FLI1 sensitizes the resistant cells to BRAF inhibitors in melanoma cells [39]

sp|Q9Y6E2|BZW2_HUMAN Promote rapamycin resistance of hepatocellular carcinoma cells [40]

sp|P60981|DEST_HUMAN Be a differentially expressed protein related to platinum resistance in ovarian cancer [41]

sp|Q05639|EF1A2_HUMAN Inhibit chemotherapy-induced apoptosis resulting in chemoresistance [42]

sp|Q92769|HDAC2_HUMAN BE a target to overcome therapeutic resistance of adenocarcinoma against chemotherapeu-
tics in pancreatic cancer

[43]

sp|P51991|ROA3_HUMAN Be upregulated in cisplatin-resistant breast cancer cells [44]

sp|P33993|MCM7_HUMAN Be inhibited by simvastatin to suppress tamoxifen-resistant breast cancer cells growth [45]

sp|P14174|MIF_HUMAN As a therapeutic target for overcoming resistance to proteasome inhibitors in myeloma [46]

UCA1_antisense sp|P80723|BASP1_HUMAN Interact with oestrogen receptor α and modify the tamoxifen response in breast cancer [47]

sp|P14866|HNRPL_HUMAN Knockdown of HNRPL enhanced the level of DNA breakage and sensitivity of colorectal 
cancer cells to oxaliplatin

[48]

sp|Q15019|SEPT2_HUMAN LncRNA FGD5-AS1/miR-497-5p/SEPT2 axis increased cisplatin-resistance in laryngeal squa-
mous cell carcinoma

[49]

sp|Q15717|ELAV1_HUMAN Contribute to TRAIL resistance by restricting death receptor 4 expression in pancreatic cancer [50]

sp|P13797|PLST_HUMAN Be a critical regulator of paclitaxel sensitivity of MDA-MB-231 cells [51]

sp|P21333|FLNA_HUMAN Modulate chemosensitivity to docetaxel in triple-negative breast cancer through the MAPK/
ERK pathway

[52]

sp|P06493|CDK1_HUMAN Cooperate with UBE2C to promote cisplatin resistance in ovarian cancer [53]

sp|P47929|LEG7_HUMAN Be a potential predictive marker of chemotherapy resistance in oral squamous cell carcinoma [54]

sp|Q8TEX9|IPO4_HUMAN Enhance cervical cancer cisplatin sensitivity [55]

sp|Q9P258|RCC2_HUMAN Block spontaneous- or staurosporine-induced apoptosis in three cancer cell lines [56]

https://doi.org/10.1186/s12935-021-02207-0
https://doi.org/10.1186/s12935-021-02207-0


Page 16 of 17Fu et al. Cancer Cell Int          (2021) 21:505 

Acknowledgements
Not applicable.

Authors’ contributions
WMW and KTH designed the study. JLF, JJP, and XY performed the experi-
ments and prepared the figures. YZ, FGS, and JC contributed to the drafting of 
the manuscript. All authors read and approved the final manuscript.

Funding
This study was financially supported by the Zhejiang Provincial Natural Sci-
ence Foundation (LY19H200002), the National Natural Science Foundation of 
China (81672088), the Wenzhou Municipal Science and Technology Bureau 
of China (Y20190461), and the Zhejiang Provincial Research Center for Cancer 
Intelligent Diagnosis and Molecular Technology (JBZX-202003).

Availability of data and materials
The datasets used and/or analyzed in the present study are available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The protocols of animal studies were approved by the Animal Experimental 
Ethical Inspection of Laboratory Animal Centre, Wenzhou Medical University 
(WYDW2020-0380).

Consent for publication
Not applicable.

Competing interests
The authors confirm no conflicts of interest.

Author details
1 Department of Laboratory Medicine, The First Affiliated Hospital of Wenzhou 
Medical University, Wenzhou 325000, China. 2 Department of Intensive Care 
Unit, The First Affiliated Hospital of Wenzhou Medical University, Wen-
zhou 325000, China. 3 Department of Pathology, The First Affiliated Hospital 
of Wenzhou Medical University, Wenzhou 325000, China. 

Received: 11 March 2021   Accepted: 8 September 2021

References
 1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray 

F. Global cancer statistics 2020: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209–429.

 2. Torre LA, Siegel RL, Jemal A. Lung cancer statistics. Adv Exp Med Biol. 
2016;893:1–19.

 3. Du L, Morgensztern D. Chemotherapy for advanced-stage non-small cell 
lung cancer. Cancer J. 2015;21(5):366–70.

 4. Kibria G, Hatakeyama H, Harashima H. Cancer multidrug resistance: 
mechanisms involved and strategies for circumvention using a drug 
delivery system. Arch Pharm Res. 2014;37(1):4–15.

 5. Liang XJ, Finkel T, Shen DW, Yin JJ, Aszalos A, Gottesman MM. SIRT1 
contributes in part to cisplatin resistance in cancer cells by altering mito-
chondrial metabolism. Mol Cancer Res. 2008;6(9):1499–506.

 6. Beretta GL, Benedetti V, Cossa G, et al. Increased levels and defective 
glycosylation of MRPs in ovarian carcinoma cells resistant to oxaliplatin. 
Biochem Pharmacol. 2010;79(8):1108–17.

 7. Galluzzi L, Senovilla L, Vitale I, et al. Molecular mechanisms of cisplatin 
resistance. Oncogene. 2012;31(15):1869–83.

 8. Liu XH, Sun M, Nie FQ, et al. Lnc RNA HOTAIR functions as a competing 
endogenous RNA to regulate HER2 expression by sponging miR-331-3p 
in gastric cancer. Mol Cancer. 2014;13:92.

 9. Xue X, Yang YA, Zhang A, et al. LncRNA HOTAIR enhances ER signal-
ing and confers tamoxifen resistance in breast cancer. Oncogene. 
2016;35(21):2746–55.

 10. Özeş AR, Miller DF, Özeş ON, et al. NF-κB-HOTAIR axis links DNA damage 
response, chemoresistance and cellular senescence in ovarian cancer. 
Oncogene. 2016;35(41):5350–61.

 11. Hong Q, Li O, Zheng W, et al. LncRNA HOTAIR regulates HIF-1α/AXL sign-
aling through inhibition of miR-217 in renal cell carcinoma. Cell Death 
Dis. 2017;8(5):e2772.

 12. Cheng D, Deng J, Zhang B, et al. LncRNA HOTAIR epigenetically sup-
presses miR-122 expression in hepatocellular carcinoma via DNA meth-
ylation. EBioMedicine. 2018;36:159–70.

 13. Sun S, Wu Y, Guo W, et al. STAT3/HOTAIR signaling axis regulates 
HNSCC Growth in an EZH2-dependent Manner. Clin Cancer Res. 
2018;24(11):2665–77.

 14. Tan SK, Pastori C, Penas C, et al. Serum long noncoding RNA HOTAIR as a 
novel diagnostic and prognostic biomarker in glioblastoma multiforme. 
Mol Cancer. 2018;17(1):74.

 15. Wu C, Yang L, Qi X, Wang T, Li M, Xu K. Inhibition of long non-coding RNA 
HOTAIR enhances radiosensitivity via regulating autophagy in pancreatic 
cancer. Cancer Manag Res. 2018;10:5261–71.

 16. Wang XS, Zhang Z, Wang HC, et al. Rapid identification of UCA1 as a very 
sensitive and specific unique marker for human bladder carcinoma. Clin 
Cancer Res. 2006;12(16):4851–8.

 17. Bian Z, Jin L, Zhang J, et al. LncRNA-UCA1 enhances cell proliferation and 
5-fluorouracil resistance in colorectal cancer by inhibiting miR-204-5p. Sci 
Rep. 2016;6:23892.

 18. Li Z, Niu H, Qin Q, et al. lncRNA UCA1 mediates resistance to cisplatin by 
regulating the miR-143/FOSL2-signaling pathway in ovarian cancer. Mol 
Ther Nucleic Acids. 2019;17:92–101.

 19. Pan J, Li X, Wu W, et al. Long non-coding RNA UCA1 promotes cisplatin/
gemcitabine resistance through CREB modulating miR-196a-5p in blad-
der cancer cells. Cancer Lett. 2016;382(1):64–76.

 20. Li C, Fan K, Qu Y, Zhai W, Huang A, Sun X, et al. Deregulation of UCA1 
expression may be involved in the development of chemoresistance 
to cisplatin in the treatment of non-small-cell lung cancer via regu-
lating the signaling pathway of microRNA-495/NRF2. J Cell Physiol. 
2020;235:3721–30.

 21. Liu X, Huang Z, Qian W, Zhang Q, Sun J. Silence of lncRNA UCA1 rescues 
drug resistance of cisplatin to non-small-cell lung cancer cells. J Cell 
Biochem. 2019;120(6):9243–9.

 22. Chandrashekar DS, Bashel B, Balasubramanya S, et al. UALCAN: a portal 
for facilitating tumor subgroup gene expression and survival analyses. 
Neoplasia. 2017;19(8):649–58.

 23. Madsen P, Celis JE. S-phase patterns of cyclin (PCNA) antigen staining 
resemble topographical patterns of DNA synthesis. A role for cyclin in 
DNA replication. FEBS Lett. 1985;193(1):5–11.

 24. Kowalska E, Bartnicki F, Fujisawa R, et al. Inhibition of DNA replica-
tion by an anti-PCNA aptamer/PCNA complex. Nucleic Acids Res. 
2018;46(1):25–41.

 25. Sah NK, Khan Z, Khan GJ, Bisen PS. Structural, functional and therapeutic 
biology of survivin. Cancer Lett. 2006;244(2):164–71.

 26. Phadke MS, Krynetskaia NF, Mishra AK, Krynetskiy E. Glyceraldehyde 
3-phosphate dehydrogenase depletion induces cell cycle arrest and 
resistance to antimetabolites in human carcinoma cell lines. J Pharmacol 
Exp Ther. 2009;331:77–86.

 27. Roque DM, Buza N, Glasgow M, Bellone S, Bortolomai I, Gasparrini S, et al. 
Class III β-tubulin overexpression within the tumor microenvironment is a 
prognostic biomarker for poor overall survival in ovarian cancer patients 
treated with neoadjuvant carboplatin/paclitaxel. Clin Exp Metastasis. 
2014;31:101–10.

 28. Shin YK, Yoo BC, Chang HJ, Jeon E, Hong SH, Jung MS, et al. Down-regu-
lation of mitochondrial F1F0-ATP synthase in human colon cancer cells 
with induced 5-fluorouracil resistance. Cancer Res. 2005;65:3162–70.

 29. Wang X, Lu Y, Yang J, Shi Y, Lan M, Liu Z, et al. Identification of triosephos-
phate isomerase as an anti-drug resistance agent in human gastric 
cancer cells using functional proteomic analysis. J Cancer Res Clin Oncol. 
2008;134:995–1003.

 30. Muramatsu H, Sumitomo M, Morinaga S, Kajikawa K, Kobayashi I, Nishi-
kawa G, et al. Targeting lactate dehydrogenase-A promotes docetaxel-
induced cytotoxicity predominantly in castration-resistant prostate 
cancer cells. Oncol Rep. 2019;42:224–30.

 31. Zaidi AH, Raviprakash N, Mokhamatam RB, Gupta P, Manna SK. 
Profilin potentiates chemotherapeutic agents mediated cell death 



Page 17 of 17Fu et al. Cancer Cell Int          (2021) 21:505  

via suppression of NF-κB and upregulation of p53. Apoptosis. 
2016;21:502–13.

 32. Stark M, Bram EE, Akerman M, Mandel-Gutfreund Y, Assaraf YG. Hetero-
geneous nuclear ribonucleoprotein H1/H2-dependent unsplicing of 
thymidine phosphorylase results in anticancer drug resistance. J Biol 
Chem. 2011;286:3741–54.

 33. Wei L, Lee D, Law CT, Zhang MS, Shen J, Chin DW, et al. Genome-wide 
CRISPR/Cas9 library screening identified PHGDH as a critical driver for 
Sorafenib resistance in HCC. Nat Commun. 2019;10:4681.

 34. Yang L, Chen Y, Cui T, Knösel T, Zhang Q, Albring KF, et al. Desmoplakin 
acts as a tumor suppressor by inhibition of the Wnt/β-catenin signaling 
pathway in human lung cancer. Carcinogenesis. 2012;33:1863–70.

 35. Kong XX, Jiang S, Liu T, Liu GF, Dong M. Paclitaxel increases sensitivity of 
SKOV3 cells to hyperthermia by inhibiting heat shock protein 27. Biomed 
Pharmacother. 2020;132:110907.

 36. Chen R, Li D, Zheng M, Chen B, Wei T, Wang Y, Li M, Huang W, Tong 
Q, Wang Q, et al. FGFRL1 affects chemoresistance of small-cell lung 
cancer by modulating the PI3K/Akt pathway via ENO1. J Cell Mol Med. 
2020;24:2123–34.

 37. Kim HJ, Moon SJ, Kim SH, Heo K, Kim JH. DBC1 regulates Wnt/β-catenin-
mediated expression of MACC1, a key regulator of cancer progression, in 
colon cancer. Cell Death Dis. 2018;9:831.

 38. Akbari Moqadam F, Lange-Turenhout EA, Ariës IM, Pieters R, den Boer 
ML. MiR-125b, miR-100 and miR-99a co-regulate vincristine resistance in 
childhood acute lymphoblastic leukemia. Leuk Res. 2013;37:1315–21.

 39. Azimi A, Tuominen R, Costa Svedman F, Caramuta S, Pernemalm M, 
Frostvik Stolt M, et al. Silencing FLI or targeting CD13/ANPEP lead to 
dephosphorylation of EPHA2, a mediator of BRAF inhibitor resistance, 
and induce growth arrest or apoptosis in melanoma cells. Cell Death Dis. 
2017;8:e3029.

 40. Jin X, Liao M, Zhang L, Yang M, Zhao J. Role of the novel gene BZW2 
in the development of hepatocellular carcinoma. J Cell Physiol. 
2019;234(9):16592–600.

 41. Yan XD, Pan LY, Yuan Y, Lang JH, Mao N. Identification of platinum-
resistance associated proteins through proteomic analysis of human 
ovarian cancer cells and their platinum-resistant sublines. J Proteome Res. 
2007;6:772–80.

 42. Blanch A, Robinson F, Watson IR, Cheng LS, Irwin MS. Eukaryotic transla-
tion elongation factor 1-alpha 1 inhibits p53 and p73 dependent apopto-
sis and chemotherapy sensitivity. PLoS ONE. 2013;8:e66436.

 43. Fritsche P, Seidler B, Schüler S, Schnieke A, Göttlicher M, Schmid RM, et al. 
HDAC2 mediates therapeutic resistance of pancreatic cancer cells via the 
BH3-only protein NOXA. Gut. 2009;58:1399–409.

 44. Smith L, Welham KJ, Watson MB, Drew PJ, Lind MJ, Cawkwell L. The 
proteomic analysis of cisplatin resistance in breast cancer cells. Oncol Res. 
2007;16:497–506.

 45. Liang Z, Li W, Liu J, Li J, He F, Jiang Y, et al. Simvastatin suppresses the DNA 
replication licensing factor MCM7 and inhibits the growth of tamoxifen-
resistant breast cancer cells. Sci Rep. 2017;7:41776.

 46. Wang Q, Zhao D, Xian M, Wang Z, Bi E, Su P, et al. MIF as a biomarker and 
therapeutic target for overcoming resistance to proteasome inhibitors in 
human myeloma. Blood. 2020;136:2557–73.

 47. Marsh LA, Carrera S, Shandilya J, Heesom KJ, Davidson AD, Medler KF, 
et al. BASP1 interacts with oestrogen receptor α and modifies the tamox-
ifen response. Cell Death Dis. 2017;8:e2771.

 48. Hu W, Lei L, Xie X, Huang L, Cui Q, Dang T, et al. Heterogeneous nuclear 
ribonucleoprotein L facilitates recruitment of 53BP1 and BRCA1 at the 
DNA break sites induced by oxaliplatin in colorectal cancer. Cell Death 
Dis. 2019;10:550.

 49. Song K, Yu P, Zhang C, Yuan Z, Zhang H. The LncRNA FGD5-AS1/miR-
497-5p axis regulates septin 2 (SEPT2) to accelerate cancer progression 

and increase cisplatin-resistance in laryngeal squamous cell carcinoma. 
Mol Carcinog. 2021. https:// doi. org/ 10. 1002/ mc. 23305.

 50. Romeo C, Weber MC, Zarei M, DeCicco D, Chand SN, Lobo AD, et al. HuR 
contributes to TRAIL resistance by restricting death receptor 4 expression 
in pancreatic cancer cells. Mol Cancer Res. 2016;14:599–611.

 51. Ma Y, Lai W, Zhao M, Yue C, Shi F, Li R, et al. Plastin 3 down-regulation aug-
ments the sensitivity of MDA-MB-231 cells to paclitaxel via the p38 MAPK 
signalling pathway. Artif Cells Nanomed Biotechnol. 2019;47:685–95.

 52. Zhao P, Ma W, Hu Z, Zang L, Tian Z, Zhang K. Filamin A (FLNA) modulates 
chemosensitivity to docetaxel in triple-negative breast cancer through 
the MAPK/ERK pathway. Tumour Biol. 2016;37:5107–15.

 53. Li J, Zhi X, Shen X, Chen C, Yuan L, Dong X, et al. Depletion of UBE2C 
reduces ovarian cancer malignancy and reverses cisplatin resistance via 
downregulating CDK1. Biochem Biophys Res Commun. 2020;523:434–40.

 54. Matsukawa S, Morita K, Negishi A, Harada H, Nakajima Y, Shimamoto 
H, et al. Galectin-7 as a potential predictive marker of chemo- and/or 
radio-therapy resistance in oral squamous cell carcinoma. Cancer Med. 
2014;3:349–61.

 55. Zhou Y, Liu F, Xu Q, Yang B, Li X, Jiang S, et al. Inhibiting Importin 4-medi-
ated nuclear import of CEBPD enhances chemosensitivity by repression 
of PRKDC-driven DNA damage repair in cervical cancer. Oncogene. 
2020;39:5633–48.

 56. Wu N, Ren D, Li S, Ma W, Hu S, Jin Y, et al. RCC2 over-expression in tumor 
cells alters apoptosis and drug sensitivity by regulating Rac1 activation. 
BMC Cancer. 2018;18:67.

 57. Qian X, Xu W, Xu J, et al. Enolase 1 stimulates glycolysis to promote chem-
oresistance in gastric cancer. Oncotarget. 2017;8(29):47691–708.

 58. Zhou J, Zhang S, Chen Z, He Z, Xu Y, Li Z. CircRNA-ENO1 promoted glyco-
lysis and tumor progression in lung adenocarcinoma through upregulat-
ing its host gene ENO1. Cell Death Dis. 2019;10(12):885.

 59. Li W, Xie P, Ruan WH. Overexpression of lncRNA UCA1 promotes osteo-
sarcoma progression and correlates with poor prognosis. J Bone Oncol. 
2016;5(2):80–5.

 60. Lebrun L, Milowich D, Le Mercier M, et al. UCA1 overexpression is 
associated with less aggressive subtypes of bladder cancer. Oncol Rep. 
2018;40(5):2497–506.

 61. He X, Wang J, Chen J, et al. lncRNA UCA1 predicts a poor prognosis and 
regulates cell proliferation and migration by repressing p21 and SPRY1 
expression in GC. Mol Ther Nucleic Acids. 2019;18:605–16.

 62. Wang CJ, Zhu CC, Xu J, et al. The lncRNA UCA1 promotes proliferation, 
migration, immune escape and inhibits apoptosis in gastric cancer by 
sponging anti-tumor miRNAs. Mol Cancer. 2019;18(1):115.

 63. Xin H, Liu N, Xu X, et al. Knockdown of lncRNA-UCA1 inhibits cell viability 
and migration of human glioma cells by miR-193a-mediated downregu-
lation of CDK6. J Cell Biochem. 2019;120(9):15157–69.

 64. Dreyfuss G, Kim VN, Kataoka N. Messenger-RNA-binding proteins and the 
messages they carry. Nat Rev Mol Cell Biol. 2002;3(3):195–205.

 65. Wang L, Bi R, Yin H, Liu H, Li L. ENO1 silencing impaires hypoxia-induced 
gemcitabine chemoresistance associated with redox modulation in 
pancreatic cancer cells. Am J Transl Res. 2019;11:4470–80.

 66. Zhu X, Miao X, Wu Y, Li C, Guo Y, Liu Y, Chen Y, Lu X, Wang Y, He S. 
ENO1 promotes tumor proliferation and cell adhesion mediated drug 
resistance (CAM-DR) in Non-Hodgkin’s Lymphomas. Exp Cell Res. 
2015;335:216–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/mc.23305

	Mechanistic study of lncRNA UCA1 promoting growth and cisplatin resistance in lung adenocarcinoma
	Abstract 
	Aim: 
	Method: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Human LUAD tissue samples
	Cell culture
	Cisplatin sensitivity test
	Cell viability assay
	Cell migration and invasion assays
	Colony formation assay
	Constructed lentivirus-mediated overexpression and shRNA vector
	Real-time RT-PCR
	Western blot analysis
	RNA pulldown and mass spectrometry
	RNA immunoprecipitation
	In vivo tumorigenic ability
	Statistical analysis

	Result
	UCA1 was highly expressed in LUAD tissues and cells and was related to the prognosis
	UCA1 promoted cell proliferation and reduced sensitivity to cisplatin in the LUAD cell lines
	UCA1 promoted the migration and invasion of LUAD cells
	UCA1 enhanced the clonogenic capability of LUAD cells
	UCA1 enhanced cisplatin resistance of LUAD cells by ERCC1
	UCA1 promoted proliferation and cisplatin resistance of LUAD cells in vivo
	RNA-binding protein ENO1 of UCA1

	Discussion
	Conclusions
	Acknowledgements
	References




