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Abstract

Introduction: Increasing evidence indicates that IncRNA TUGI represents an oncogenic factor in cancer. But, the mechanisms
by which IncRNA TUGI contributes to lung adenocarcinoma (LAC) remain undocumented. Methods: The relationship
between IncRNA TUGI/miR-138-5p expression and clinical outcomes in patients with LAC was indicated by qPCR, FISH, and
TCGA cohort. Gain- or loss-of-function experiments and in vivo tumorigenesis were used to assess the role of IncRNA TUGI
in LAC. The interplay between TUGI and miR-138-5p was validated by luciferase gene report and RIP assays. qPCR and
Western blot analyses were used to investigate the effects of TUGI| on miR-138-5p/HIFI A axis in LAC cells. Results: We found
that upregulation of TUGI or downregulation of miR-138-5p was associated with lymph node or distant metastasis and
indicated a poor survival in LAC. Reduced expression of TUGI restrained the growth of LAC cells, while restored expression
of TUGI had the opposite effects. TUG| was identified to negatively regulate miR-138-5p expression, and miR-138-5p
reversed TUG |-induced cell proliferation by targeting HIF | A. Elevated expression of HIF | A predicted a poor survival in LAC.
Conclusion: Our findings demonstrate that IncRNA TUG | promotes the growth of LAC by regulating miR- 1 38-5p-HIF | A axis.
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Introduction

Lung cancer configures as one of the malignant tumors and
is the most commonly diagnosed cancer in China.' Lung
cancer consists of small cell lung cancer (SCLC) and non-
small cell lung cancer (NSCLC), and NSCLC histologi-
cally contains lung adenocarcinoma (LAC), squamous cell
carcinoma, and large cell carcinoma.” The latest decade has
witnessed the progress in the treatment of LAC, but the
ineffective treatment and poor outcomes in some cases are
always attributable to the tumor distant metastases.” It has
been reported that the abnormal expression of IncRNA is
related to the development of LAC.*? Thus, discovery of
IncRNA-related biomarkers may be helpful to the early
diagnosis of LAC.
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Increasing evidence indicates that taurine-upregulated gene
1 (TUG1) has been shown to participate in the pathogenesis of
multiple malignancies. Upregulation of TUG] is reported in a
variety of cancers including prostate cancer (PCa),’ colorectal
cancer (CRC),” hepatocellular carcinoma,® esophageal
squamous cell carcinoma (ESCC),” laryngocarcinoma,'”
melanoma,'! bladder cancer,'? and osteosarcoma,'® and in-
dicates a poor prognosis in patients with PCa, ESCC, and
melanoma.®*!'! Ectopic expression of TUG] facilitates tumor
cell growth, metastasis, cytoskeleton rearrangement, and in-
duces cell apoptosis,>®'*!"13 and its downregulation favors
the radio-sensitivity®® and chemotherapy.'>'*!

It has been shown that IncRNA TUG1 can not only
activate the multiple signaling pathways such as TGF-
B/TWIST1/EMT,” JAK2/STAT3,'® and YAP'” to acceler-
ate tumor metastasis but also sponge miRNAs to promote
cancer progression.g’lof13 For example, TUGI acts as a
tumor-promoting factor by regulating miR-524-5p in oral
squamous cell carcinoma,'® miR-299-3p in renal cell
carcinoma, '’ and miR-26a-5p in CRC.?° In addition, miR-
1299 and TUGI can form the feedback loop to lead to the
growth of ovarian cancer.”'

TUG] is also reported to be downregulated in LAC,** but
its underlying mechanisms about how TUGI contributes to
LAC remain elusive. We herein found that upregulation of
TUGI or downregulation of miR-138-5p was associated
with lymph node metastasis and indicated a worse prognosis
in LAC. LncRNA TUGT contributed to the tumorigenesis of
LAC by regulating miR-138-5p-HIF1A axis.

Methods

Tissue samples

The clinical data for LAC as well as the levels of TUGI,
miRNAs (miR-17-5p, miR-18a-5p, miR-20a-5p, miR-93-
5p, miR-106a-5p, miR-199a-5p, miR-199b-5p, miR-138-
5p, miR-106b-5p, miR-18b-5p, and miR-20b-5p), and
HIF1A were downloaded from TCGA dataset. 8 paired LAC
tissue samples were stored and frozen at —80°C. The tissue
microarray (TMA, HLugS030PGO02) containing 24 paired
LAC tissues was from Shanghai Outdo Biotech. The ex-
pression of TUGI in LAC tissues was measured by qPCR
analysis in 8 paired LAC tissues, FISH analysis in 24 paired
LAC tissues, and TCGA cohort in 58 paired and 515 un-
paired LAC tissues. Our study was approved by the Ethics
Committee of Kunming Medical University (YS-2019-005).

Cell transfection

Lentiviruses-mediated short hairpin RNA (shRNA) targeting
TUGI (sh-TUG1, GGCTATCAGAATAACCACTCACCTA)
and sh-NC (GGCGACTATAAACCAAC TCCATCTA) was
constructed by annealing single-strand hairpin ¢cDNA. When

H1975, A549, and SPC-A1 cells reached 60-80% confluence,
they were transfected with sh-TUG1 (TUGT1) or sh-NC.

Quantitative real-time PCR (qRT-PCR)

To measure the expression of TUGI in LAC tissues, qRT-
PCR was executed. Total RNA was extracted using TRIzol
(Invitrogen, Karlsruhe, Germany). Reverse transcription was
conducted by PrimeScript RT Reagent Kit and cDNA am-
plification by using SYBR Premix Ex Taq (TaKaRa, Dalian,
China). GAPDH or U6 gene was used as an endogenous
control. The primers used are listed in Supplementary
Table S1.

Western blot analysis

Western blot analysis was conducted as previously re-
ported.”” The primary antibody against HIF1A (Cat #PA1-
184, Invitrogen, Carlsbad, CA, USA) was diluted (1:1000)
according to the instructions and incubated overnight at
4°C.

MTT, colony formation, and transwell assays

MTT, colony formation, and Transwell assays were exe-
cuted as previously reported.?

Dual-luciferase reporter assay

H1975 and A549 cells were seeded into 24-well plates.
After 24 h incubation, luciferase report vectors embodying
WT or Mut TUG1/HIF1A 3°’UTR were co-transfected with
miR-138-5p mimic into H1975 and A549 cells. After the
transfection for 48 h, the luciferase activities of WT or Mut
TUGI1/HIF1A 3’UTR were examined.

RNA immunoprecipitation (RIP) assay

RIP assay was executed as previously described.

In vivo tumorigenesis

BALB/c (nu/nu) nude mice (6 weeks) were from
Shanghai Laboratory Animals Center (Shanghai,
China). A subcutaneous xenograft tumor model was
executed by injecting sh-TUG1 or sh-NC stably trans-
fected 1 x 107 A549 cells, and the mice were divided into
sh-TUG1 (n = 5) and sh-NC (n = 5) groups. After 3
weeks, when the mice were sacrificed, the tumor tissue
samples were collected and the tumor size and weight
were detected. The tumor volume was acquired de-
pending on the formula: length x width?/2. This animal
study was approved by the Animal Ethics Committee of
Kunming Medical University.
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Immunochemistry analysis

Immunochemistry (IHC) analysis Ki-67 index in mouse
tumor tissues was executed as previously described.*

Statistical analysis

Statistical tests were performed by SPSS 20.0 (IBM,
SPSS, Chicago, IL, USA) and GraphPad version 5.0
Prism (GraphPad Software, La Jolla, CA, USA). The
continuous variables were described as the mean =+
standard deviations. The significant differences were
evaluated via Student’s t test, chi-square test, or one-way
ANOVA for comparisons of two groups. Survival and

recurrence curves were assessed by the Kaplan—Meier and
log-rank testing. p value < 0.05 was considered statisti-
cally significant.

Results

Upregulation of TUGI was lined to a unfavorable
survival in LAC

We measured the expression levels of TUGI in 8 paired
LAC tissue samples by qPCR and found that TUGI har-
bored a dramatically increased expression in LAC tissues
(p = 0.0031, Figure 1(A)). The consistent results
were affirmed respectively in 24 paired LAC by FISH
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Figure I. Elevated TUGI expression was linked to poor survival in LAC patients. A, qRT-PCR analysis of the expression levels of TUGI
in 8 paired LAC samples. B, C, FISH analysis of the expression levels of TUGI in 24 paired LAC samples. D, TCGA validation of the
expression levels of TUGI in 58 paired and 515 unpaired LAC tissues. E, The cutoff value of TUG| was obtained by ROC curve in LAC
according to the TUGI expression levels and the prognostic information by a cutoff Finder. F, Kaplan—Meier analysis the association of
TUG  -high or low expression with the overall survival in LAC patients.
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(p =0.0006, Figures 1(B) and (C)) and TCGA cohort
(Figure 1(D)).

According to TUGI expression levels and the prognostic
information of LAC patients (n = 480), we acquired a cutoff
value (11.62) of TUG1 in LAC, and categorized the cases into
high-TUG1 and low-TUGI expression groups (Figure 1(E)).
As indicated in Table 1, high-TUGI expression was linked to
lymph node (p = 0.029) and distant metastases (p = 0.007) in
LAC. The cases with high-TUGI1 expression possessed a
worse survival (p = 0.011, Figure 1(F)), but exerted no
difference in tumor recurrence (Supplementary Figure S1).

TUG! accelerated in vitro cell growth and invasion

The levels of TUG1 were tested in various LAC cell lines
and TUGI harbored a higher expression level in H1975 and
A549 cell lines but a lowered expression in SPC-A1 cell
line when compared with the normal BEAS-2B
(Figure 2(A)). Then, the transfection efficiencies of sh-
TUGI! lentiviruses in H1975 and A549 cell lines were
determined by qPCR analysis (Figure 2(B)). It was shown
that silencing of TUGI reduced cell proliferative viability
(Figure 2(C)), colony formation (Figure 2(D)), and cell
invasive capability (Figure 2(E)). Restored expression of
TUGI in SPC-Al (Figure 2(F)) displayed the opposite
effects (Figure 2(G) and Supplementary Figure S2).

Downregulated miR-138-5p was linked to the poor
survival in LAC

We identified 11 miRNAs that have the potential to bind with
TUGI by StarBasev2.0, of which miR-138-5p was found to
exhibit an obviously downregulated expression in 39 paired
(p <0.001) and 447 non-matched LAC tissues (p < 0.001)
when compared with the other miRNAs in TCGA cohort
(Figure 3(A)). Further qPCR analysis also showed such a
result (p = 0.0072, Figure 3(B)) and miR-138-5p harbored a
negative correlation with TUGI expression in LAC tissues
(Figure 3(C)). According to miR-138-5p expression levels
and the prognostic information (n = 400), we acquired a
cutoff value (1.274) of miR-138-5p in LAC, and categorized
the cases into high-miR-138-5p and low-miR-138-5p ex-
pression groups (Figure 3(D), Supplementary Figure S3(A)).
As indicated in Supplementary Table S2, low-miR-138-5p
expression was linked to lymph node (p = 0.047) in LAC.
Kaplan—Meier indicated that the cases with low-miR-138-5p
expression harbored a worse survival (p = 0.0215, Figure
3(E)), but had no difference in tumor recurrence (p = 0.8611,
Supplementary Figure S3(B)). Multivariate factor analyses
unveiled that miR-138-5p was not an independent prognostic
factor in LAC (Supplementary Table S3).

Table I. The correlation of TUGI expression with
clinicopathological characteristics in LAC patients

TUGI
Cases _
(n) High Low

Variables —_— — P value
Total 480 306 174
Age (years)

>60 350 225 125

<60 130 8l 49 0.749
Gender

Male 219 143 76

Female 261 163 98 0.568
Pathological stage

i 378 248 130

nnv 102 58 44 0.106
T stage

TI/T2 416 267 149

T3/T4 64 39 25 0.676
N stage

Negative 312 210 102

Positive 168 96 72 0.029
M stage

Negative 318 189 129

Positive 162 17 45 0.007

TUGI could negatively regulate miR-138-5p in
LAC cells

The binding between miR-138-5p and WT/Mut TUG1
3’UTR is shown in Figure 4(A). H1975 and A549 cell
lines were treated with miR-138-5p mimic and WT
(Mut) TUGI 3’UTR for 48 h and miR-138-5p could
remarkably reduce the luciferase activity of WT TUG1
3’UTR rather than the Mut TUGI 3’UTR when com-
pared with the control group (Figures 4(B) and (C)).
Silencing of TUGI1 increased the expression levels of
miR-138-5p by qPCR analysis (Figure 4(D)), while miR-
138-5p inhibitor exhibited no effect on TUG1 expression
in H1975 and A549 cell lines (Supplementary Figure
S4). RIP analysis indicated that Ago2 antibody pre-
cipitated the Ago2 protein from the cell lysates, and
TUG1 and miR-138-5p harbored higher enrichment
levels in Ago2 pull-down RNA from H1975 and A549
cell lines when compared with the control IgG pull-down
RNA (Figures 4(E) and (F)). In addition, we treated
H1975 and A549 cell lines with sh-TUG1 lentiviruses
and miR-138-5p inhibitor for 72 h by MTT analysis, and
found that miR-138-5p inhibitor prompted cell prolif-
erative viability and attenuated TUG1-induced prolif-
eration promoting effect (Figure 4(G)).
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Figure 2. TUGI accelerated the proliferation and invasion of LAC cells. A, gqRT-PCR analysis of the expression levels of TUGI in
various LAC cell lines. B, qRT-PCR analysis of the silencing efficiencies of sh-TUG| lentiviruses in HI 975 and A549 cell lines. C, MTT,
D, colony formation and E, Transwell analysis of the effects of TUGI knockdown on cell proliferation, colony formation and invasive
capability in HI975 and A549 cells. F, qRT-PCR analysis of the overexpression efficiencies of TUG| plasmids in SPC-Al cells. G, Colony
formation and Transwell analysis of the effects of TUGI overexpression on cell colony formation and invasive capability in SPC-A

cells. #p<0.05,#p<0.01, **p<0.001.

Upregulated HIFIA was linked to a poor survival
in LAC

HIF1A is identified to bind with miR-138-5p by StarBa-
sev2.0, and HIF1A expression was increased and harbored
anegative correlation with miR-138-5p expression in LAC
tissues by qPCR analysis (p < 0.05, Figure 5(A)). This
result was further validated in 50 paired (p < 0.0001) and
456 non-matched LAC tissues (p < 0.0001) in TCGA
cohort (Figures 5(B) and (C)). Kaplan—Meier indicated that
the cases with high-HIF1A expression harbored a worse
survival (p = 0.0347), but had no difference in tumor re-
currence (p = 0.1246, Figure 5(D)).

miR-138-5p attenuated TUG [-induced HIFIA
expression in LAC cells

The binding between miR-138-5p and WT (Mut) HIF1A
3’UTR is shown in Figure 6(A). We treated H1975 and A549
cell lines with miR-138-5p mimic and WT (Mut) HIF1A
3’UTR for 48 h and found that miR-138-5p significantly
reduced the luciferase activity of WT HIF1A 3’UTR rather
than the Mut HIF1A 3’UTR when compared with the control
group (Figures 6(B) and (C)). In addition, we treated H1975
and A549 cell lines with sh-TUGI lentiviruses and miR-138-
5p inhibitor for 48h by qPCR and Western blot analyses, and
found that miR-138-5p inhibitor increased HIF1A expression
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Figure 3. Low expression of miR-138-5p was associated with poor prognosis in LAC patients. A, TCGA analysis of the expression
levels of | | miRNAs in 39 paired and 447 unpaired LAC tissues. B, qRT-PCR analysis of the expression levels of miR-138-5p in 8 paired
LAC samples. C, Pearson correlation analysis of a negative correlation of TUGI with miR-138-5p expression in LAC tissues. D, The
cutoff value of miR-138-5p was obtained by ROC curve in LAC according to the miR-138-5p expression and the patients’ prognostic
information by a cutoff Finder. E, Kaplan—Meier analysis of the association of miR-138-5p high or low expression with the overall

survival in LAC patients.

and attenuated TUGI silencing-induced reduction in HIFIA
expression (Figures 6(D) and (E)).

Silencing of TUGI repressed the in vivo
tumorigenesis of LAC

The effects of TUGI on the in vivo tumorigenesis of LAC
were further observed. As indicated in Figure 7(A), we
constructed a subcutaneous xenograft tumor model by sh-
TUGTI or sh-NC stably transfected A549 cells, and found that
the tumor volume in sh-TUG1 group was smaller than that in
control group, and the tumor growth was markedly restricted
in sh-TUGI group. After 3 weeks, when the tumor tissues
were harvested, we found that the tumor weight, rather than
the body weight, was much slighter in sh-TUG1 group than
that in sh-NC group (Figures 7(B) and (C)). In addition, IHC
analysis showed that the Ki-67 index was dramatically de-
creased in sh-TUGI group (Figure 7(D)). We also found that
downregulation of TUGI could upregulate miR-138-5p and
reduce HIF1A expression in tumor tissues relative to the

control group (Figure 7(E)).

Discussion

Increasing number of studies indicate that IncRNA TUGI
expression is elevated in various cancers and indicates a

poor survival in ESCC’ and melanoma."' However, pre-
vious studies showed that TUGI expression level is re-
duced in LAC?® and low expression of TUG] is associated
with TNM stage and tumor size.”* Probably, the down-
regulation of TUG1 in LAC was reported in a small sample
size,” and its expression level was measured in a large
sample size in TMA and TCGA cohorts which indicated
that TUGI1 expression was increased in LAC tissues and
associated with lymph node and distant metastases and
indicated a poor survival in LAC.

Functionally, a great many studies support that TUG1
promotes the tumorigenesis, metastasis and chemotherapy
resistance,’ "> and activates the cancer-associated signal-
ing pathways.'®'” On the other hand, it was indicated that
TUGI represses the tumorigenesis in breast cancer”> and
glioma.”® Herein, it was found that TUGI knockdown
inhibited the growth of LAC cells in vitro and in vivo, but
its overexpression displayed the opposite effects, implying
that TUG1 might function as an oncogene in LAC.

TUGI can sponge miRNAs to participate in tumor
progression.”’ In the present study, we found that TUG1
could be bound with Ago2/miR-138-5p complex and in-
hibit miR-138-5p expression, indicating that TUG1 might
act as a miR-138-5p sponge to affect LAC cell growth. In
addition to TUG1, IncRNA MCM3AP-AS1 and HOTAIR
also sponge miR-138-5p to promote cell growth and
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Figure 4. TUGI negatively regulated miR-138-5p in LAC cells. A, The binding sites between miR-138-5p and WT or Mut TUGI 3’'UTR.
B, C, The luciferase activity of WT TUGI| 3’'UTR was suppressed by miR-138-5p mimic, but that of Mut TUG| 3'UTR was unaffected
by miR-138-5p mimic in HI975 and A549 cells. D, qRT-PCR analysis of the effects of TUG| knockdown on miR-138-5p expression in
HI1975 and A549 cell lines. E, F, RIP assay analysis of the enrichment levels of TUGI and miR-138-5p pulled down from Ago2 or IgG
protein in H1975 and A549 cells. G, MTT analysis of the cell viability after co-transfection with sh-TUG| lentiviruses and miR-138-5p

inhibitor in HI975 and A549. *p<0.05, **p<0.01.

cisplatin resistance in pancreatic and ovarian cancers.?*

It has been shown that downregulation of miR-138-5p
displays a higher Gleason score and poor prognosis in
PCa,*® and miR-138-5p can inhibit the tumor growth and
invasion by targeting FOXC1 in PCa,>° RHBDD] in breast
cancer,3 ' and ZEB2 in LAC.*? In consistence with the
report,>* miR-138-5p expression was found decreased in
LAC tissues and its reduced expression was related to a
poor survival in LAC. We found that miR-138-5p atten-
uated TUG1-caused cell proliferation, but the effects of
miR-138-5p on cell growth and invasion in vitro and in vivo
need to be further validated in the further work.
Hypoxia-inducible factor 1 (HIF-1) as a transcription
factor acts a crucial role in tumor progression. Upre-
gulation of HIF1A indicates a poor prognosis in LAC,**
promotes proliferation and angiogenesis of lung
cancer,34’35 and inhibition of HIF1A restrains the me-
tastasis of LAC.>® We herein found that HIF1A ex-
hibited a negative correlation with miR-138-5p

expression and indicated a poor survival in LAC, and
HIF1A was validated as a direct target of miR-138-5p in
LAC cells. We also found that miR-138-5p attenuated
TUGI1-caused HIFI1A expression. Previous studies
showed that TUG1 can favor cancer progression by
regulating multiple signaling pathways including JAK2/
STAT3,'® YAP,'” MMP14/p38 MAPK/Hsp27 axis,*’
Wnt/B-catenin,®” and miR-138-5p-SIRT1 axis.’® We
also found that downregulation of TUGI upregulated
miR-138-5p and reduced HIF1A expression in tumor
tissues. Our findings also suggested that TUG1 con-
tributed to the tumorigenesis of LAC by regulating miR-
138-5p-HIF1A axis.

Our present study had the limitations. In addition to the
TCGA cohort, the association of IncRNA TUG1 and miR-
138-5p with clinicopathological characteristics and prog-
nosis in patients with LAC should be confirmed in a large
sample size by PCR and FISH. The direct interaction
between IncRNA TUGI1 and miR-138-5p needs to be
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Figure 5. High expression of HIFI A was linked to the poor survival in LAC patients. A, qRT-PCR analysis of the expression of HIFI A in
8 paired LAC tissues and Pearson correlation analysis of the negative correlation of HIFI A with miR-138-5p expression in LAC tissues.
B, C, TCGA analysis of the expression levels of HIFIA in 58 paired and 456 unpaired LAC tissues. D, Kaplan—Meier analysis of the
association of high or low HIFIA expression with the prognosis in LAC patients.
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Figure 6. miR-138-5p reversed TUGI-induced HIFIA expression in LAC cells. A, The binding sites between miR-138-5p and WT or
Mut HIFIA 3’'UTR. B, C, The luciferase activity of WT HIFIA 3’'UTR was repressed by miR-138-5p mimics, but that of Mut HIFIA
3’'UTR was unaffected by miR-138-5p mimics in HI1975 and A549. D, E, qRT-PCR and Western blot analysis of the HIFI A expression
levels after co-transfection with sh-TUGI lentiviruses and miR-138-5p inhibitors in HI975 and A549 cell lines. *p<0.05; **p<0.01.
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Figure 7. TUGI knockdown suppressed in vivo tumorigenesis of LAC. A, Schematic representation of the comparison of subcutaneous
xenograft tumors between sh-NC and sh-TUGI groups, and the tumor growth curve was drawn in sh-TUGI and sh-NC groups. B, C,
The comparison of the tumor and body weight in sh-TUGI and sh-NC groups. D, IHC analysis of the Ki-67 proliferation index in sh-
TUGI and sh-NC groups. E, qRT-PCR analysis of the expression levels of TUGI, miR-138-5p, and HIFI A in sh-TUG | and sh-NC groups.

*p<0.01.

further clarified. The calculation and justification of the
sample size for animal models had not been indicated in our
study and more nude mice should be used to verify the role
of IncRNA TUGI in LAC tumorigenesis.

Conclusion

Our findings unveiled that upregulation of TUG1/HIF1A
or downregulation of miR-138-5p was linked to lymph
node or distant metastasis and indicated a poor survival in
LAC. TUGI could accelerate the tumorigenesis of LAC by
regulating miR-138-5p-HIF1A axis.
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