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Abstract. – OBJECTIVE: To elucidate the role 
of TUG1 in the onset of type 2 diabetes mellitus 
(T2DM) and the potential mechanism. 

MATERIALS AND METHODS: Relative lev-
els of TUG1 and SP1 in high-fat diet animal 
model and high-glucose cell model were de-
tected by quantitative Real Time-Polymerase 
Chain Reaction (qRT-PCR), and their correla-
tion was analyzed. Potential binding sites in 
the promoter sequences of TUG1 and SP1 
were predicted using the JASPAR. Their inter-
action was further confirmed by chromatin im-
munoprecipitation (ChIP) and Dual-Luciferase 
reporter assay. The influences of TUG1 on pro-
liferative and apoptotic potentials in Min6 cells 
were examined by Cell Counting Kit-8 (CCK-
8), 5-Ethynyl-2’-deoxyuridine (EdU) assay and 
flow cytometry, respectively. Subsequently, 
the interaction in the TUG1/miR-188-3p /FGF5 
axis was similarly explored by Dual-Luciferase 
reporter assay. 

RESULTS: SP1 and TUG1 were downregulated 
in high-fat and high-glucose models, and they 
displayed a positive correlation. TUG1 bound E2 
region in SP1 promoters. Knockdown of TUG1 
inhibited proliferative rate and induced apopto-
sis in high-glucose-treated Min6 cells. Further-
more, the TUG1 / miR-188-3p /FGF5 axis was 
identified to be responsible for regulating Min6 
cell functions. 

CONCLUSIONS: SP1 induces TUG1 downreg-
ulation in T2DM cell models, which further regu-
lates proliferative and apoptotic potentials in is-
let cells by activating the miR-188-3p/FGF5 axis. 
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Introduction

Type 2 diabetes mellitus (T2DM) is a chronic 
metabolic disorder featured by hyperglycemia. 
The pathogenesis of T2DM can be attributed to 
insulin resistance and/or islet dysfunction. Ge-
netic, environmental and racial factors are all risk 
factors for increasing the susceptibility to T2DM. 
Insulin resistance induces compensatory increase 
of insulin secretion by islet β cells. However, the 
long-term compensation will eventually lead to 
deficiency of insulin secretion, thus causing ab-
normal glucose tolerance and T2DM1. Transcrip-
tion regulation is of great significance in pancreas 
development2, islet differentiation3 and insulin 
synthesis4. It is reported that transcription factors 
associated with islet β cell functions are involved 
in T2DM5. A large number of studies have later 
proposed that noncoding RNAs are involved in 
the regulation of islet functions6,7. 

More than 98% of sequences in human ge-
nomes can be transcribed. Among them, most of 
genes with transcriptional activities cannot encode 
proteins, and they are finally transcribed to non-
coding RNAs8. In the past, noncoding RNAs are 
considered as dark matters. However, they are not 
non-functional since noncoding RNAs have not 
been eliminated during the biological evolution. 
Current studies have indicated that noncoding 
RNAs are closely linked to human diseases, and 
their biological functions need further concerned9.  

Long non-coding RNAs (lncRNAs) exert de-
velopmental specificity during the maturation 
of islet β cells. Moran et al10 discovered 1,128 
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specifically expressed lncRNAs in human islet β 
cells. Among them, six lncRNAs are abundantly 
expressed only in mature cells, rather than human 
embryonic pancreatic progenitor cells, indicating 
that lncRNAs participate in regulating the dif-
ferentiation and maturation of endocrine cells. 
Bramswig et al11 suggested that islet-specific ln-
cRNAs differ from cell types. Some lncRNAs are 
specifically expressed in β cells, while others are 
expressed in α cells. 

LncRNA TUG1 is abnormally expressed in 
colorectal cancer, prostate cancer and osteosar-
coma12-14. Its involvement in T2DM progression is 
unclear, which is explored in this paper. 

Materials and Methods

Experimental Mice
Animal experiments were strictly performed 

in accordance with the management proposed 
by the Soochow University Experimental Ani-
mal Committee and the Animal Ethics Commit-
tee approval. Mice were randomly assigned into 
NFD (n=15) and HFD (n=15) group. After one-
week habituation, normal-fat diet (NFD: 10% 
fat, 70% carbohydrate, 20% protein, 3.85 kcal/
gm, D12450B) and high-fat diet (HFD: 60% fat, 
20% carbohydrate, 20% protein, 5.24 kcal/gm, 
D12492i) were given to mice until the 18th week. 
Five mice were placed in one cage and they were 
housed in a standard environment with 21±2°C 
and 12 h light/dark cycle. 

Cell Culture 
The mouse islet β cell line Min6 exerts insulin 

secretion function that is similar to islet β cells, 
and it is widely used in experimental studies for 
analyzing islet β cell functions. Min6 cells were 
cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM; Gibco, Rockville, MD, USA) contain-
ing 15% fetal bovine serum (FBS) (Gibco, Rock-
ville, MD, USA), 2.5 mM β-mercaptoethanol, 
100 U/mL penicillin, 100 μg / mL streptomycin, 
10 mM HEPES, 1 mM sodium pyruvate, and 11.1 
mM glucose. Fresh medium was replaced every 
1-2 days, and cell passage was conducted when 
cell confluence reached 80-90%. 

Quantitative Real-Time Polymerase 
Chain Reaction (qRT-PCR)

Tissues were stored in liquid nitrogen, washed 
in phosphate-buffered saline (PBS) once and lysed 
in RNA lysate. Tissue mixture was incubated 

in chloroform and centrifuged for 15 min. The 
supernatant was mixed in 200 μL of absolute 
ethanol, and subjected to column centrifuga-
tion twice. Incubation with RNA Wash Buffer 
I and centrifugation for 30 s were conducted 
twice, followed by incubation with RNA Wash 
Buffer II. Finally, RNAs were eluted by cen-
trifugation and subjected to qRT-PCR. Primer 
sequences were listed as follows: miR-188-3p: 
forward, 5′-TCTTGGTCCGCATGTGTGTG-3′; 
reverse, 5′-AGGGAGTTCAAAGGCAGCATG-3′; 
GAPDH, forward, 5′- ACATCATCCCTGCATC-
CACT -3′; reverse, 5′- GTCCTCAGTGTAGC-
CCAAG -3′; TUG1: forward, 5′-TAGCAGTTC-
CCCAATCCTTG-3′; reverse, 5′-CACAAATTC-
CCATCATTCCC-3′; SP1:forward, 5′-GCCGTTG-
GCTATAGCAAATGC-3′; reverse, 5′- CATATAC-
GGGCATGAACACACATT-3′; FGF5: forward, 
5′-CCCGGATGGCAAAGTCAATGG-3′; reverse, 
5′-TTCAGGGCAACATACCACTCCCG-3′. 

Dual-Luciferase Reporter Assay 
Luciferase vectors WT, MT1, MT2, MT3, 

MT4, MT5 were generated based on the predict-
ed binding sites using the JASPAR, which were 
co-transfected into cells with plasmids using Li-
pofectamine RNA iMAX (Invitrogen, Carlsbad, 
CA, USA). Forty-eight hours later, Luciferase 
activity was measured. 

Chromatin Immunoprecipitation (ChIP) 
ChIP assay was conducted using EZ-Magna 

ChIPTM G (Millipore, Billerica, MA, USA). Cells 
inoculated in 10-cm culture dishes were incu-
bated with 280 μL of 37% formaldehyde for 10 
min, sonicated (10 s × 5) and centrifuged at 4°C, 
12,000 r/min for 10 min. After removal of insolu-
ble precipitation, 2 μL of antibodies and 20 μL of 
magnetic bead suspension were rotated with the 
mixture at 4°C overnight. Immunoprecipitation 
enrichment was determined by qRT-PCR with 
the input as a negative control.

Cell Counting Kit-8 (CCK-8) Assay
Cells were inoculated in a 96-well plate with 

2×103 cells per well. At the appointed time points, 
absorbance value at 450 nm of each sample was 
recorded using the CCK-8 kit (RIBOBIO, Guang-
zhou, China) for plotting the viability curves.

Cell Induction and Transfection
After 4-h induction in 5 mM glucose, Min6 

cells were incubated with normal glucose (NG, 
5 mM glucose) or high-glucose (HG, 25 mM 
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glucose) for 24 h. Twenty-four hours prior to 
transfection, Min6 cells were cultivated in anti-
biotics-free medium to 60-70% confluence, and 
transfected with diluted plasmids in Opti-MEM 
using Lipofectamine RNA iMAX. Transfection 
plasmids (pcDNA-SP1, TUG1 shRNA 1-3, miR-
188-3p mimics, miR-188-3p inhibitor and nega-
tively controls) were provided by GenePharma 
(Shanghai, China). 

5-Ethynyl-2’-Deoxyuridine (EdU) Assay
Cells were pre-inoculated in a 24-well plate 

(2×104 cells/well). They were incubated in 4% 
methanol for 30 min, followed by 10-min per-
meabilization in 0.5% TritonX-100, and 30-min 
reaction in 400 μL of 1×ApollorR (RIBOBIO, 
Guangzhou, China). Afterwards, cells were dyed 
in 1×Hoechst 33342 for another 30 min. Positive 
EdU-stained cells were calculated. 

Flow Cytometry
Cell suspension at the density of 1×106 cells/

mL was prepared. Cells were re-suspended in 
0.5 mL of pre-cooled 1×binding buffer and 1.25 
μL of Annexin V-FITC (fluorescein isothiocya-
nate) (BD Biosciences, Detroit, MI, USA) in the 
dark for 15 min incubation. After centrifugation 
at 1000×g for 5 min, the precipitant was re-sus-
pended in 0.5 mL of pre-cooled 1×binding buffer 
and 10 μL of Propidium Iodide (PI) in the dark, 
followed by flow cytometry detection (FACSCal-
ibur; BD Biosciences, Detroit, MI, USA). 

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 18.0 (SPSS Inc., Chicago, IL, USA) was 
used for statistical analysis. Spearman’s rank 
correlation coefficient was carried out for assess-
ing the relationship between expression levels of 
two genes. Differences between two groups were 
analyzed by using the Student’s t-test. Compar-
ison between multiple groups was done using 
One-way ANOVA test followed by Post-Hoc Test 
(Least Significant Difference). Data were ex-
pressed as mean ± standard deviation, and p < 
0.05 was considered as statistically significant.

Results 

SP1 and TUG1 Were Downregulated in 
HG-Treated Min6 Cells

Compared with mice in NFD group, TUG1 
level was markedly downregulated in mice of 

HFD group (Figure 1A). In addition, TUG1 was 
downregulated in HG-treated Min6 cells as well 
(Figure 1B). According the prediction using the 
JASPAR, transcription factor SP1 may bind in the 
promoter region of TUG1 (Figure 1B). We subse-
quently mutated 5 possible binding sequences in 
the TUG1 promoter region (Figure 1C). SP1 was 
downregulated in mice of HFD group (Figure 
1D) and Min6 cells of HG group (Figure 1E). 
SP1 level was positively correlated to that of 
TUG1 (Figure 1F). The 5generated mutant-type 
TUG1 vectors were co-transfected in cells with 
pcDNA-SP1 or negative control. Dual-Luciferase 
reporter assay uncovered that the mutant-type 2 
TUG1 vector could not activate the transcription 
of TUG1, suggesting that the actual binding be-
tween TUG1 and SP1 was in the E2 region (Fig-
ure 1G). ChIP assay further identified the binding 
between SP1 and TUG1 in the E2 region (Figure 
1H). Consistently, transfection of pcDNA-SP1 
markedly upregulated TUG1, proving their posi-
tive interaction (Figure 1I). 

Knockdown of TUG1 Inhibited 
Proliferative Ability in HG-Induced 
Min6 Cells and Induced Apoptosis

To clarify the role of TUG1 in T2DM, we 
generated three lines of TUG1 shRNA. Among 
them, transfection efficacy of shRNA-2 was the 
best and it was used in the following experi-
ments (Figure 2A). HG induction markedly de-
creased viability and EdU-positive rate in Min6 
cells, which were further inhibited by knock-
down of TUG1 (Figure 2B, 2C). Flow cytometry 
results revealed an increased apoptosis rate in 
HG-induced Min6 cells. Moreover, knockdown 
of TUG1 markedly increased apoptosis rate in 
HG-induced Min6 cells (Figure 2D). The above 
data suggested that TUG1 could regulate islet β 
cell functions. 

TUG1 Negatively Regulated 
MiR-188-3p Level

Using the bioinformatics tool, we predicted 
potential miRNAs binding TUG1. The binding 
sites in the seed sequence of TUG1 and miR-188-
3p were predicted (Figure 3A). Luciferase vectors 
were constructed based on the binding sites, and 
they were co-transfected into cells with miR-188-
3p mimics or negative control, respectively. It is 
shown that overexpression of miR-188-3p mark-
edly inhibited Luciferase activity in the wild-type 
TUG1 vector, and the Luciferase activity was 
not influenced in the mutant-type one (Figure 
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3B). Knockdown of TUG1 in Min6 cells upreg-
ulated miR-188-3p, and overexpression of TUG1 
resulted in the opposite trend (Figure 3C, 3D). 
As expected, TUG1 and miR-188-3p displayed a 
negative correlation (Figure 3E). 

MiR-188-3p Negatively Regulated FGF5
Using the same method, FGF5 was identified 

to be the target gene binding miR-188-3p (Fig-
ure 4A, 4B). FGF5 level was negatively regu-
lated by miR-188-3p in Min6 cells (Figure 4C). 
On the contrary, TUG1 could positively regulate 
FGF5 level, showing a positive correlation (Fig-
ure 4D, 4E). 

Discussion 

The incidence of T2DM is rapidly elevated in 
the world. T2DM patients usually accompany 
with obesity, lipid metabolism disorder, hyper-
tension or other metabolic disorders. Recently, 
dysfunction of islet β cells has been considered as 
an essential event in the pathogenesis of T2DM15. 
With the prolongation of T2DM, islet β cell 
function is progressively degraded16. Therefore, 
protecting islet β cell function is conductive to 
alleviate the progression of T2DM. 

LncRNAs are upstream key factors respon-
sible for regulating gene expressions17,18. They 

Figure 1. SP1 and TUG1 were downregulated in HG-treated Min6 cells. A, LncRNA TUG1 levels in mouse islet of NFD and 
HFD group detected by qRT-PCR. B, LncRNA TUG1 levels in NG or HG-induced Min6 cells detected by qRT-PCR. C, Five 
binding sites in the seed sequence of SP1 and TUG1. D, SP1 levels in mouse islet of NFD and HFD group detected by qRT-PCR. 
E, SP1 levels in NG or HG-induced Min6 cells detected by qRT-PCR. F, A positive correlation between TUG1 and SP1 levels in 
mouse islet of HFD group analyzed by Spearman’s rank correlation coefficient. G, Luciferase activity in 5 mutant-type vectors of 
SP1; H, Enrichment of TUG1 in E1-E5 anti-SP1. I, TUG1 level in Min6 cells transfected with pcDNA-SP1; *p<0.05.
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are extensively involved in cell behaviors19-21 and 
highly specific based on cell types and target 
regulations22. As a result, lncRNAs may become 
potential predictable biomarkers and therapeutic 
targets. Abnormally expressed lncRNAs in tu-
mor cells can priorly reflect pathological states 
than protein-encoding RNAs23,24. In high-fat and 
high-glucose models, we found that TUG1 was 
downregulated, indicating the potential involve-
ment of TUG1 in the regulation of islet β cell 
functions. 

LncRNA TUG1 downregulates miR-377 by the 
sponge effect, and thus alleviates the inhibitory 
effect of miR-377 on PPARγ activity. The TUG1/
miR-377/PPARγ axis is involved in the onset of 

diabetic nephropathy (DN) by reducing ECM 
accumulation in mesangial cells25. Gene sequenc-
ing identified the differentially expressed TUG1 
in DN profiling26. Overexpression of TUG1 in 
podocytes of DN mice improves DN-associat-
ed biochemical and histological characteristics 
by binding PGC-1α. Our results suggested that 
knockdown of TUG1 inhibited proliferative abil-
ity and induced apoptosis in high-glucose-treated 
Min6 cells.  

Serving as a transcription factor, SP1 participates 
in lncRNA transcription. Qi et al27 showed that 
SP1 activates the expression of lncRNA AGAP2-
AS1 in gastric cancer cells. Liu et al28 demonstrat-
ed that SP1 upregulates lncRNA SNHG14 in clear 

Figure 2. Knockdown of TUG1 inhibited proliferative ability in HG-induced Min6 cells and induced apoptosis. A, 
Transfection efficacy of three lines of TUG1 shRNA in Min6 cells. B, Viability in NG or HG-induced Min6 cells transfected 
with sh-TUG1. C, EdU-positive rate in NG or HG-induced Min6 cells transfected with sh-TUG1, (magnification: 200×) D, 
Apoptosis rate in NG or HG-induced Min6 cells transfected with sh-TUG1; *p<0.05.
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cell renal cell carcinoma. Our findings revealed the 
downregulation of SP1 in high-fat and high-glu-
cose models. Furthermore, we have proven the 
interaction between SP1 and TUG1. 

Meng et al29 reported that knockdown of miR-
188-3p attenuates proliferative, migratory and 
invasive potentials in glioblastoma cells. As the 
novel negative regulator for TMED3, miR-188-3p 

Figure 3. TUG1 negatively regulated miR-188-3p level. A, Binding sites in the seed sequence of TUG1 and miR-188-3p. B, 
Luciferase activity in wild-type and mutant-type TUG1 vectors regulated by miR-188-3p. C, MiR-188-3p level in Min6 cells 
transfected with sh-TUG1. D, MiR-188-3p level in Min6 cells transfected with pcDNA-TUG1. E, A negative correlation between 
TUG1 and miR-188-3p levels in mouse islet of HFD group analyzed by Spearman’s rank correlation coefficient; *p<0.05.

Figure 4. MiR-188-3p negatively regulated FGF5. A, Binding sites in the seed sequence of FGF5 and miR-188-3p. B, Luciferase 
activity in wild-type and mutant-type FGF5 vectors regulated by miR-188-3p. C, FGF5 level in Min6 cells regulated by miR-
188-3p. D, FGF5 level in Min6 cells regulated by TUG1. E, A positive correlation between TUG1 and FGF5 levels in mouse 
islet of HFD group analyzed by Spearman’s rank correlation coefficient; *p<0.05.
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alleviates proliferative and metastatic capacities 
in breast cancer cells30. In this paper, we iden-
tified the TUG1/miR-188-3p/FGF5 axis, which 
was responsible for regulating proliferative and 
apoptotic abilities in Min6 cells. However, rescue 
experiments by intervening TUG1 level are not 
conducted, which will be further completed. 

Conclusions

The results of this study demonstrated that 
SP1 induces TUG1 downregulation in T2DM cell 
models, which further regulates proliferative and 
apoptotic potentials in islet cells by activating 
the miR-188-3p / FGF5 axis and provides a novel 
target for gene therapy in the future.
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