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SP1-mediated up-regulation of IncRNA TUG1 underlines an
oncogenic property in colorectal cancer

Wei Liu', Jin Meng? Rongjun Su', Changjun Shen’, Shuai Zhang', Yantao Zhao', Wengqi Liu’, Jiang Du', Shuai Zhu', Pan Li,

Zhigang Wang? and Xiaoxia Li®'

© The Author(s) 2022

The long non-coding RNA (IncRNA) taurine up-regulated gene 1 (TUG1) acts as tumor-promoting factor in colorectal cancer (CRC).
We aimed to elucidate the mechanism by which the transcription factor specificity protein 1 (SP1) regulates TUG1 and microRNAs
(miRs)/mRNAs in the context of CRC, which has not been fully studied before. Expression patterns of TUG1 and SP1 were
determined in clinical CRC samples and cells, followed by identification of their interaction. Next, the functional significance of
TUG1 in CRC was investigated. An in vivo CRC model was established to validate the effect of TUG1. The results demonstrated that
TUG1 and SP1 were highly-expressed in CRC, wherein SP1 bound to the TUG1 promoter and consequently, positively regulated its
expression. Silencing of TUG1 caused suppression of CRC cell growth and promotion of cell apoptosis. TUG1 could bind to miR-421
to increase KDM2A expression, a target gene of miR-421. TUG1 could activate the ERK pathway by impairing miR-421-targeted
inhibition of KDM2A. Additionally, SP1 could facilitate the tumorigenesis of CRC cells in vivo by regulating the TUG1/miR-421/
KDM2A/ERK axis. Altogether, the current study emphasizes the oncogenic role of TUG1 in CRC, and illustrates its interactions with
the upstream transcription factor SP1 and the downstream modulatory axis miR-421/KDM2A/ERK, thus offering novel insights into

the cancerogenic mechanism in CRC.
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INTRODUCTION
Colorectal cancer (CRC) represents a significant proportion of the
total disease burden attributed to malignancies all over the world
[1]. Current treatment approaches for patients with primary and
metastatic CRC include the use of laparoscopic surgery for primary
cases, more-aggressive resection for metastatic tumors, and
radiotherapy for rectal neoplasm along with neoadjuvant and
palliative chemotherapies [2]. Despite tremendous improvement
in antineoplastic therapies, the five-year survival rates for CRC
remain dismal, whereas high drug prices impose a great burden
on the total economic cost of CRC [3]. Increasing numbers of
investigations are addressing the identification of biomolecules
implicated with the pathophysiological events of CRC, in hopes of
developing new therapeutic targets for better treatment [4, 5].
Interestingly, a set of non-coding RNAs (ncRNAs) comprising of
microRNAs (miRNAs) and long non-coding RNAs (IncRNAs) are
emerging as novel biomarkers for the detection and therapeutics of
CRC [6]. More specifically, a number of studies have documented a
tumor-promotive role of TUGT in several malignancies such as
cervical cancer [7], prostate cancer [7], and especially CRC [8]. TUGT
exerts its tumor-promotive function via diverse mechanisms includ-
ing RNA-RNA interactions [9] and the Wnt/B-catenin pathway [10].
However, the significance of TUGT in CRC remains largely undefined.
Meanwhile, transcription factors, known to mediate chromatin
alteration and gene transcription by recognizing specific DNA

sequences, have also been implicated in various aspects of human
physiological processes and diseases [11]. Moreover, the deregulation
of transcription factors is induced in various malignancies directly via
translocation of chromosomes, amplification or deletion of genes,
and site-specific mutagenesis, or indirectly by means of mutations in
non-coding DNAs [12]. One such member of the nuclear transcrip-
tion factor family, SP1 was recently identified to cause an elevation in
TUGT in hepatocellular carcinoma [13]. Additional investigations on
TUG1 have also highlighted its ability to mediate the apoptosis of
lens epithelial cells by negatively-regulating miR-421 [14], a tumor-
suppressive  miR in CRC [15]. Inherently, miRNAs are small
endogenous ncRNAs that modulate gene expressions at a post-
transcriptional level via binding to the 3'UTR of specific target mRNAs
[16]. Furthermore, online prediction databases indicate KDM2A, an
oncogenic gene in CRC [17], to be a target of miR-421. Consequently,
we tried to investigate whether SP1, miR-421, and KDM2A interacted
with TUG1 to promote cancerogenesis in CRC, hoping to uncover
novel therapeutic targets against CRC.

MATERIAL AND METHODS

Ethics statement

All experimentation protocols were approved by the Ethics Committee of
Yan'an People’s Hospital and performed in strict accordance with the
Declaration of Helsinki. All participants signed informed consent doc-
umentation before sample collection. Animal experiments were
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implemented in the light of the International Guidelines of Animal Care
and Use issued by the USA National Institutes of Health.

Clinical tissue samples

A total of 20 patients, who were histologically confirmed with CRC at the
Yan'an People’s Hospital from January 2012 to December 2015, were chose
for our study. Patients receiving radiotherapy or chemotherapy prior to
surgery were excluded. During surgery, CRC tissues and adjacent normal
mucosal tissues (in the visible normal intestinal region, 10 cm away from
cancer tissues) were obtained from all patients, and stored at —80 °C for
subsequent analysis [18]. All the collected tissues were pathologically
diagnosed by two independent pathologists.

Cell culture and plasmid transfection

Human normal colonic epithelial cell line FHC (ATCC® CRL-1831), as well as
human CRC cell lines HCT116 (ATCC® CCL-247™, Rockville, MD) and SW480
(ATCC® CCL-228™), was procured from ATCC (Manassas, VA). HCT116 cells
were cultured in McCoy’s 5a medium containing 10% FBS (ATCC, No. 30-
2007), while SW480 cells were maintained in Leibovitz's L-15 medium
(ATCC, No. 30-2008) containing 10% FBS. Meanwhile, FHC cells were
cultured in DMEM/F12 medium. All the aforementioned cells were cultured
in a humid incubator at 37 °C with 5% CO, in air.

Subsequently, the cells were seeded into a six-well plate (3 x 10° cells/
well). Upon reaching 50% cell confluence, transfection was carried out
using Lipofectamine 2000 reagent (11668-019, Invitrogen, Carlsbad, CA).
siRNAs targeting SP1 (si-SP1-1, si-SP1-2), siRNAs targeting TUG1 (si-TUG1-1,
si-TUG1-2), siRNA targeting KDM2A (si-KDM2A) and its negative control (si-
NC), miR-421 mimic, mimic NC, TUG1 over-expression plasmid (oe-TUGT)
and oe-NC were all synthesized and provided by GenePharma (Shanghai,
China). The siRNA sequences are shown in Supplementary Table 1.

Reverse transcription quantitative polymerase chain reaction
TRIzol reagent (10296028, Invitrogen) was utilized for total RNA extraction. A
total of 5 pg of reverse transcriptase enzyme was utilized for synthesizing
cDNA from the obtained RNA using SuperScript Ill RT kits (11752050; ABI-
Invitrogen). For miRNA detection, with cDNA serving as a template, Reverse
transcription quantitative polymerase chain reaction (RT-qPCR) was
performed using TagMan MicroRNA Assay. U6 was employed as the internal
control for miRNA. For mRNA detection, RT-gPCR was performed following
TagMan Gene Expression Assays protocol (Applied Biosystems, Foster City,
CA) with GAPDH serving as the internal reference. The relative quantification
method (2'AACT method) was utilized to calculate the relative expression of
the gene of interest. The primers are listed in Supplementary Table 2.

Western blot assay

Total protein was extracted, electrophoresed and then electroblotted to
polyvinylidene fluoride membranes (Amersham, Piscataway, NJ), which
were blocked with 5% skim milk powder for 1 h. After that, the membrane
was incubated overnight at 4°C with the following primary antibodies to
SP1 (ab227383, 1: 5000), cleaved PARP (ab32064, 1: 5000), cleaved
Caspase-3 (ab49822, 1: 500), KDM2A (ab191387, 1: 1000), p-ERK (ab223500,
1: 400), ERK (ab17942, 1: 1000), and B-actin (ab179467, 1: 5000) as well as
with horseradish peroxidase (HRP)-labeled secondary antibody goat anti-
rabbit IgG (H&L, ab6721, 1: 3000) for 1h at room temperature. After
scanning and development with an optical luminometer (General Electric,
Waukesha, WI), the gray value of the target band was quantified using the
Image Pro Plus 6.0 software (Media Cybernetics). All the above-mentioned
antibodies were purchased from Abcam (Cambridge, UK).

Luciferase assay

According to the analysis results from UCSC (http://genome.ucsc.edu/) and
JASPAR (http://jaspar.genereg.net/), binding sites between SP1 protein and
TUG1 were gained. Recombinant luciferase reporter gene vector was co-
transfected with o0e-SP1 into Hs 675.T, DiFi cells. Renilla luciferase
expression vector pRL-TK (TaKaRa, Dalian, China) was utilized as an
internal control. Subsequently, the luciferase activity was detected using a
dual-luciferase detection kit (K801-200, Biovision) in a dual luciferase
reporter gene analysis system (Promega, Madison, WI, USA).

TUG1 3'UTR or KDM2A wild-type (WT) or mutant (MUT) sequences were
synthesized and cloned into the pMIR-reporter in the light of the luciferase
detection kit (Promega). Using Lipofectamine 2000 reagent, Hs 675.T cells
were co-transfected with WT or MUT plasmids and miR-421 mimic or
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mimic NC. After 48-h of transfection, the cells were harvested for luciferase
activity detection by means of a dual luciferase assay (Promega).

Chromatin immunoprecipitation

ChIP was implemented based on the previous study [19] with the rabbit
IgG antibody (ab109489, 1: 300, Abcam) and the SP1-specific antibody
(ab227383, 1: 200, Abcam). The enrichment of SP1 in the TUG1 promoter
was detected using qPCR.

CCK-8 assay

The cells were plated in 96-well plates (1x10% cells per well). Cell
transfection was performed the following day, and the cells were cultured
for 0, 1, 2, and 3 d. The cells were then cultured with 10 uL of CCK-8 for
another 2 h. Measurement of the absorbance 450 nm was implemented to
determine cell viability.

Transwell assay

The extracellular matrix (ECM) gel was pre-cooled at 4 °C overnight and
diluted with serum-free medium (1:9). Next, 40 uL of ECM gel was added to
the apical chamber of a Transwell chamber, and incubated at 37 °C with
5% CO, in air for 5 h. After another round of incubation with DMEM (70 pL/
chamber) for 0.5 h, cells starved for 24 h were resuspended in FBS-free
DMEM to a final concentration of 2.5x 10°/mL, whereupon 0.2 mL cell
suspension was added to the apical chamber. Meanwhile, 700 pL of pre-
chilled DMEM containing 10% FBS was added to the basolateral chamber.
After 24 h of incubation at 37°C with 5% CO, in air, the non-invading cells
were wiped off with cotton balls, while the invaded cells were fixed with
methanol for 30 min and stained with 0.1% crystal violet for 20 min. Finally,
the invaded cells in randomly selected five visual fields were photo-
graphed and counted under an inverted microscope.

Flow cytometric analysis

Cells at the logarithmic phase of growth were seeded in a six-well plate
(2% 10°/well), and cultured for 48 h. The cells were rinsed twice with pre-
chilled PBS, and centrifuged at 4000 x g for 3 min. Next, the precipitate was
stained with 400 pL of Annexin V-FITC on ice for 15 min and with 10 L of
PI for 5 min under dark conditions. Cell apoptosis was detected using a
flow cytometer at 488 nm.

RNA pull-down assay

Biotin-labeled RNA was transcribed with Biotin RNA Labeling Mix (Roche)
and T7 RNA polymerase (Promega), treated with RNase-free DNase |
(Promega), and then purified with RNeasy Mini Kit (QIAGEN). Afterwards,
5 g biotinylated RNA was heated at 95 °C for 5 min and allowed to stand on
ice for 5min and then at room temperature for 20 min. Next, the folded
RNA was mixed with the cell lysate for 2 h, which was then incubated with
50 L streptavidin agarose Beads (Invitrogen) for 1.5 h. Later, the beads
were eluted and treated with ribonuclease, followed by dissolution in SDS
buffer. The extracted proteins were measured using western blot assay.

RNA immunoprecipitation

The binding of TUGT to miR-421 was detected with the help of RIP kits
(Merck Millipore, Billerica, MA, USA) [20, 21] with anti-Ago2 (ab32381,
Abcam) and IgG antibody (ab172730, 1:1000, Abcam) as a NC.

In vivo tumor formation model

A total of 48 female BALB/c nude mice (aged 3-4 weeks and weighing [16 £
2q]) were housed in a sterile environment at constant temperature
(25-27 °C) and humidity (45-50%). The Hs 675.T cells stably transfected with
sh-NC, sh-SP1, sh-SP1 + oe-NC, and sh-SP1 + oe-KDM2A were dispersed into
a cell suspension (1 x 107 cells/mL). Subsequently, 200 uL of cell suspension
was subcutaneously injected into nude mice (n = 12 for mice following each
treatment). The tumor volume was monitored and recorded every week.
After 35 days, the nude mice were euthanized and the tumors were extracted
for subsequent RT-qPCR and immunohistochemical analysis. The weight of
the xenograft tumors was also weighed and recorded.

Immunohistochemical analysis

The extracted mouse tumor tissues were fixed with 4% paraformaldehyde,
embedded in paraffin and sliced into sections. Next, the sections were
heated at 50°C for 2 h, dewaxed with xylene, rehydrated with gradient
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Fig. 1 SP1 and TUG1 are abundant in CRC and SP1 up-regulates the expression of TUG1 by binding to the promoter region of TUG1.
A TUGT1 expression in the CRC and adjacent normal tissues (n = 20) determined by RT-gPCR. B TUG1 expression in normal human colonic
epithelial cell line FHC and CRC cell lines HCT116 and SW480 determined by RT-qPCR. C SP1 protein level in the CRC and adjacent normal
tissues (n = 20) measured by Western blot assay. D SP1 protein level in the human normal colonic epithelial cell line FHC and CRC cell lines
HCT116 and SW480 measured by Western blot assay. E SP1T mRNA expression in the HCT116 and SW480 cells transfected with si-SP1-1, si-SP1-
2 and si-SP1-3 determined by RT-gPCR. F SP1 protein level in the HCT116 and SW480 cells transfected with si-SP1-1, si-SP1-2, and si-SP1-3
measured by western blot assay. G The binding sites of SP1 in the TUG1 promoter region predicted by the JASPAR website. H After truncation
of binding sites, the specific binding site 5 of SP1 in the TUG1 promoter region was determined by dual-luciferase reporter assay. | The
binding of SP1 to the TUG1 promoter region with site 5 mutated analyzed by dual-luciferase reporter assay. J Binding of SP1 to the TUG1
promoter region at site 5 confirmed by ChIP assay. K Correlation between SP1 expression and TUG1 expression in clinical CRC tissue samples
(p=0.016). p<0.05, p< 0.01, "p <0.001 and ~"p < 0.0001, compared with adjacent normal tissues, FHC cell line, or HCT116 and SW480
cells transfected with si-NC or incubated with anti-lgG antibody. The measurement data are expressed as mean + standard deviation. The
experiments were repeated three times independently. Comparison between CRC tissues and adjacent normal tissues was conducted using

paired t-test while between the other two groups by unpaired t-test. Multi-group comparison was conducted by one-way ANOVA with Tukey’s
post hoc test.

ethanol, heated in sodium citrate buffer (10 MM sodium citrate, 0.05% means of paired t-test, while that between the other two groups was
Tween-20, pH 6.0) for 15-20 min, blocked with goat serum for 20 min, and conducted by means of unpaired t-test. Data among multiple groups were
probed with primary antibody to KDM2A (ab191387, 1: 250) at room tested by one-way analysis of variance (ANOVA) with Tukey’s post-hoc test,
temperature for 1 h, followed by incubation with 50 pL secondary antibody and those at different time points were compared by two-way ANOVA with
of goat anti-rabbit IgG (ab6721, 1: 1000) for 1 h. After that, the sections Bonferroni post-hoc test. Enumeration data were expressed by ratio or
were reacted with streptavidin-peroxidase at 37 °C for 30 min, followed by percentage and analyzed utilizing x? test. A value of p < 0.05 was indicative
development with DAB for 5-10 min. The sections were then counter- of statistical significance.

stained with hematoxylin for 2 min, and differentiated in hydrochloric acid
(0.1 M). After rinsing for 10 min, the sections were dehydrated, cleared and
sealed for microscopic examination.

RESULTS
SP1 and TUG1 are elevated in CRC and SP1 increases the
Statistical analysis expression of TUG1 by binding to the promoter region of
Statistical analyses were implemented using SPSS 21.0 statistical software TUG1

(IBM Corp., Armonk, NY, USA). Measurement data were expressed as mean

First, we determined the expression pattern of TUG1 in 20 CRC
+ standard deviation. Data comparison in tissues was implemented by

tissues and normal tissues using RT-qPCR, which revealed an up-
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Fig.2 TUG1 loss-of-function leads to suppression of CRC cell viability and invasion and promotion of cell apoptosis. A Determination of
TUG1 expression in HCT116 and SW480 cells transfected with si-TUG1-1 and si-TUG1-2 by RT-qPCR. B-D Assessment of HCT116 and SW480
cell viability (B), invasion (C), and apoptosis (D) by CCK-8 assay, Transwell assay (200x) and flow cytometry, respectively following transfection
with si-TUG1-1. E Western blot assay of PARP, cleaved PARP, Ca59ase-3, and cleaved Caspase-3 proteins in HCT116 and SW480 cells following
transfection with si-TUG1-1. p < 0.05, “p < 0.01, ""p <0.001 and ""p < 0.0001, compared with HCT116 and SW480 cells transfected with si-NC.
The measurement data are expressed as mean * standard deviation. The experiments were repeated three times independently. Comparison
between two groups was conducted by unpaired t-test. Multi-group comparison was conducted by one-way ANOVA with Tukey’s post

hoc test.

regulation of TUG1 in CRC tissues (Fig. 1A). Subsequently, with
median TUG1 expression as the cut-off value, the patients with
CRC were grouped into a high TUG1 expression group and a low
TUGT expression group, so as to analyze the correlation between
TUG1 expression and the pathological characteristics of CRC
patients. The results showed that TUG1 expression was correlated
with tumor size, tumor node metastasis (TNM) stage, and lymph
node metastasis (LNM), not with the age and gender (Supple-
mentary Table 3). In addition, RT-gPCR results suggested higher
TUG1 expression in human CRC cell lines HCT116 and SW480
compared to the human normal colonic epithelial cell line FHC
(Fig. 1B). A previous report has indicated SP1 as an upstream
mediator of TUGT expression in hepatocellular carcinoma [13], but
the significance of this interaction in regard to CRC is unknown.
Here, the results of western blot assay demonstrated that SP1
protein levels were notably higher in CRC tissues and CRC cell lines
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HCT116 and SW480 relative to adjacent normal tissues and FHC
cell line, respectively (Fig. 1C, D and Supplementary Fig. 1A).

To further identify whether SP1 regulates TUG1 expression, we
silenced SP1 in HCT116 and SWA480 cells using siRNAs, and
confirmed the silencing efficiency by conducting RT-gPCR and
western blot analysis. The results showed that si-SP1-1 exhibited
the superior silencing efficiency, and was thus selected for
subsequent experiments (Fig. 1E, F and Supplementary Fig. 1B).
Additionally, RT-qPCR results presented a reduction in the TUG1
expression in HCT116 and SW480 cells following SP1 silencing
(Fig. 1E).

The possible binding sites of SP1 in the TUG1 promoter region
were predicted by the JASPAR website (Fig. 1G), and truncated
one by one, whereupon a luciferase assay was conducted to
confirm their binding relationship. After truncating the site 5, it
was found that SP1 could not affect the luciferase activity of the
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Fig. 3 TUG1 positively regulates KDM2A by binding to miR-421 in HCT116 cells. A Determination of miR-421 expression in the CRC and
adjacent normal tissues (n = 20) by RT-gPCR. B Determination of miR-421 expression in HCT116 and SW480 cells transfected with si-TUG1-1 by
RT-gPCR. € The binding of TUGT to miR-421 in HCT116 cells verified by dual-luciferase reporter assay. D The binding of TUG1 to miR-421 in
HCT116 cells tested by RIP assay in combination with qPCR. E The binding of TUG1 to miR-421 in HCT116 cells tested using RNA pull-down.
F Determination of KDM2A expression in the CRC and adjacent normal tissues (n = 20) by RT-qPCR. G The binding between miR-421 and
KDM2A in HCT116 cells identified using dual-luciferase reporter assay. H The binding of miR-421 to KDM2A in HCT116 cells tested by RIP assay
in combination with gPCR. I The binding of miR-421 to KDM2A in HCT116 cells tested using RNA pull-down. J Determination of TUG1, miR-421
and KDM2A expression in HCT116 cells transfected with miR-421 mimic by RT-qPCR. K Measurement of KDM2A protein level in HCT116 cells
transfected with miR-421 mimic by western blot assay. L Determination of TUG1, miR-421 and KDM2A expression in HCT116 cells transfected
with si-TUG1-1 or combined with miR-421 inhibitor by RT-qPCR. M Measurement of KDM2A protein level in HCT116 cells transfected with si-
TUG1-1 or combined with miR-421 inhibitor by western blot assay. "p<0.05 “p <001, p<0.001and “p < 0.0001, compared with adJacent
normal tissues, HCT116 cells transfected with si-NC, mimic NC or si-NC -+ inhibitor NC, or HCT116 cells incubated with IgG or Bio-NC. *p < 0.05,

#p <0.01, and ¥ p < 0.0001, compared with HCT116 cells transfected with si-TUG1-1 + inhibitor NC. The measurement data are expressed as
mean + standard deviation. The experiments were repeated three times independently. Comparison between two groups was conducted by

unpaired t-test. Multi-group comparison was conducted by one-way ANOVA with Tukey’s post hoc test.

TUG1 promoter, while truncating other binding sites did not alter
the binding of SP1 to TUG1 promoter (Fig. 1H). On the other hand,
SP1 silencing was observed to reduce the luciferase activity of
TUG1-WT promoter sequence at site 5, but luciferase activity of
MUT sequence with mutated site 5 remained unaffected (Fig. 1).
These findings suggested that SP1 could bind to the TUGI
promoter at site 5, and the results of subsequent Chromatin
immunoprecipitation (ChIP) assay also validated this phenomenon
(Fig. 1J). Finally, RT-PCR revealed a positive correlation between
SP1 and TUG1 expression in 20 CRC tissues (Fig. 1K). The
aforementioned data indicated that SP1 and TUG1 were up-
regulated in CRC and that SP1 bound to the TUG1 promoter
region to promote TUGT1 expression.

Loss of TUGT1 inhibits the viability and invasion of CRC cells
while promoting their apoptosis

After uncovering the aberrant up-regulation of TUG1 in CRC cells,
we knocked-down TUG1 in HCT116 and SW480 cells using siRNAs
in order to probe into its effect on CRC cell behaviors. The
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transfection efficiency was determined by RT-gPCR, and si-TUG1-1
with the better efficiency was therefore used for the subsequent
experiments (Fig. 2A). Additionally, TUG1 silencing resulted in
suppressed cell viability (Fig. 2B) and invasion (Fig. 2C), yet
increased apoptosis rate (Fig. 2D). Moreover, western blot assay
demonstrated elevation in the protein levels of cleaved PARP and
cleaved Caspase-3, while the total protein levels of PARP and
Caspase-3 were unchanged in the HCT116 and SW480 cells
transfected with si-TUG1-1 (Fig. 2E and Supplementary Fig. 2).

TUG1 inhibits the expression of miR-421 to elevate the
expression of KDM2A

We then proceeded to examine the mechanism of TUG1 in CRC.
We discovered reduced miR-421 expression in CRC tissues
(Fig. 3A). In addition, miR-421 expression was found to be up-
regulated in HCT116 and SW480 cells transfected with si-TUG1-1
(Fig. 3B). Luciferase assay was then conducted to identify
the interaction between those two RNAs using the TUG1-WT
sequence containing the putative miR-421 binding site.
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As expected, it was found that transfection with miR-421 mimic in
HCT116 and SW480 cells reduced the luciferase activity of TUGT-
WT, without altering that of TUG1-MUT (Fig. 3C and Supplemen-
tary Fig. 3A). Meanwhile, findings from both RNA immunopreci-
pitation (RIP) (Fig. 3D and Supplementary Fig. 3B) and RNA pull-
down (Fig. 3E and Supplementary Fig. 3C) assays also validated
the binding of TUGT to miR-421.

Online bioinformatics website predicted that miR-421 may bind
to the histone demethylase KDM2A (Fig. 3G). We observed higher
expression of KDM2A in CRC tissues than adjacent normal tissues
(Fig. 3F). Moreover, the results of dual-luciferase reporter assay
(Fig. 3G and Supplementary Fig. 3D), RIP assay (Fig. 3H and
Supplementary Fig. 3E) and RNA pull-down assay (Fig. 31 and
Supplementary Fig. 3F) verified the binding of miR-421 to KDM2A
mRNA. Furthermore, transfection with miR-421 mimic in HCT116
and SWA480 cells led to increased miR-421 expression yet
decreased KDM2A expression (Fig. 3G, H, J, K and Supplementary
Figs. 3G, H and 4A).

In addition, HCT116 and SW480 cells were then transfected with
si-TUG1-1 or combined with miR-421 inhibitor. miR-421 expression
was elevated and KDM2A expression was reduced in response to
TUG1 knockdown, the effect of which was reversed by con-
comitant knockdown of TUG1 and miR-421 (Fig. 3L, M and
Supplementary Figs. 3l, J and 4B). The above-mentioned results
suggested that TUG1 down-regulated miR-421 expression by
binding to miR-421, thereby increasing the expression of KDM2A.

Knockdown of miR-421 elevates the expression of KDM2A,
thus inducing the growth and invasion of CRC cells while
arresting their apoptosis
Since our initial findings suggested a regulatory axis consisting of
TUG1/miR-421/KDM2A in CRC cells, we therefore speculated that
this axis might exert a regulatory role in CRC cellular functions.
HCT116 and SW480 cells were transfected with miR-421 inhibitor,
si-KDM2A or both. We discovered that miR-421 expression was
appreciably decreased and KDM2A expression was increased
following treatment with miR-421 inhibitor. However, in the
absence of KDM2A, KDM2A expression was diminished. In
addition, concomitant knockdown of miR-421 and KDM2A
reversed the promoting effect of miR-421 inhibitor on the KDM2A
expression (Fig. 4A, B and Supplementary Fig. 5A).

Cell function assessment using CCK-8 (Fig. 4C), Transwell (Fig. 4D),
and flow cytometry (Fig. 4E) provided evidence that miR-421
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inhibition contributed to an enhancement in the viability and invasive
capabilities of HCT116 and SW480 cells in addition to suppression of
cell apoptosis, while these changes were all counteracted by
transfection with si-KDM2A or miR-421 inhibitor + si-KDM2A.
Simultaneously, cleaved PARP and cleaved Caspase-3 protein levels
were quantified with western blot assay, which revealed that cleaved
PARP and cleaved Caspase-3 protein levels were reduced by miR-421
inhibition, whereas these reductions were neutralized by si-KDM2A or
miR-421 inhibitor + si-KDM2A (Fig. 4F and Supplementary Fig. 5B).

Exacerbated in vitro progression of CRC through TUG1-
induced ERK pathway activation
ERK activation is regarded as a critical process for oxidative stress-
stimulated invasiveness of CRC cells [21]. During further experi-
mentation, we employed the ERK1/2 inhibitor SCH772984 (HY-
50846, 10 uM; MedChemExpress) to block ERK pathway activation
in HCT116 and SWA480 cells over-expressing TUG1, so as to
investigate whether TUG1 could regulate the ERK pathway. We
found that TUG1 over-expression enhanced the ratio of pERK/ERK
while SCH772984 treatment or combined with TUG1 over-
expression decreased the ratio of pERK/ERK (Fig. 5A).
Furthermore, the results of CCK-8 (Fig. 5B) and Transwell assays
(Fig. 5C) showed that the viability and invasion of HCT116 and
SW480 cells were increased after over-expression of TUGI,
whereas these effects were reversed by SCH772984 treatment or
combined with TUG1 over-expression. In addition, TUG1 over-
expression attenuated cell apoptosis while an opposite result was
noted following SCH772984 treatment or combined with TUG1
over-expression (Fig. 5D). Meanwhile, the levels of the pro-
apoptotic proteins cleaved PARP and cleaved Caspase-3 were
reduced in HCT116 and SWA480 cells over-expressing TUG1 while
they were restored upon SCH772984 treatment or combined with
TUG1 over-expression (Fig. 5E and Supplementary Fig. 6).
Together, these results revealed that TUG1 functioned as an ERK
pathway activator to facilitate the CRC progression in vitro.

SP1 inhibits miR-421 and increases KDM2A by up-regulating
TUG1, thereby activating the ERK pathway and promoting the
tumorigenesis of CRC cells in vivo

We further investigated the role of miR-421-mediated KDM2A
inhibition in regard to TUG1-induced activation of ERK pathway in
CRC. First, we knocked down KDM2A in HCT116 and SW480 cells.
Western blot assay results revealed that the ratio of p-ERK/ERK was
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decreased in HCT116 and SW480 cells with KDM2A knockdown
(Fig. 6A). Next, HCT116 and SW480 cells were transfected with miR-
421 inhibitor, si-KDM2A or both. The results of western blot assay
suggested that miR-421 inhibition led to an increase in the ratio of
p-ERK/ERK and conversely, si-KkDM2A or miR-421 inhibitor + si-
KDM2A reduced the ratio of p-ERK/ERK (Fig. 6B and Supplementary
Fig. 7A).

For further investigation, HCT116 and SWA480 cells were
transfected with si-TUG1-1, miR-421 inhibitor or both. Western
blot assay results demonstrated that TUGT silencing could reduce
the protein levels of KDM2A and the ratio of p-ERK/ERK, while miR-
421 inhibitor or si-TUG1-1 + miR-421 inhibitor resulted in eleva-
tion in the protein levels of KDM2A and the ratio of p-ERK/ERK
(Fig. 6C and Supplementary Fig. 7B). The above results indicated
that TUGT up-regulated the expression of KDM2A by inhibiting
miR-421 and thus activated the ERK pathway.

Lastly, we performed xenograft tumor in nude mice to evaluate
the effect of SP1 on the tumorigenesis of CRC cells in vivo
through regulation of the TUG1/miR-421/KDM2A/ERK pathway
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(Supplementary Fig. 8). SP1 silencing suppressed the tumor
growth, which was reversed by overexpression of KDM2A
(Fig. 6D). What's more, SP1 knockdown caused a reduction in
the expression of SP1, TUG1, and KDM2A along with the ratio of p-
ERK/ERK yet an increase in the expression of miR-421. In contrast,
further overexpression of KDM2A increased the expression of
KDM2A and the ratio of p-ERK/ERK (Fig. 6E-G). Overall, these
results indicated that SP1 up-regulated TUG1, and consequently
inhibited miR-421, increased KDM2A and activated the ERK
pathway, thus promoting the tumorigenesis of CRC cells in vivo.

DISCUSSION

Based on the reported interaction between SP1 and TUGT1 [13], the
current study set out to explore this interaction in regard to CRC,
and uncovered that TUGT, upon activation by transcription factor
SP1, could bind to miR-421 to up-regulate KDM2A expression and
activate the ERK pathway, consequently facilitating the progres-
sion of CRC (Fig. 7). The first major findings in our study were the
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up-regulated expression of TUG1 in CRC tissues and cells, whereas functions as a transcription factor to up-regulate ZFAS1 expres-
silencing of TUG1 led to suppression of CRC cell malignant sion, thus expediting the progression of CRC [30].

potentials. Dysregulation of TUGT has also been previously Additionally, the current study further demonstrated the down-
documented in other studies, and even associated with diverse stream modulatory axis miR-421/KDM2A to be linked with CRC
physiological processes, including tumorigenesis [22, 23]. In progression. Notably, a previous study highlighted that TUG1 could
addition, loss of TUGT is known to markedly impede the migration bind to miR-26a, and further negatively regulated its expression to
ability of CRC cells [24]. Furthermore, a previous study has accelerate the progression of prostate cancer [31]. More importantly,

demonstrated the ability of TUG1 to mediate epithelial- TUG1 is known to augment the tumorigenesis in CRC by controlling
mesenchymal transition (EMT) markers and potentiate the an axis consisting of miR-26a-5p/MMP14/p38 MAPK/Hsp27, which is
metastatic potential of CRC cells [25]. Additionally, TUG1 knock- involved in the oncogenic process [32]. Similarly, TUGT has been

down can reverse EMT to restrain the proliferative, migration, and reported to function as a ceRNA of miR-197-3p, wherein knockdown
invasive potentials of CRC cells, which is very much in line with our of TUG1 could retard disease progression and enhance the
findings [26]. Meanwhile, TUG1 is regarded as a downstream sensitivity of CRC cells to 5-fluorouracil, reiterating the significance
molecular of TGF-f, with evidence even suggesting that TUG1 of TUG1 silencing in CRC [33]. TUGT might also act as a ceRNA of
may function as a pro-metastatic IncRNA responsible for the TGF- miR-186 and impair miR-186-mediated inhibition of CPEB2 to
B-induced metastasis in CRC [27]. In addition to the tumor- strengthen methotrexate resistance in CRC [34]. Providing further
promoting function of TUG1, our findings further identified SP1, insight, the study performed by Sun et al. [8] proposed the blockade
which was an up-regulated gene in CRC, to serve an upstream of miR-600-caused down-regulation of KIAA1199 as the mechanism
mediator of TUG1. Numerous studies have also documented this underlying the pro-metastatic effect of TUG1 on CRC cells. Mean-
oncogenic property of SP1 in CRC, which underscores the critical while, a different pro-metastatic mechanism in CRC was also recently
relevance of our findings [28, 29]. Besides, the regulatory role of illustrated, such that TUG1 could bind to miR-153-1 and down-
SP1 in another IncRNA has been discovered, whereby SP1 regulate KLF4, a transcription factor of miR-153-1, by recruiting EZH2

SPRINGER NATURE Cell Death and Disease (2022)13:433



TUG1
MO ey |
LncRNA TUG1
miR-421 “Sponging LQ,Q/
¥
KDM2A mRN KDM2A mRNA
l Degradation L

N N £ N
- =

ERKL/2.
|

Cell viability
Invasion
Apoptosis

Fig. 7 Schematic diagram of the SP1-mediated oncogenic
mechanism in CRC progression. TUG1, positively regulated by
SP1, could bind to miR-421 to up-regulate KDM2A, thereby
activating the ERK pathway and consequently enhancing CRC cell
viability and invasion while repressing cell apoptosis.

[35]. The aforementioned findings indicate the involvement of
diverse molecular mechanisms in the different biological functions
of TUG1. Expanding on our current information, our findings further
displayed that TUG1 could bind to miR-421 to up-regulate the
expression of KDM2A, a target gene of miR-421. Consequently, it
would be plausible to suggest that miR-421 can down-regulate
KDM2A, contributing to the promotion of CRC cellular apoptosis and
repression of cell growth. Consistent with our findings, miR-421 was
previously highlighted as a tumor-suppressive miRNA that restrains
the malignant characteristics of CRC cells [15], while KDM2A is
known to serve as a cyclin D1-associated mediator facilitating cell
proliferation and colony formation in colorectal adenocarcinoma
[17]. Collectively, our findings and existing data indicate that TUG1
can bind to miR-421 to up-regulate KDM2A, thus expediting CRC cell
growth and invasion.

Furthermore, subsequent findings in our study revealed that
TUG1 up-regulated KDM2A to induce the activation of the ERK
pathway. In addition, the results of gain-of-function and rescue
experimentation indicated that inhibition of the ERK pathway
reversed the pro-invasive and anti-apoptosis action of TUGT.
Inherently, KDM2A is known to function as an oncogene in lung
cancer via activation of the ERK pathway [36]. On the other hand,
knockdown of TUG1 was recently demonstrated to impede the
proliferative property of CRC cells and their tumorigenicity in
in vivo settings by reducing the activity of the Wnt/B-catenin
pathway [10]. Meanwhile, published literature has further shown
the involvement of the ERK pathway in the EGF-induced inhibition
of E-cadherin that can stimulate CRC cell migration [37], which
highlights the oncogenic role of ERK activation in CRC [38].
Consequently, it seems reasonable to conclude that TUGT could
activate the ERK pathway, thereby contributing to tumorigenesis.

Collectively, findings uncovered in the current study unravel a
regulatory network implicated in the pathogenesis and progres-
sion of CRC, wherein SP1 up-regulates TUG1, which activates the
ERK pathway via miR-421-induced down-regulation of KDM2A. In
addition, silencing of TUG1 was demonstrated to potentially
impede the growth of CRC cells while stimulating their apoptosis.
Our findings therefore highlight that TUG1 may be a new
therapeutic target for CRC.

Cell Death and Disease (2022)13:433

W. Liu et al.

DATA AVAILABILITY
The datasets generated and/or analysed during the current study are available from
the corresponding author on reasonable request.

REFERENCES

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2018;68:394-424.

2. Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, Sung JJ, Boelens PG, et al.
Colorectal cancer. Nat Rev Dis Prim. 2015;1:15065.

3. Sherman SK, Lange JJ, Dahdaleh FS, Rajeev R, Gamblin TC, Polite BN, et al. Cost-
effectiveness of maintenance capecitabine and bevacizumab for metastatic col-
orectal cancer. JAMA Oncol. 2019;5:236-42.

4. Hollande F, Pannequin J, Joubert D. The long road to colorectal cancer therapy:
searching for the right signals. Drug Resist Updat. 2010;13:44-56.

5. Fridman WH, Miller |, Sautes-Fridman C, Byrne AT. Therapeutic targeting of the
colorectal tumor stroma. Gastroenterology 2020;158:303-21.

6. Okugawa Y, Grady WM, Goel A. Epigenetic alterations in colorectal cancer:
emerging biomarkers. Gastroenterology 2015;149:1204-25. e1212

7. Hu Y, Sun X, Mao C, Guo G, Ye S, Xu J, et al. Upregulation of long noncoding RNA
TUG1 promotes cervical cancer cell proliferation and migration. Cancer Med.
2017;6:471-82.

8. Sun J, Hu J, Wang G, Yang Z, Zhao C, Zhang X, et al. LncRNA TUG1 promoted
KIAA1199 expression via miR-600 to accelerate cell metastasis and epithelial-
mesenchymal transition in colorectal cancer. J Exp Clin Cancer Res. 2018;37:106.

9. Barbagallo C, Brex D, Caponnetto A, Cirnigliaro M, Scalia M, Magnano A, et al.
LncRNA UCAT1, upregulated in CRC biopsies and downregulated in serum exo-
somes, controls mRNA expression by RNA-RNA interactions. Mol Ther Nucleic
Acids. 2018;12:229-41.

10. Xiao CH, Yu HZ, Guo CY, Wu ZM, Cao HY, Li WB, et al. Long non-coding RNA TUG1
promotes the proliferation of colorectal cancer cells through regulating Wnt/
beta-catenin pathway. Oncol Lett. 2018;16:5317-24.

11. Lambert SA, Jolma A, Campitelli LF, Das PK, Yin Y, Albu M, et al. The human
transcription factors. Cell 2018;172:650-65.

12. Bushweller JH. Targeting transcription factors in cancer - from undruggable to
reality. Nat Rev Cancer. 2019;19:611-24.

13. Huang MD, Chen WM, Qi FZ, Sun M, Xu TP, Ma P, et al. Long non-coding RNA
TUGT is up-regulated in hepatocellular carcinoma and promotes cell growth and
apoptosis by epigenetically silencing of KLF2. Mol Cancer. 2015;14:165.

14. Li G, Song H, Chen L, Yang W, Nan K, Lu P. TUGT promotes lens epithelial cell
apoptosis by regulating miR-421/caspase-3 axis in age-related cataract. Exp Cell
Res. 2017;356:20-27.

15. Xue L, Yang D. MiR-421 inhibited proliferation and metastasis of colorectal cancer
by targeting MTA1. J BUON. 2018;23:1633-9.

16. Hammond SM. An overview of microRNAs. Adv Drug Deliv Rev. 2015;87:3-14.

17. Cao LL, Du G, Liu H, Pei L, Qin L, Jia M, et al. Lysine-specific demethylase 2A
expression is associated with cell growth and cyclin D1 expression in colorectal
adenocarcinoma. Int J Biol Markers. 2018;33:407-14.

18. Tutino V, Caruso MG, De Nunzio V, Lorusso D, Veronese N, Gigante |, et al. Down-
regulation of cannabinoid type 1 (CB1) receptor and its downstream signaling
pathways in metastatic colorectal cancer. Cancers (Basel). 2019;11:708.

19. He Y, Lu J, Ye Z, Hao S, Wang L, Kohli M, et al. Androgen receptor splice variants
bind to constitutively open chromatin and promote abiraterone-resistant growth
of prostate cancer. Nucleic Acids Res. 2018;46:1895-911.

20. Micheletti R, Plaisance I, Abraham BJ, Sarre A, Ting CC, Alexanian M, et al. The
long noncoding RNA Wisper controls cardiac fibrosis and remodeling. Sci Transl
Med 2017;9:eaai9118.

21. Schroyer AL, Stimes NW, Abi Saab WF, Chadee DN. MLK3 phosphorylation by
ERK1/2 is required for oxidative stress-induced invasion of colorectal cancer cells.
Oncogene 2018;37:1031-40.

22. Li Z, Shen J, Chan MT, Wu WK. TUG1: a pivotal oncogenic long non-coding RNA of
human cancers. Cell Prolif. 2016;49:471-5.

23. Guo C, Qi Y, Qu J, Gai L, Shi Y, Yuan C. Pathophysiological functions of the IncRNA
TUG1. Curr Pharm Des. 2020;26:688-700.

24. Zhai HY, Sui MH, Yu X, Qu Z, Hu JC, Sun HQ, et al. Overexpression of long non-
coding RNA TUG1T promotes colon cancer progression. Med Sci Monit.
2016;22:3281-7.

25. Sun J, Ding C, Yang Z, Liu T, Zhang X, Zhao C, et al. The long non-coding RNA
TUGT1 indicates a poor prognosis for colorectal cancer and promotes metastasis
by affecting epithelial-mesenchymal transition. J Transl Med. 2016;14:42.

26. Wang L, Zhao Z, Feng W, Ye Z, Dai W, Zhang C, et al. Long non-coding RNA TUG1
promotes colorectal cancer metastasis via EMT pathway. Oncotarget
2016;7:51713-9.

SPRINGER NATURE



W. Liu et al.

10

27. Shen X, Hu X, Mao J, Wu Y, Liu H, Shen J, et al. The long noncoding RNA TUG1 is
required for TGF-beta/TWIST1/EMT-mediated metastasis in colorectal cancer
cells. Cell Death Dis. 2020;11:65.

28. Liu XH, Wang J, Dong YH. The inhibitory effect of miR-375 targeting sp1 in
colorectal cancer cell proliferation. Eur Rev Med Pharmacol Sci.
2018;22:405-11.

29. Ren Y, Zhang H, Jiang P. MicroRNA-382 inhibits cell growth and migration in
colorectal cancer by targeting SP1. Biol Res 2018;51:51.

30. Chen X, Zeng K, Xu M, Hu X, Liu X, Xu T, et al. SP1-induced IncRNA-ZFAS1
contributes to colorectal cancer progression via the miR-150-5p/VEGFA axis. Cell
Death Dis. 2018;9:982.

31. Yang B, Tang X, Wang Z, Sun D, Wei X, Ding Y. TUG1 promotes prostate cancer
progression by acting as a ceRNA of miR-26a. Biosci Rep. 2018;38:BSR20180677.

32. Tian L, Zhao ZF, Xie L, Zhu JP. Taurine up-regulated 1 accelerates tumorigenesis
of colon cancer by regulating miR-26a-5p/MMP14/p38 MAPK/Hsp27 axis in vitro
and in vivo. Life Sci. 2019;239:117035.

33. Wang M, Hu H, Wang Y, Huang Q, Huang R, Chen Y, et al. Long non-coding RNA
TUG1 mediates 5-fluorouracil resistance by acting as a ceRNA of miR-197-3p in
colorectal cancer. J Cancer. 2019;10:4603-13.

34. Li C, Gao Y, Li Y, Ding D. TUGT mediates methotrexate resistance in colorectal
cancer via miR-186/CPEB2 axis. Biochem Biophys Res Commun.
2017;491:552-7.

35. Shao H, Dong D, Shao F. Long non-coding RNA TUG1-mediated down-regulation
of KLF4 contributes to metastasis and the epithelial-to-mesenchymal transition of
colorectal cancer by miR-153-1. Cancer Manag Res. 2019;11:8699-710.

36. Wagner KW, Alam H, Dhar SS, Giri U, Li N, Wei Y, et al. KDM2A promotes lung
tumorigenesis by epigenetically enhancing ERK1/2 signaling. J Clin Invest.
2013;123:5231-46.

37. Tashiro E, Henmi S, Odake H, Ino S, Imoto M. Involvement of the MEK/ERK
pathway in EGF-induced E-cadherin down-regulation. Biochem Biophys Res
Commun. 2016;477:801-6.

38. Han HB, Gu J, Ji DB, Li ZW, Zhang Y, Zhao W, et al. PBX3 promotes migration and
invasion of colorectal cancer cells via activation of MAPK/ERK signaling pathway.
World J Gastroenterol. 2014;20:18260-70.

ACKNOWLEDGEMENTS

This study was funded by the Key R & D project in Yan'an City (SL2019ZCSY-102),
Shaanxi Natural Science Basic Research Program (2020JM-704) and Shenyang Science
and Technology Planning Population and Health Application Technology Research
Special Project (18-014-4-19).

SPRINGER NATURE

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: W.L, JM., and RS. Performed experimental:
CS., S.Z, and Y.Z. Performed experimental validation: W.L. and J.D. Analyzed the data
and conceived figures and tables: S.Z. and P.L. Contributed with reagents/materials: ZW.
and XL. Wrote the paper: W.L, JM, and RS. Contributed to the writing of the
manuscript: ZW. and X.L. All authors revised and approved the final version of the
manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-04805-w.

Correspondence and requests for materials should be addressed to Xiaoxia Li.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Cell Death and Disease (2022)13:433


https://doi.org/10.1038/s41419-022-04805-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	SP1-mediated up-regulation of lncRNA TUG1 underlines an oncogenic property in colorectal cancer
	Introduction
	Material and methods
	Ethics statement
	Clinical tissue samples
	Cell culture and plasmid transfection
	Reverse transcription quantitative polymerase chain reaction
	Western blot assay
	Luciferase assay
	Chromatin immunoprecipitation
	CCK-8 assay
	Transwell assay
	Flow cytometric analysis
	RNA pull-down assay
	RNA immunoprecipitation
	In vivo tumor formation model
	Immunohistochemical analysis
	Statistical analysis

	Results
	SP1 and TUG1 are elevated in CRC and SP1 increases the expression of TUG1 by binding to the promoter region of TUG1
	Loss of TUG1 inhibits the viability and invasion of CRC cells while promoting their apoptosis
	TUG1 inhibits the expression of miR-421 to elevate the expression of KDM2A
	Knockdown of miR-421 elevates the expression of KDM2A, thus inducing the growth and invasion of CRC cells while arresting their apoptosis
	Exacerbated in�vitro progression of CRC through TUG1-induced ERK pathway activation
	SP1 inhibits miR-421 and increases KDM2A by up-regulating TUG1, thereby activating the ERK pathway and promoting the tumorigenesis of CRC cells in�vivo

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




