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The leucine-rich repeat-containing G-protein-coupled receptor 6 (LGR6) is considered to be a stem cell marker in many normal
tissues and promotes tissue development, regeneration, and repair. LGR6 is also related to the initiation and progression of some
malignant tumors. However, the role of LGR6 in cervical cancer has not been reported. Here, immunohistochemistry and western
blotting showed that LGR6 was significantly upregulated in cervical cancer, compared with the normal cervix. By analyzing The
Cancer Genome Atlas database, LGR6 was found to be correlated with a poor prognosis of cervical cancer. Then, a small population
of LGR6"9" cells isolated by using the fluorescence-activated cell sorting exhibited enhanced properties of cancer stem cells
including self-renewal, differentiation, and tumorigenicity. Moreover, RNA sequencing revealed that LGR6 was correlated with the
Wnt signaling pathway and TOP/FOP, reverse transcription-PCR, and western blotting further proved that LGR6 could activate the
Wnt/B-catenin signaling pathway. Interestingly, LGR6 upregulated the expression of TCF7L2 by activating the Wnt/B-catenin
pathway. Then, TCF7L2 combining with -catenin in the nucleus enhanced LGR6 transcription by binding the promoter of LGR6,
which further activated the Wnt signaling to form a positive feedback loop. Thus, our study demonstrated that LGR6 activated a
novel B-catenin/TCF7L2/LGR6-positive feedback loop in LGR6M" cervical cancer stem cells (CSCs), which provided a new
therapeutic strategy for targeting cervical CSCs to improve the prognosis of cervical cancer patients.
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INTRODUCTION

Cervical cancer is the fourth in female cancer with ~569,847 cases
and 311,365 deaths in 2018 worldwide [1]. Vaccination and screening
are effective for decreasing the prevalence rate of cervical cancer
[2, 3]. Surgery, chemotherapy, or radiotherapy reduce the mortality of
cervical cancer [4-6]. However, the prognosis of some women with
recurrent or metastatic cervical cancer remains poor [7]. Cancer stem
cells (CSCs), exhibiting stem cell characteristics including self-renewal,
differentiation [8], and tumorigenic properties, play crucial roles in
tumor initiation, metastasis, and recurrence [9]. Drugs targeting
signaling pathways regulating CSCs could improve cancer patient
prognosis [10, 11]. In recent studies, it has been found that some
genes could play a role in maintaining CSC properties in cervical
cancer. For example, cPLA2a could regulate different subsets of
cervical CSCs [12]; TETT promotes stemness in cervical precancerous
lesions [13]; API5 facilitates cervical CSC-like properties [14]. Our
previous studies have indicated that ALDH might be a marker of
cervical CSCs [15] and some stem cell-associated genes such as SOX2
[16], OCT4 [17], and LGR5 [18, 19] are closely associated with
tumorigenesis in cervical cancer. Moreover, it has been reported that
Erlotinib can overcome paclitaxel-resistant cervical CSCs [20] and
zoledronic acid attenuates the stemness phenotype in cervical
cancer by suppressing phosphorylated Erk1/2 and Akt [21].

The leucine-rich repeat-containing G-protein-coupled receptor
6 (LGR6) belongs to the G-protein-coupled receptor family, which
marks stem cells in hair follicles [22], taste buds [23], lung [24, 25],
nails [26], and mammary gland [27], and promotes tissue
development, regeneration, and injury repair. In recent studies,
LGR6 not only promotes the initiation and progression of cancers
such as lung adenocarcinoma [28], luminal mammary tumor [27],
and ovarian cancer [29] but also activates the phagocyte
immunoresolvent function by binding to MaR1 [30]. LGR6 is
closely related to LGR4 and LGR5. Interestingly, LGR4/5 tethered
with Rnf43/Znrf3 by R-spondins forms the LGR-RSPOs-Rnf43/
Znrf3 complex to prevent the ubiquitylation and degradation of
Wnt receptors by Rnf43/Znrf3 and then activate the Wnt signaling
pathway [31, 32]. Therefore, the LGR family is regarded as a
coactivator for the Wnt signaling pathway. Furthermore, the Wnt
pathway is crucial for the maintenance of CSC population [33, 34],
and targeting Wnt signaling could potentially achieve antitumor
effects [35]. Nevertheless, the role of LGR6 in cervical cancer is
unknown.

Here, we revealed for the first time the role of LGR6 in cervical
cancer. A small population of LGR6MI" cervical cancer cells
isolated by fluorescence-activated cell sorting (FACS) exhibited the
property of CSCs including self-renewal, differentiation, and
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tumorigenicity. LGR6 activated a novel B-catenin/TCF7L2/LGR6-
positive feedback loop in LGR6™" cervical CSCs.

RESULTS

LGR6 is elevated in cervical cancer and is associated with a
poor prognosis

To explore the role of LGR6 in cervical cancer, the subcellular
location and expression of LGR6 in 31 cervical cancer and 23
normal cervix (NC) samples were detected by immunohistochem-
istry (IHC). Positive LGR6 staining was mainly localized to the
cytoplasm and was discovered in 39.13% (9/23) of NC samples and
in 74.19% (23/31) of cervical cancer samples. The IHC scores of
LGR6 were 3.48+3.94 in NC and 6.36 +3.49 in cervical cancer
(Fig. 1A-C). Moreover, we used western blotting to test the
expression of LGR6 in eight NC and eight cervical cancer tissues at
random (Fig. 1D). The relative expression of LGR6 was 0.73 £ 0.29
in cervical cancer tissues and 0.17 £0.13 in NC tissues (Fig. 1E).
Thus, LGR6 was upregulated in cervical cancer. Furthermore, we
analyzed the overall survival (OS) and the relapse-free survival
(RFS) probability in 304 patients with cervical cancer in The Cancer
Genome Atlas (TCGA) RNA database by Kaplan—-Meier plotter
analysis (http://www.kmplot.com). The results demonstrated that
although the level of LGR6 increased, the probability of cervical
cancer patients’ RFS decreased with statistical significance (Fig. 1G,
p=0.0018). All data proved that LGR6 promoted -cervical
progression as a poor prognostic factor.

Cervical cancer cells with high expression of LGR6 have
enhanced self-renewal ability

Flow cytometry, western blotting, and immunocytochemistry (ICC)
were used to detect the level of LGR6 in cervical cancer cell lines.
Compared with the isotype control, LGR6 expression was found in
9.95% of Hela cells, 10.7% of SiHa cells, 4.83% of C-33A cells,
12.8% of CaSki cells, 1.51% of HT-3 cells (Fig. 2A-C).

To assess the self-renewal ability of cervical cancer cells,
LGR6™" and LGR6'™" cells were cultured in a medium suitable
for the growth of tumorspheres. LGR6™" cells from Hela, SiHa,
and C-33A cells generated more tumor spheroids than the
LGR6'" cells did in the first passage, which was inoculated in
24-well plates with 300 cells per well. After consecutive
subcultures for three passages, the populations of tumorsphere
formed by the LGR6™" SiHa and C-33A cells gradually increased,
while the LGR6'" SiHa and C-33A cells did not (Fig. 2D-G). To
exclude the effects of cell aggregation, cells were inoculated in 96-
well plates with a cell per well. LGR6™9" cells from HeLa, SiHa, and
C-33A cells generated more tumorspheres than the LGR6'" cells
did (Fig. 2H, I; Hela, 25.67 £4.163 vs 11.33 +3.78, p < 0.05; SiHa,
40.67 £9.29 vs 21.67 £2.51, p<0.05; C-33A, 833 +£3.51 vs 1.67 £
1.15, p < 0.05). These findings demonstrated that LGR6™9" cervical
cancer cells had enhanced self-renewal potency compared with
LGR6'°" cervical cancer cells.

Cervical cancer cells with high expression of LGR6 have
enhanced tumorigenic potential in vivo

To explore the function of LGR6 in tumorigenic potential, LGR6™9"
and LGR6"" cells separated from cervical cancer cells were
injected into nonobese diabetic/severe combined immunodefi-
ciency (NOD/SCID) mice by limiting dilution. Both LGR6"" and
LGR6°" Hela cells at doses of 10% 10°, 10° and 10" cells
generated tumors. Furthermore, the tumors formed by LGR6"9"
Hela at a dose of 10* cells were larger, heavier, and grew faster
than those formed by LGR6'" cells (5.79 +1.95 vs 1.92+ 1.61, p <
0.01; 448 +1.95 vs 1.72+1.48, p<0.05). The LGR6™" population
from SiHa cells at doses of 10° and 10 cells and CaSki cells at
doses of 10* and 10° cells, rather than the LGR6'" population,
could form the palpable tumors. The tumors of LGR6™M" cell from
SiHa with the doses of 10%, 103 and 107 cells and CaSki cells at a
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dose of 10° cells grew faster and heavier than those of LGR6'"

cells (Fig. 3A-D).

Tumor latency was defined as the period of time when the
mouse remained tumor-free. Here, LGR6M9" HeLa cells had a lower
tumor-free rate than LGR6'°" Hela cells (20.8% in LGR6™9" cells vs
49.2% in LGR6"" cells, p < 0.05). Furthermore, LGR6M" SiHa cells
showed a shorter tumor-free period (3 vs 8 weeks) and a lower
tumor-free rate (22.2 vs 88.9%, p < 0.001) than LGR6'°" SiHa cells.
Similarly, LGR6™" CaSki cells also showed a shorter tumor-free
period (5 vs 9 weeks) and a lower tumor-free rate (31.1 vs 88.9%,
p <0.01) than LGR6'®" CaSki cells (Fig. 3E).

The CSC frequency of the LGR6™" and LGR6'™" populations in
three cervical cancer cell lines was calculated and shown in
Table 1. LGR6™" Hela cells had a stem cell frequency of 1/9.6,
which was 5.9 times as high as that of LGR6'°" Hela cells (1/57.4;
p < 0.001). Similarly, the stem cell frequency of LGR6"9" SiHa cells
(1/366) was 76.5 times higher than that of LGR6'" SiHa cells (1/
28,004; p < 0.001). The stem cell frequency of LGR6™I" CaSki cells
(1/6696) was 16.3 times as high as that of LGR6g'°W CaSki cells (1/
108,957; p < 0.001). All data proved that LGR6™" cervical cancer
cells have greater tumorigenic potential than LGR6'" cervical
cancer cells.

Cervical cancer cells with high expression of LGR6 have the
capability of differentiation in vitro and in vivo

To explore whether LGR6M" cervical cancer cells have the ability
to differentiate in vitro, LGR6™" and LGR6'" cells cultured
separately in Dulbecco’s modified Eagle’'s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) for 1 week
without passa%e were analyzed by flow cytometry. Approximately
43.9% of LGR6™9" Hel a cells differentiated into LGR6'" Hela cells,
and 56.1% of these cells maintained the LGR6"9" phenotype (Fig.
4A). Similarly, 75.8% of LGR6M" SiHa cells (Fig. 4B), 81.3% of
LGR6MI" C-33A cells (Fig. 4C), and 71% of LGR6MI" CaSki cells (Fig.
4D) generated LGR6'" cells. Furthermore, 24.2% of LGR6™" SiHa
cells, 18.7% of LGR6™" C-33A cells, and 29% of LGR6™" CaSki
cells maintained the LGR6M9" phenotype. In addition, ~98% of
LGR6"" cells were still LGR6'™" cells.

The differentiation ability of LGR6™" cells and LGR6'" cells was
detected in vivo by flow cytometry and IHC. In the tumors
generated by LGR6™M" Hela cells, 40.1% of LGR6™M" Hela cells
differentiated into LGR6'™" HeLa cells, indicating that LGR6™"
HelLa cells could generate LGR6"9" Hela cells by the self-renewal
ability and generate LGR6'Y Hela cells by the differentiation
(Fig. 4E). Similarly, 11.7% of LGR6™" SiHa cells (Fig. 4F) and 49.7%
of LGR6™" CaSki cells (Fig. 4G) generated LGR6™" cells. In
addition, ~95% LGR6'™" cells maintained the LGR6'®" phenotype
in vivo. Furthermore, we also used the IHC to assess the level of
LGR6 in the LGR6™9" and LGR6'°™ xenografts, which showed that
some of LGR6™" cells did differentiate into LGR6'®" cells (Fig. 4H).
Therefore, a small population of LGR6M" cervical cancer cells
established the cellular hierarchy by self-renewal and differentia-
tion, which could be the cervical CSCs.

LGR6 activates the Wnt signaling pathway and upregulates
the stem cell-related factors in LGR6™9" cervical CSCs

To clarify how LGR6 worked in LGR6™" cervical CSCs, the gene
expression profiles of tumor tissues formed by LGR6"I" and
LGR6'°™ Hela cells were examined by RNA sequencing. A total of
17,735 transcripts were identified, of which 16,602 were com-
monly expressed in H1 (the xenograft formed by LGR6™M" Hela
cells) and H2 (the xenograft formed by LGR6" Hela cells)
including 793 differentially expressed genes (fold change =2.00
and false discovery rate <0.001) (Fig. S1a). Then, through Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis, several pathways related to stemness including the WNT,
MAPK [36, 37], and ErbB signaling pathways [38] were exhibited
(Fig. 5A). It has been reported that Lgr/R-spondin modules
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Fig. 1
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LGR6 is elevated in cervical cancer and associated with a poor prognosis. A The expression of LGR6 in normal cervical (NC) samples

and cervical cell carcinoma (CC) samples were detected by Immunohistochemistry (IHC). The staining intensity of LGR6 was classified into
three levels (negative, weak positive, and strong positive). B The scatter plots showed the IHC scores about the staining of LGR6 in NC and CC.
Circle: NG, triangle: CC. Student’s t test was performed. C The correlation of LGR6 with cervical cancer was analyzed by x* test. The bar chart
showed the percentage of LGR6-positive staining in NC (n = 23) and SCC (n = 31). D, E The levels of LGR6 in NC (n = 8) and CC (n = 8) samples
were detected by western blotting. The quantitative analysis of LGR6/GAPDH in NC and SCC was shown (e). Circle: NC, square: CC. Student’s
t test was performed. F, G The relationship between overall survival and relapse-free survival probability of cervical cancer patients (n = 304)

and LGR6 in cervical cancer tumors were analyzed by Kaplan-Meier estimator in the TCGA database. **p < 0.01; ***p < 0.001.

regulate the amplification of the Wnt signaling pathway [39].
Furthermore, LGR6 belonged to the LGR family, which could
activate the Wnt signaling pathway in ovarian cancer [29]. Of
these transcripts, Wnt signaling-related genes were further
analyzed (Fig. S1b). We also analyzed the messenger RNA (mRNA)
levels of some Wnt signaling-related genes in xenograft tumors
from LGR6™" and LGR6'" Hela, SiHa, and CaSki cells by reverse
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transcription-PCR (RT-PCR). The Wnt-driven GREM1 [40] as a
carcinogenic gene promoting proliferation in cervical cancer [41]
and the Wnt target gene AXIN2 [42] were upregulated in xenograft
tumors from LGR6M9" Hela, SiHa, and CaSki cells. Moreover, LEF1
and LRP5 were also upregulated in xenograft tumors from
LGR6™" Hela and SiHa cells (Fig. S1c). Consistently, compared
with xenograft tumors formed by LGR6'" cells, B-catenin and

SPRINGER NATURE

6105



Q. Feng et al.

6106

A ) ) B
HelLa SiHa C-33A CaSki HT-3
2 oo o o
0 XY 7 o &
LGR6 ....~ — 104KD
GAPDH | i D s @9 | 57O
HelLa SiHa ‘ C-33A
| @®
& Jo 3 1
] &g é il . & ¥
[%e) @ d 5%
o ‘ N
., - .
©
% N L3 éz " E‘v e
9 3
E F . G
HelLa SiHa C-33A
2 6o, Bl LGR6W 2 200, Bl LGRew 2 4 Bl L GReoW o
2 Bl | GRe"a i 2 Bl | GRe"a - S Bl | GRe"o
8 g 1504 8 kk
0 L [} » r
g 4 . s g 3
2 2 400 2 ek
@ @ @
g 20+ dEa - g 154
3 5 509 * S
% 5 5
[} 04 ] o o 0
=z =z 4
S qs‘b “}6 N .»ob n}b " .‘96 q,*b
H |
Hela ‘SiHa C-33A £ 601 Bl LGR6v
& . ‘
5 , & Bl LGRGio"
% . ]
o \ @ @ * T 404
g & 2 *
L = = o
: = Pl @
© L] ™ 0
& LR Y] 5
= 2 N s S
| L z 0-
=l == L ] \? .Q? ,blbv'
() N\
R 2 %4

Fig.2 Cervical cancer cells with high expression of LGR6 have enhanced self-renewal ability. A LGR6 expression in five cervical cancer cell
lines was detected by flow cytometry. Isotype control was that cells were treated with an isotype antibody. The gated cells represent
the LGR6MI" cells. B Western blotting (B) and ICC (C) showed the level of LGR6 in cervical cancer cell lines. D-G Representative photos of
tumorspheres formed by LGR6™M" and LGR6'™" cells are shown on 24-well plates (D). The number of tumorspheres/300 cells from three
consecutive passages was shown (E-G). H, | Representative photos of tumorspheres formed by LGR6"9" and LGR6'°" cells are shown on 96-
well plates (H). The number of tumorspheres/1 cell was shown (l). *p < 0.05; **p < 0.01; ***p < 0.001. Data represent mean + SD of triplicate

experiments with Student’s t test.

c-Myc levels were dominantly upregulated in the tumors
generated by LGR6™M" cells at the mRNA and protein levels
(Fig. 5B-I and Fig. S2a-d). In addition, western blotting showed
that B-catenin in the nucleus was increased and p-B-catenin
(Ser33/37) was decreased in xenograft tumors formed by LGR6"9"
Hela, SiHa, and CaSki cells compared with xenograft tumors
formed by LGR6'" cells (Fig. 5E-I). It was reported that activated
Whnt signaling could regulate the expression of the pluripotency-
associated stem cell genes OCT4 and SOX2 [43-45]. Interestingly,
OCT4 and SOX2 were also upregulated in LGR6™" HeLa xenograft
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tumors, as detected by RT-PCR (4.36+0.89 vs 1+0.14, p<0.01;
217+0.2 vs 1+0.14, p<0.01), western blotting (0.57 +0.13 vs
0.28 £0.03, p<0.01; 0.57 £0.05 vs 0.15£0.1, p<0.001), and IHC,
which were also confirmed in xenograft tumors from LGR6™9" and
LGR6" SiHa and CaSki cells (Fig. 5G-I and Fig. S2a-d).
Furthermore, the upregulation of CTNNB1, MYC, SOX2, and OCT4
in LGR6M9" cervical cancer cells was further validated by the RT-
PCR assay in vitro (Fig. 5J).

To further prove that LGR6 activated the Wnt signaling in
LGR6™" cervical cancer cells, the TOP/FOP-Flash luciferase

Oncogene (2021) 40:6103-6114
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Fig.3 Cervical cancer cells with high expression of LGR6 have enhanced tumorigenic potential in vivo. A The volume of tumors formed by

LGR6"9" and LGR6'®" cervical cancer cells was recorded (six mice per group). LGR6

9h cervical cancer cells were injected into the right flank of

NOD/SCID mice and LGR6'" cervical cancer cells were injected into the left flank of NOD/SCID mice. B-D Tumor weight was measured at the
time of sacrifice. Data represent mean + SD with Student’s t test. E Kaplan-Meier plots for tumor-free survival of mice after injection. Log-rank
test was performed. n.s. not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

reporter assay, which could reflect the activity of Wnt signaling,
was used. LGR6"9" Hela and SiHa cells had the higher activity of
TOP-Flash reporter than LGR6'" Hela and SiHa cells (Fig. 5K,
Hela, 2.04 £ 0.09 vs 1.42 + 0.16, p < 0.01; SiHa, 1.51 £ 0.38 vs 0.64 +
0.1, p<0.05). Furthermore, exogenous knockdown of LGR6 by
short hairpin RNA, which has been verified by flow cytometry, ICC,
and western blotting, dramatically inhibits TOP-Flash reporter
activity in HelLa and SiHa cells (Fig. 5L-Q and Fig. S2e, f).
Simultaneously, downregulation of CTNNB1, c-Myc, SOX2, and
OCT4 was validated both at the mRNA and protein levels upon
exogenous knockdown of LGR6 in HelLa and SiHa cells (Fig. 5M-Q).
Moreover, LGR6 knockdown reduced the spheroid formation
capacity of Hela and SiHa cells (Fig. 5R, S). All these data
suggested that LGR6 activated the Wnt signaling in LGRe"9"
cervical CSC.

To further verify the mechanism involving LGR6 in the Wnt
signaling pathways, LGR6"" Hela and SiHa cells were treated
with XAV939 (a B-catenin inhibitor) [39]. LGR6™" HelLa and SiHa
cells treated with XAV939 generated fewer tumorsphere than
LGR6"9" cells treated with dimethyl sulfoxide (DMSO) as the
control (Fig. S3a). After consecutive subcultures for three passages,
the tumorsphere formed by LGR6"9" cells treated with XAV939
died, while the tumorspheres formed by LGR6"9" cells treated
with DMSO did not die (Fig. S3b). Furthermore, LGR6™9" Hela,
SiHa, and CaSki cells were treated with XAV939 for 24h at
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concentrations of 25, 50, and 100 uM, respectively. The expression
of B-catenin, c-Myc, LGR6, and TCF7L2 protein in cells treated with
XAV939 were decreased compared to those in the control cells
(Fig. S3c-f). These findings demonstrated that XAV939 could
inhibit the self-renewal ability of LGR6™" cervical cancer cells by
inhibiting the activity of Wnt signaling.

Moreover, we also detected the mRNA levels of the other stem
cell-related factors including KLF4, ALDH1A1, NANOG, LGR5, and
LGR4 in xenograft tumors formed by LGR6M" and LGR6'°" Hela,
SiHa, and CaSki cells. KLF4 and ALDH1A1 were upregulated in the
tumors formed by LGR6™9" Hela and CaSki cells and LGR4 was
downregulated in the tumors formed by LGR6™9" SiHa and CaSki
cells, compared with the tumors formed by LGR6°™ cells
(Fig. S4b-d). Simultaneously, the upregulations of KLF4 and
ALDH1A1 and downregulation of LGR4 were validated at protein
levels by western blotting (Fig. S4e-i) and IHC (Fig. S4j-m). To
explore whether the key stem-like factors were lost as the
differentiation of LGR6™" cells in vitro, we compared the mRNA
levels of LGR6, OCT4, SOX2, MYC, and KLF4 in HelLa and SiHa cells
before FACS and LGR6"9" Hela and SiHa cells cultured in DMEM
with 10% FBS for 1 week or 2 weeks after FACS. Compared with
the LGR6™" Hela and SiHa cells cultured for 1 week, LGR6 and
the key stem-like factors were decreased in the cells cultures for
2 weeks (Fig. S4n, o). Therefore, the results illustrated that with the
loss of LGR6 in vitro, some key stem-like factors were lost.
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Tumor-initiating cell frequency (95% interval) P value
10’
6/4 1/9.6 (1/3.78-1/25.9) <0.0001
6/1 1/57.4 (1/236.64-1/1380.5)
- 1/366 (1/146-1/1350) <0.0001
- 1/28,004 (1/7039-1/111,406)
- 1/6696 (1/2714-1/16523) <0.0001

Table 1. Tumorigenic capacity of LGR6™" and LGR6'" cells in NOD/SCID mice from three cervical cancer lines.
Cell line Subpopulation Cell dose
10° 10* 10® 10%

Hela LGR6"M9" - 6/6 6/6 6/6

LGR6"* - 6/6 6/4 6/2
SiHa LGRe"9" - 6/6 6/4 6/3

LGR6"" - 6/2 6/0 6/0
CaSki LGRe"9" 6/6 6/4 6/2 -

LGR6"" 6/4 6/0 6/0 -

TCF7L2 promotes LGR6 expression by directly binding to the
promoter of LGR6 in cervical cancer

We further explored the upstream regulatory molecules of LGR6.
Fortunately, we accidentally discovered that overexpression of
CTNNB1 upregulated LGR6 expression in Hela cells (Fig. 6A-C). We
further proved that the Wnt agonist CHIR-99021 in HelLa and SiHa
cells could promote the expression of LGR6 (Fig. S5a—d). Then, the
ALGGEN (http://alggen.Isiupc.es) databases predicted the tran-
scription factors binding to the promoters of LGR6. TCF7L2 is the
main transcription factor in the WNT signaling pathway [46]. The
databases showed that TCF7L2 could bind the promoter of LGR6.
Furthermore, the JASPAR (http://jaspar.genereg.net) and UCSC
(http://genome.ucsc.edu/) databases predicted that the promoter
region of LGR6 contains putative TCF7L2-binding sites (Fig. 6D). In
further studies, western blot and RT-PCR demonstrated that
overexpression of TCF7L2 upregulated LGR6 expression in cervical
cancer cells at both the protein and mRNA levels (Fig. 6E-G),
implying that TCF7L2 and pB-catenin (CTNNBIT) are upstream
regulators of LGR6. These results were also confirmed in
293T cells (Fig. S6a-d). In addition, the dual-luciferase reporter
assay was used. The LGR6 promoter region from —1910 to +81
(the LGR6 transcription start site is at 0) was divided into five
segments containing the predicted TCF7L2-binding site. The data
indicated that the luciferase activities of the P2 (—1386 to —1082),
P4 (—787 to —555), and P5 (—410 to +81) promoters were
increased in TCF7L2-overexpressing HelLa and 293T cells (Fig. 6H
and Fig. S6e), which implied that the nucleotides —1386 to —1082,
—787 to —555, and —410 to +81 in the LGR6 promoter may
contain the TCF7L2-binding site. Then, we constructed three pairs
of primers targeting the LGR6 promoter (Fig. S6f). The quantitative
chromatin immunoprecipitation analysis showed that TCF7L2
bound to regions (—1295/1175, —759/661, and —306/196) of the
LGR6 promoter in TCF7L2-overexpressing HeLa and 293T cells (Fig.
6l and Fig. S6g). These data demonstrated that TCF7L2 increased
LGR6 transcription by directly binding to the promoter of LGR6.

The function of LGR6 in primary cervical cancer cells from
cervical cancer patients
Our data showed the role of LGR6 in cervical cancer cell lines.
However, whether LGR6 possessed the same function in primary
cervical cancers remained unknown. We cultured the primary
cervical cancer cells derived from cervical cancer tissues (Fig. S7a).
Three pairs of attached and spheroid cells of primary cervical
cancer cells (P4, P7, and P9) were established (Fig. S7b). The mRNA
levels of stem cell-related factors including NANOG, SOX2, MYC,
and KLF4 were increased in the spheroid cells, compared with
the attached cells. Simultaneously, LGR6 was also upregulated in
the spheroid cells (Fig. S7c). The results demonstrated that the
subpopulation of primary cervical cancer cells retained the self-
renewal ability and LGR6 played a positive role in retaining the
self-renewal ability of primary cervical cancer cells.

Furthermore, we detected the expression of LGR6 in three
primary cervical cancer cells (P4, P7, and P9 cells) by flow
cytometry. Compared with the isotype control, LGR6 expression
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= 1/108,957 (1/40,599-1/292,414)

was found in 29.2% of P4 cells, 11.2% of P7 cells, and 45.8% of P9
cells (Fig. $7d). LGR6™" primary cervical cancer cells isolated by
FACS could form tumor spheroids, while LGR6™" cells did not
generate tumor spheroids (LGR6'" P4 and P9 cells) or form a few
tumor spheroids (LGR6'™ P7 cells), which disappeared after
passaging (Fig. S7e and Fig. 7f). We also proved that LGR6™"
commercial primary cervical cancer cells (PCC1 cells) could
generate tumor spheroids (Fig. S7g-i). All data indicated that a
rare population of LGR6M" primary cervical cancer cells had the
self-renew ability.

Clinical correlation between LGR6 and Wnt signaling-related
genes in human cervical cancer tissues

According to the mechanism we explored above, we further
proved the clinical correlation between LGR6 and Wnt signaling-
related genes in cervical cancer patients. First, by analyzing the
TCGA CESC database, we found that LGR6 was positively
correlated with CTNNB1, TCF7L2, POU5F1(0CT4), and SOX2 at the
mRNA levels (Fig. 7A). Then, we tested LGR6, [3-catenin, TCF7L2, c-
Myc, OCT4, and SOX2 in 15 cervical cancer tissues by IHC (Fig. 7B).
B-Catenin, TCF7L2, c-Myc, OCT4, and SOX2 were positively
correlated with LGR6 (Fig. 7C-G). Furthermore, we used western
blotting to detect LGR6, B-catenin, TCF7L2, c-Myc, and SOX2 in 16
cervical cancer samples (Fig. 7H). Pearson’s correlation analysis
also showed that LGR6 was positively correlated with B-catenin,
TCF7L2, c-Myc and SOX2 (Fig. 7I-L). Interestingly, consistent with
LGR6, TCF7L2, CTNNB1, MYC, and POU5F1 were all related to the
poor prognosis of cervical cancer (Fig. S8a-d).

DISCUSSION

CSCs play crucial roles in cancer progression, therapy resistance,
and metastasis [47]. Therefore, treatment targeting CSCs might be
an effective strategy to improve the prognosis of cervical cancer
patients. In this study, we asserted that a small fraction of LGR6™"
cervical cancer cells was strongly enriched for cervical CSCs and
LGR6 activated the Wnt signaling in these LGR6™" cells.

First, bioinformatics and immunohistochemical assays sup-
ported that LGR6 served as an oncogene-promoting cervical
cancer progression and functioned as a prognostic factor for the
RFS of cervical cancer patients (Fig. 1). Then, LGR6™9" cells isolated
from Hela, SiHa, and C-33A cells had enhanced spheroid
formation capacity (Fig. 2). We observed that LGR6™9" cervical
cancer cells had the enhanced ability of tumorigenicity after
LGR6™" and LGR6'" cells were injected into NOD/SCID mice
(Fig. 3). Moreover, LGR6M9" cells injected into NOD/SCID mice had
a shorter tumor-free period, a lower tumor-free rate, and a higher
CSC frequency than LGR6'™" cells injected into NOD/SCID mice
(Fig. 3e and Table 1). In addition, LGR6M" cells could re-establish
the cellular hierarchy in vitro and in vivo (Fig. 4). In summary, this
is the first time that LGR6 could mark a small population of
cervical CSCs.

To further explore the mechanism by which LGR6 works in
LGR6"9" cervical CSCs, RNA sequencing of tumor tissues formed
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Fig. 5 LGR6 activates the Wnt signaling pathway and upregulates the stem cell-related factors in LGR6™9" cervical cancer stem cells.
A Bubble chart of the KEGG pathway enrichment in RNA-sequencing data was shown. Accordlng to the KEGG pathway annotation and official
classification, enrichment analysis of about 793 differentially expressed genes from RNA sequencing in the xenograft formed by LGR6™" Hela
cells and the xenograft formed by LGR6'" Hela cells was done by the R software. The size of the bubble indicated the number of genes
annotated to a certain KEGG pathway. The color represented the enriched Q value and the darker color represents the smaller the Q value.
B-1 The expression of Wnt signaling key genes and the pluripotency-associated stem cell factors in LGR6™9" and LGR6'°" xenograft tumor was
detected by RT-PCR (B-D) and western blottlng (E- I) The quantitative analysis of western blotting (F, H, 1) was shown. J The mRNA level of
CTNNB1, MYC, OCT4, and SOX2 in LGR6™" and LGR6"" cells was tested by RT-PCR. K, L Cells sorted by LGR6 (K) and LGR6-silenced HeLa and
SiHa (L) cells were transfected with the TOP/FOP-Flash reporter plasmids together with pRL-TK and the luciferase activities were measured
48 h after transfection. M-Q Western blotting (M) and RT-PCR (P, Q) were used to detect the Wnt signaling key genes and SOX2 and OCT4
expression in LGR6-silenced Hela and SiHa cells. The quantitative analysis of western blotting was shown (N, O). R, S Representative photos of
tumorspheres formed by shLGR6-898, shLGR6-1044, shNC Hela, and SiHa cells are shown on 24-well plates (R). The number of tumorspheres/
300 cells from three consecutive passages was shown (S). Data represent mean + SD of triplicate experiments and were statistically analyzed

with Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001.

by LGR6"9" and LGR6' Hel a cells was performed (Fig. S1a). First,
the KEGG pathway enrichment analysis in RNA sequencing
showed that LGR6 was implicated in the regulation of Wnt
signaling (Fig. 5A and Fig. S1b). Second, western blotting and RT-
PCR showed that B-catenin was increased in LGR6MI" cells by
FACS (Fig. 5B-J). Knockdown of LGR6 led to the downregulation of
B-catenin, c-Myc, SOX2, and OCT4 at both the mRNA and protein

SPRINGER NATURE

levels, suppression of TOP-Flash reporter activity, and spheroid
formation capacity (Fig. 5L-S). Moreover, the TCGA database and
our clinical specimens showed a positive correlation between
LGR6 and CTNNB1 (B-catenin). It was reported that the Wnt
signaling was an ancient and highly conserved pathway in stem
cells and CSCs [48], and LGR6 marked CSCs and activated the Wnt
pathway in lung adenocarcinoma [28]. In our study, LGR6 was
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Fig. 6 TCF7L2 promotes LGR6 expression by directly binding to the promoter of LGR6 in cervical cancer. A-C The expression of LGR6 and
CTNNBT in CTNNBT-overexpressing and the control Hela cells were detected by western blotting (A, B) and RT-PCR (C). D An experimentally
defined transcription factor-binding sites of TCF7L2 were found in the JASPAR CORE database. E-G The expression levels of LGR6 and TCF7L2
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independent experiments and were statistically analyzed with one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001.

proved for the first time to activate Wnt signaling in LGR6™"
cervical CSCs. According to our previous studies, SOX2 and OCT4
play a crucial role in cervical cancer progression. Here, LGR6 is
positively correlated with the expression of SOX2 and OCT4, which
reveals that multiple genes form a stem cell network to regulate
the characteristics of CCSCs and affect the progression and
prognosis of cervical cancer.

TCF7L2 serves as a crucial transcription factor of the Wnt
pathway mediating the downstream effects of Wnt signaling by
interacting with (-catenin [46, 49]. First, we predicted that the
promoter of LGR6 contained multiple binding sites of TCF7L2
based on UCSC and JASPAR databases (Fig. 6D). Second, by
analyzing the TCGA database and our clinical specimens, we
found that LGR6 was positively correlated with TCF7L2 in cervical
cancer. Subsequently, the dual-luciferase assay and qChlIP assay
confirmed that TCF7L2 acted as a transcriptional activator to
directly bind the promoter of LGR6 to induce the expression of
LGR6 (Fig. 6H, I). Furthermore, TCF7L2 was also upregulated in
LGR6"9" cervical cancer cells. A previous study showed that
[-catenin in the nucleus combined with SATB1 could upregulate
the transcriptional level of TCF7L2 in colorectal cancer [50]. We
proved that the Wnt agonist CHIR-99021 and overexpression of
CTNNB1 could upregulate the expression of TCF7L2 in cervical
cancer cells and 293T cells (Fig. S5). Therefore, LGR6 activated the
Wnt signaling and upregulated the expression of TCF7L2 by
increasing the expression of 3-catenin and promoting the nuclear
translocation of B-catenin. Then, transcription factor TCF7L2
combined with [-catenin in the nucleus further increased the
expression of LGR6 (Fig. 7M). This is the first study to confirm that
the existence of a novel B-catenin/TCF7L2/LGR6-positive feedback
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loop in cervical cancer, and LGR6 induces its own expression via
the B-catenin/TCF7L2/LGR6 loop to further activate the Wnt
signaling. Furthermore, as TCF7L2 expression increased, the
probability of cervical cancer patients’ RFS decreased (Fig. S8a,
p = 0.0054). Consistent with LGR6, TCF7L2 also predicted a poor
prognosis in cervical cancer. Therefore, our research provided a
theoretical basis for therapy targeting LGR6MI" cervical CSCs to
improve the prognosis of cervical cancer patients.

In summary, our study illuminated for the first time that
LGR6 activated the Wnt/B-catenin signaling pathway and upre-
gulated the protein level of pluripotency-associated stem cell
factors including SOX2 and OCT4 in LGR6™9" cervical CSCs.
Furthermore, LGR6 was proven to increase its own expression
through a novel B-catenin/TCF7L2/LGR6-positive feedback loop,
which further activated the Wnt/B-catenin signaling pathway, and
finally promoting cervical cancer progression and showing a vital
role in a poor prognosis for cervical cancer patients.

MATERIALS AND METHODS

Cell lines, human tissue samples, and primary culture

The human cervical carcinoma cell lines (HeLa, SiHa, C-33A, CaSki, and HT-3)
and 293T cells were bought from ATCC. Hela, SiHa, C-33A, and 293T cells
were grown in DMEM (Sigma-Aldrich); CaSki cells were grown in RPMI-1640
medium (Sigma-Aldrich); HT-3 cells were grown in McCoy’s 5A medium
(Sigma-Aldrich). All mediums were supplemented with 10% FBS (Invitrogen,
Carlsbad, CA, USA). NC and cervical cancer tissues were randomly obtained
from the First Affiliated Hospital of Xi'an Jiaotong University, which was
authorized by the human ethics committee. We excluded patients with
chemotherapy, immunotherapy, or radiotherapy. The histological classifica-
tions and clinical staging were performed by the International Federation of
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Fig. 7 Clinical correlation between LGR6 and Wnt signaling-related genes in human cervical cancer tissues. A The corrections of LGR6,
CTNNBI1(B-catenin), TCF7L2, POU5F1(OCT4), SOX2 in the TCGA CESC database. B-G LGR6, f-catenin, TCF7L2, c-Myc, OCT4, and SOX2 were
detected by IHC in 15 cervical cancer samples. The representative images were shown (B). The correlation of the LGR6, -catenin, TCF7L2,
c-Myc, OCT4, and SOX2, respectively, was analyzed by Pearson’s test (C-G). H-L LGR6, p-catenin, TCF7L2, c-Myc, SOX2, and GAPDH were
detected by western blotting in 16 cervical cancer samples (H). The correlation analysis was shown (I-L). M Schematic of LGR6 in cervical
cancer stem cells. LGR6 increases the expression of f-catenin and promotes the nuclear translocation of p-catenin to activate the Wnt
signaling and upregulate the expression of MYC, SOX2, OCT4, and TCF7L2. Then, increased transcription factor TCF7L2 combined with
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Gynecology and Obstetrics classification system. Fresh cervical cancer
tissues were obtained from nine cervical cancer patients after colpos biopsy
or surgery used for the establishment of primary cervical cancer cells, which
were authorized by the human ethics committee. The primary cervical
cancer cells were cultured as described [51]. The primary cervical cancer
cells (PCC1 cells) were bought from Fenghui Biotechnology Co., Ltd (Hunan
province, China).

IHC and ICC

The procedure of IHC and ICC staining was shown in the previous studies
[52]. LGR6 staining was evaluated blindly and independently by two
pathologists. The score for staining intensity (0 =no staining, 1= light
brown, 2 =brown, and 3 =dark brown) and staining frequency (0=
0-10%, 1=11-25%, 2 =26-50%, 3 =51-75%, and 4 =76-100%) were
multiplied to obtain the immunoreactivity score (IRS). The IRS 0-3 was
deemed negative, 4-6 weak positive, and >6 strong positive. Two different
pathologists evaluated all the specimens in a blinded manner. The
antibodies used were as follows: anti-LGR6 (#MAB8458, R&D Systems, USA),
anti-B-catenin (#sc-7963, Santa Cruz, USA), anti-TCF7L2 (#sc-166699, Santa
Cruz, USA), anti-c-Myc (#10828-1-AP, Proteintech, China), OCT4 (#sc-5279,
Santa Cruz, USA), anti-SOX2 (#3579, Cell Signaling Technology, USA), anti-
KLF4 (#sc-20691, Santa Cruz, USA), anti-ALDH1A1 (#sc-374149, Santa Cruz,
USA), anti-LGR5 (#PAB2591, Abnova, Taiwan), anti-LGR4 (#sc-390630, Santa
Cruz, USA).

Statistical analysis

All data were analyzed by the SPSS 22.0 software (SPSS Inc., Chicago, IL,
USA). The measurement data were shown as mean+SD or SEM. The
comparison between two groups was analyzed by two-tailed t test and
among multiple groups were analyzed by x* test or one-way analysis of
variance. The correlation of two genes was analyzed by Pearson’s test. The
difference with p <0.05 was considered statistically significant.

A detailed account was provided in the Supplementary section.
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