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Background: Aberrant DNA methylation is a key epigenetic mechanism involved in breast cancer (BC) progression. Thymocyte
selection-associated high mobility group box 2 (TOX2) has been reported to undergo hypermethylation in BC; however, its func-
tional role and downstream regulatory network remain unclear. This study aimed to explore the biological role of TOX2 and its
regulatory interaction with metallothionein-1F (MT1F) in BC progression.

Methods: TOX2 and MT1F expression were modulated in MDA-MB-231 cells using plasmid overexpression and small interfering
RNA (siRNA) transfection, and TOX2 and MT1F expression were modulated in MCF-7 cells using plasmid overexpression.
Methylation-specific PCR (MSP) and quantitative real-time polymerase chain reaction (QRT-PCR) were performed to assess
TOX2 promoter methylation and gene expression levels in BC (MDA-MB-231 and MCF-7) and normal breast cells (MCF-10A).
5-ethynyl-2'-deoxyuridine incorporation and Cell Counting Kit-8 assays were used to calculate the proliferation and viability of
MDA-MB-231 and MCF-7 cells. Tumorigenicity in vivo was assessed in a nude mouse xenograft model by tumor volume and
weight measurements. MT1F expression in both cells and tumor tissues was determined using qRT-PCR.

Results: MDA-MB-231 and MCF-7 cells showed TOX2 promoter methylation and downregulated TOX2 versus MCF-10A cells
(» <0.001). TOX2 overexpression markedly inhibited MDA-MB-231 and MCF-7 cell viability and proliferation, accompanied
by reduced MT1F expression, whereas TOX2 knockdown exerted opposite effects in MDA-MB-231 cells (p < 0.001). In contrast,
MTT1F overexpression promoted MCF-7 cell proliferation, while its silencing suppressed MDA-MB-231 cell proliferation (p <
0.01). Rescue experiments demonstrated that TOX2 and MT1F could reciprocally reverse each other’s regulatory effects on BC
cell proliferation (p < 0.05). In vivo, TOX2 knockdown significantly increased xenograft tumor burden, reflected by larger tumor
volume and weight, along with elevated MT1F mRNA expression in tumor tissues (p < 0.001).

Conclusion: TOX2 downregulation promotes BC cell proliferation and increases xenograft tumor burden, in association with
upregulation of MT1F. The TOX2-MT1F-associated regulatory axis may represent a potential therapeutic target in BC. However,
further validation in clinical specimens is warranted.

Keywords: TOX2; MT1F; DNA methylation; breast cancer; proliferation

Introduction proliferation [7]. Additionally, research has demonstrated

that DNA methylation changes hold promise as clinical in-

With a high incidence rate, breast cancer (BC) is one
of the leading malignancies among women globally [1].
Despite decades of research on BC, it remains a dominant
cancer-associated cause of disease burden among women
[2]. Hence, identifying novel therapeutic targets is neces-
sary for improving BC management.

Given the involvement of epigenetics in carcinogene-
sis and cancer progression, epigenetic control has been sug-
gested as a potential treatment for BC [3]. DNA methyla-
tion, an epigenetic mechanism, regulates gene expression
[4] and involves the addition of methyl groups to cytosine
at CpG sites [5]. In most cases, hypermethylation silences
tumour suppressor expression while hypomethylation pro-
motes oncogene expression [6]. Downregulation of DNA
methylation can stimulate gene expression to inhibit BC cell

dicators for BC diagnosis, prognosis, and treatment [8].
Thymocyte selection-associated high mobility group
box (TOX), a nuclear DNA-binding factor, regulates tran-
scription by forming multi-protein complexes and changing
DNA structure [9]. Dysregulated TOX expression has been
reported in several malignancies, including BC, where it
may contribute to tumor growth [10]. A previous study has
demonstrated that TOX expression is inversely associated
with DNA methylation in BC, and higher TOX expression
indicates a better prognosis [11]. One member of the TOX
family, TOX2, has been proposed as a tumor biomarker that
regulates cellular proliferation and death [12]. It remains
unmethylated in normal cells while being hypermethylated
in BC [13]. Epigenetic inactivation of TOX2 affects multi-
ple pathways by regulating the expression of many genes,
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among which metallothionein-1F (MT1F) is significantly
upregulated [14].

MTs, cysteine-rich cytosolic proteins, serve as diag-
nostic and prognostic cancer biomarkers and are implicated
in tumourigenesis, tumour growth and metastasis [15]. In
BC, overexpression of MT is an unfavourable prognos-
tic characteristic and contributes to increased proliferative
capability and reduced apoptotic death of malignant cells
[16]. A previous study has indicated a relationship be-
tween high MT1 expression and poor prognosis in BC, as
higher expression is associated with advanced histologic tu-
mour grade [17]. In Zn?* dyshomeostasis BC cells, an in-
creased level of MT1 isoform, MT1F, has been observed
[18]. Moreover, MT1F expression also correlates with his-
tological grade in breast carcinoma [19].

Two critical issues remain unresolved regarding
TOX2 and MTIF in BC, despite previous evidence of
TOX2 hypermethylation/downregulation and MT1F upreg-
ulation: the functional role of TOX2 epigenetic silencing in
promoting BC malignancy and whether MT1F serves as a
downstream mediator of TOX2’s effects. In order to in-
vestigate TOX2’s function in BC cell proliferation and tu-
mor growth, and to determine whether MT1F is involved
in the regulatory effects of TOX2, this study focused on
the TOX2/MTIF signaling axis. Our findings may provide
a theoretical basis for understanding BC progression and
identify potential therapeutic targets for BC.

Materials and Methods

Experimental Animals

Eighteen female BALB/c nude mice (6—7 weeks old,
16-20 g) were obtained from Hangzhou Medical College in
China. The animal experiment was approved by the Labo-
ratory Animal Welfare Ethics Committee of Zhejiang Lab-
oratory Animal Center (ZJCLA-IACUC-20020219), in ac-
cordance with the ARRIVE Guidelines 2.0.

Cell Culture

Human BC cell lines (MDA-MB-231 (CRM-HTB-
26), MCF-7 (HTB-22)), and human breast epithelial cell
line MCF-10A (CRL-10317) were obtained from the Amer-
ican Type Culture Collection (Manassas, VA, USA). MDA-
MB-231 cells were cultivated at 37 °C without CO, us-
ing Leibovitz’s L-15 Medium (CB007, Epizyme, Shang-
hai, China) supplemented with 10% fetal bovine serum
(FBS,40131ES76, Yeasen, Shanghai, China). Eagle’s Min-
imum Essential Medium (EMEM, PWL104, MeilunBio,
Dalian, China) with 0.01 mg/mL human recombinant in-
sulin (91077C, Merck, Darmstadt, Germany) and 10% FBS
was used to cultivate MCF-7 cells (37 °C, 5% CO,) in an
Eppendorf® PROMO incubator (EP2231000761, Merck,
Germany). MCF-10A cells were cultured in MEBM with
additives from MEGM BulletKit (CC-3150, Lonza Bio-
science, Basel, Switzerland) and 100 ng/mL cholera toxin

(P7418, Beyotime, Shanghai, China) at 37 °C in 5% CO,.
Every cell line was examined for mycoplasma contamina-
tion and verified using short tandem repeat profiling.

Methylation-Specific PCR (MSP)

Cell lysis was achieved with Cell lysis buffer
(P0013, Beyotime, China). DNA was further modified
by CpGenome Turbo Bisulfite Modification Kit (S7847,
Sigma-Aldrich, St. Louis, MO, USA). Subsequently, mod-
ified DNA was analyzed using the TaKaRa EpiTaq HS
(R110Q, TaKaRa, Beijing, China). PCR was performed us-
ing an ABI 7900 thermocycler (4317596, Thermo Fisher
Scientific, Waltham, MA, USA) under the following con-
ditions: initial denaturation at 95 °C for 60 s, followed by
40 cycles of incubation at 95 °C for 25 s, 55 °C for 25
s, and 70 °C for 30 s. Electrophoresis was further car-
ried out using the PrimeGel™ Agarose PCR-Sieve (5810A,
TaKaRa, Beijing, China). TOX2 (methylated): forward (F)
5'-GTATGTTAAGAGTATTTTTCGGCGT-3', reverse (R)
5'-TACCCTAAATATTTAAAACGACGCT-3'; TOX2 (un-
methylated): 5'-GGTATGTTAAGAGTATTTTTTGGTGT-
3" (F), reverse 5'-TACCCTAAATATTTAAAACAACACT-
3" (R).

Transfection

TOX2
RC211560),
negative
interfering
SR313781,

overexpression  plasmids (OE-TOX2,
OE-MTI1F (RC205931), overexpression-
control  (OE-NC,  PS100001), small
RNA  targeting TOX2  (si-TOX2,
5'-CCAAGAACCCGAAGAAGAAGA-
3" (sense), 5-UUCUUCUUCGGGUUCUUGGCC-
3 (antisense)), si-MT1F (SR302982, 5'-
CCUUUCUCCCAGAUGUAAACA-3"  (sense), 5'-
UUUACAUCUGGGAGAAAGGUU-3’ (antisense))
and small interfering RNA negative control (si-NC,
5'-UUCUCCGAACGUGUCACGUTT-3" (sense), 5'-
ACGUGACACGUUCGGAGAATT-3" (antisense)) were
purchased from OriGene Technologies (Wuxi, China).
MDA-MB-231 cells were transfected with OE-NC,
OE-TOX2, si-NC, si-TOX2, si-MTI1F, or si-TOX2 and
si-MT1F. Meanwhile, transfection of MCF-7 cells with
OE-NC, OE-TOX2, OE-MTIF, or OE-TOX2 and OE-
MTIF was performed. MDA-MB-231/MCF-7 cells (2 %
103 cells/well) were cultured in 6-well plates (24 h) to reach
80% confluence. For transfection, the culture medium was
replaced with 125 pL serum-free culture medium, and cells
were transfected with either with plasmids (2 pg) or siRNA
(50 nM), using 4 uL of Lipo8000™ transfection reagent
(C0533, Beyotime, China). The transfected complex was
incubated with the cells at room temperature (RT) for 6
h, after which the medium was replaced with complete
growth medium. Transfected cells were collected at 48 h
post-transfection for further analysis. Quantitative real-
time polymerase chain reaction (QRT-PCR) was conducted
to assess transfection efficiency.
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Cell Counting Kit (CCK)-8

A CCK-8 Kit (CA1210, Solarbio, Beijing, China) was
utilized to assess cell viability. In 96-well plates, nor-
mal and transfected MDA-MB-231/MCF-7 cells (1 x 10*
cells/well) were cultured for 24 h and then treated for 4
hwith 10 pL of CCK-8 Reagent. A Synergy Neo2 Hybrid
Multimode Reader (450 nm, BioTek, Winooski, VT, USA)
was used to measure the absorbance.

"“ethynyl-2'-deoxyuridine (EdU) Staining

An EdU Staining Proliferation Kit (iFluor 647,
ab222421, Abcam, Cambridge, UK) was used to assess
cell proliferation. Cells were seeded in 96-well plates at
a density of 1 x 10* cells/well and cultured in 200 pL of
medium overnight until reaching 70% confluence. Fol-
lowing replacement of 100 pL of culture medium with 2x
EdU solution, cells were further incubated (4 h). Cells
were permeabilized with 200 pL of 1% Permeabilization
Buffer (RT, 30 min), washed twice with 200 uL of Wash
Buffer, then incubated in 200 puL of 1x Fixative Solution
(RT, 20 min, in the dark). Later, the cells were incubated
with 100 pL of Reaction mix (RT, 30 min, in the dark),
followed by washing with Wash Buffer and Phosphate-
Buffered Saline (PBS, C0221A, Beyotime, China). Cells
were stained with 100 pL of 4',6-diamidino-2-phenylindole
(DAPI) Staining Solution (ab228549, Abcam, UK) (RT, 30
min, in the dark). Finally, the stained cells were observed
using an Axiolab 5 microscope (ZEISS, Jena, Germany)
equipped with a filter for Ex/Em = 649/664 nm (magnifi-
cation x200, scale bar = 100 um). EdU-positive cells (red
fluorescence) were quantified using ImageJ software (Ver-
sion 1.52a, NIH, Bethesda, MD, USA).

Colony Formation Assay

A total of 1000 untreated/transfected cells were seeded
in 6-well plates and cultured for 14 days to allow colony for-
mation. After fixation with 200 pL of 4% formaldehyde so-
lution (1004969010, Sigma-Aldrich, St. Louis, MO, USA),
viable colonies were stained with 200 pL of 1% crystal vio-
let (V5265, Sigma-Aldrich, St. Louis, MO, USA) (30 min,
RT). Cells were photographed using a Nikon D90 camera
(Nikon, Tokyo, Japan), and relative colony number was
measured using ImageJ software.

Animal Procedure

Short hairpin RNA targeting TOX2 (sh-TOX2, 5'-
AGCAAAGAAGGAATATCTGAA-3") and negative con-
trol (sh-NC, 5-TTCTCCGAGTGTGTCACGT-3') lentivi-
ral vectors were obtained from Genechem (Shanghai,
China). MDA-MB-231 and MCF-7 cells were transduced
with sh-TOX2 and sh-NC lentiviral vectors at a multiplic-
ity of infection (MOI) of 10 (viral titer: 1 x 10% TU/mL)
for the animal experiments. After 24 h of transduction, the
medium was replaced with fresh growth medium.
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Every animal was kept in a specific pathogen-free
(SPF) environment with a 12-hour light/dark cycle, a con-
trolled temperature of 22 + 2 °C, a relative humidity of 50—
60%, and unlimited access to food and water. 18 BALB/c
nude mice were randomly allocated into three groups (9 for
MDA-MB-231 cells and 9 for MCF-7 cells): CON, sh-NC,
and sh-TOX2. Following trypsinization and PBS wash-
ing, MCF-7/MDA-MB-231 cells with sh-TOX2 and sh-NC
lentivirus were resuspended in PBS (2 x 10° cells/mL) [20].
For MCF-7 cells, the cell suspension was mixed with Ma-
trigel (#356234, BD Biosciences, San Jose, CA, USA) (1:1)
prior to injection; moreover, a 17p-estradiol pellet (0.72
mg, 60-d release) was subcutancously implanted into the
dorsum of each mouse 24 h before cell inoculation. Mice
were injected subcutaneously in the left axilla with 100 pL
of final cell suspension containing 2 x 103 cells. At 40 days
after injection, all mice were anaesthetized with an over-
dose of 5% isoflurane (1349003, Merck, Darmstadt, Ger-
many) and sacrificed by cervical dislocation. Tumours were
extracted from mice, washed in PBS, and the volume and
weight was measured [20]. The tumor volume (V) was cal-
culated using the following formula: V=L x W? x 0.5 (L,
length; W, width).

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

Cells-/tumours-derived total RNAs (RNAiso Plus;
9108, TaKaRa, China) were reverse-transcribed with
PrimeScript™ RT reagent Kit (RR037Q, TaKaRa, China),
and RT-PCR was performed using TB Green® Premix
Ex Taq™ II (Tli RNaseH Plus, RR820A, TaKaRa, China)
on an ABI 7900 thermocycler with the following cycling
conditions: 40 cycles of denaturation (95 °C, 15 s), anneal-
ing (55 °C, 20 s) and extension (70 °C, 20 s). Data were
analyzed by the 2722¢T method [21]. Expressions were
normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). TOX2: 5-TGGCGATGCGGGTTTGAT-3'
(F), 5'-GAGTGGTAGCTGGCTTCGTG-3' (R); MTIF:

5'-GAAGAGTGAGTGTGAGGCCA-3" (F), reverse
5'-TGGGAGAAAGGTTGTCCTGG-3" (R); GAPDH:
5'-AATGGGCAGCCGTTAGGAAA-3" (F), reverse

5-GCGCCCAATACGACCAAATC-3" (R).

Statistical Analysis

GraphPad Prism 8.0 software (GraphPad, CA, USA)
was used for statistical analysis, and the data are expressed
as mean + standard deviation (SD). The Shapiro-Wilk test
was carried out to assess the normality of the data, and
Tukey’s post hoc test as well as one-way analysis of vari-
ance (ANOVA) were conducted for multi-group compar-
isons. A p <0.05 was considered statistically significant.
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Fig. 1. Thymocyte selection-associated high mobility group box 2 (TOX2) was hypermethylated and lowly expressed in breast
cancer (BC) cells, and its overexpression decreased cell viability. (A) TOX2 methylation in MCF-10A/MDA-MB-231/MCF-7 cells
(Methylation-specific PCR (MSP)). (B) TOX2 mRNA expression in MCF-10A/MDA-MB-231/MCF-7 cells (Quantitative real-time poly-
merase chain reaction (QRT-PCR)), with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control. (C,D) TOX2
expression in differently treated MDA-MB-231/MCF-7 cells (QRT-PCR), with GAPDH as the internal control. (E,F) Viability in MDA-
MB-231/MCF-7 cells (Cell Counting Kit-8 (CCK-8)). CON, normal cells; OE-NC, OE-NC-transfected cells; OE-TOX2, OE-TOX2-
transfected cells. Data are expressed as mean + standard deviation (n =3 independent biological replicates). “vs. MCF-10A; “vs. OE-NC;
##<0.001, ™ p<0.001.
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Fig. 2. TOX2 overexpression suppressed MDA-MB-231/MCF-7 cell proliferation. (A,B) MDA-MB-231/MCF-7 cell proliferation
(5'-ethynyl-2'-deoxyuridine (EdU) staining) (magnification x 200, scale bar = 100 pm, EdU: red fluorescence). CON, normal cells;
OE-NC, OE-NC-transfected cells; OE-TOX2, OE-TOX2-transfected cells. Data are expressed as mean + standard deviation (n = 3
independent biological replicates). “vs. OE-NC; “p <0.01, " p <0.001.


https://www.discovmed.com/

2952

OE-NC

MDA-MB-231

OE-NC

MCF-7

. . . 0-

MDA-MB-231

N
(&)
g

OE-TOX2

100+

Relative colony number (%)

O e st

MCF-7

OE-TOX2 150+

100+

Relative colony number (%)

GO“ 06,“00 ¢ < O\I:L

Fig. 3. TOX2 overexpression weakened BC cell colony formation activity. (A,B) Colony numbers in MDA-MB-231/MCF-7 cells
(colony formation assay). CON, normal cells; OE-NC, OE-NC-transfected cells; OE-TOX2, OE-TOX2-transfected cells. Data are

sokk

expressed as mean + standard deviation (n = 3 biological replicates). “vs. OE-NC; ™" p < 0.001.

Results

TOX?2 was Hypermethylated and Downregulated in
BC Cells, and Its Overexpression Decreased Cell
Viability

MSP assay showed that TOX2 was hypermethylated
in MDA-MB-231 and MCF-7 cells relative to MCF-10A
cells, in which TOX2 remained unmethylated (Fig. 1A).
Consistently, compared with MCF-10A cells, TOX2 ex-
pression was significantly lower in MDA-MB-231/MCF-
7 cells (Fig. 1B, p < 0.001), suggesting a potential as-
sociation between TOX2 promoter hypermethylation and
its transcriptional downregulation. Following OE-TOX2
transfection, TOX2 mRNA was upregulated in MDA-MB-
231/MCF-7 cells (Fig. 1C,D, p < 0.001), which subse-
quently induced decreased viability (Fig. 1E,F, p <0.001).

TOX?2 Overexpression Suppressed Proliferation

Fewer EdU-positive cells (red fluorescence) were ob-
served in OE-TOX2-transfected cells (Fig. 2A,B, p <0.01)
than in OE-NC-transfected cells, suggesting that OE-TOX2
suppressed cell proliferation. The number of colonies was
significantly reduced in OE-TOX2-transfected cells com-
pared with OE-NC-transfected cells (Fig. 3A,B, p <0.001).

TOX?2 Inversely Regulated MTIF, and the Effects of
TOX2 on Cell Viability Were Reversed by MTI1F

si-TOX2 transfection reduced TOX2 levels (Fig. 4A,
p <0.001) and increased MT1F expression in MDA-MB-
231 cells (Fig. 4B, p < 0.001), but OE-TOX2 downregu-
lated MT1F in MCF-7 cells (Fig. 4C, p <0.001). MTI1F
was upregulated in OE-MT1F-transfected MCF-7 cells, yet
significantly downregulated in si-MT1F-transfected MDA-
MB-231 cells (Fig. 4D,E, p < 0.001). si-TOX2 pro-
moted MDA-MB-231 cell viability (Fig. 4F, p < 0.001)
while si-MT1F exhibited opposite effects (Fig. 4F, p <
0.001). Moreover, co-transfection experiments showed that
si-TOX2 and si-MT1F partially rescued each other’s effects
on MDA-MB-231 cell viability (Fig. 4F, p <0.01). OE-
TOX2 reduced the viability of MCF-7 cells (Fig. 4G, p <
0.001), whereas OE-MTT1F exerted the opposite effect (Fig.
4G, p<0.001). In addition, OE-TOX2 (Fig. 4G, p <0.001)
and OE-MTIF (Fig. 4G, p < 0.001) reversed each other’s
effects on MCF-7 cell viability.

Effects of TOX2 on MDA-MB-231/MCF-7 Cell
Proliferation Were Reversed by MTIF

EdU-positive cells (red) were significantly more abun-
dant in the si-TOX2 group than in the si-NC group (Fig.
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Fig. 4. TOX2 inversely regulated MT1F, and the effects of TOX2 on BC cell viability were reversed by MT1F. (A) TOX2 mRNA
expression in MDA-MB-231 cells (QRT-PCR), with GAPDH as the loading control. (B-E) MTI1F mRNA expression in MDA-MB-
231/MCEF-7 cells (QRT-PCR), with GAPDH as an endogenous control. (F,G) MDA-MB-231/MCF-7 cell viability (CCK-8 assay).
CON, normal cells; si-NC, si-NC-transfected MDA-MB-231 cells; si-TOX2, si-TOX2-transfected MDA-MB-231 cells; si-MT1F, si-
MT1F-transfected MDA-MB-231 cells; si-TOX2+si-MT1F, MDA-MB-231 cells co-transfected with si-TOX2 and si-MT1F; OE-NC,
OE-NC-transfected MCF-7 cells; OE-TOX2, OE-TOX2-transfected MCF-7 cells; OE-MT1F, OE-MT1F-transfected MCF-7 cells; OE-
TOX2+OE-MTI1F, MCEFE-7 cells co-transfected with OE-TOX2 and OE-MTI1F. Data are expressed as mean + standard deviation (n =3
independent biological replicates). “vs. si-NC; “vs. OE-NC; ®vs. si-TOX2; %vs. si-MTIF; ®vs. OE-TOX2; ®vs. OE-MTIF; "'p <
0.001, ™ p <0.001, **p < 0.01, ¥p < 0.001, **°p < 0.001, >**p < 0.001.
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Fig. 5. The roles of TOX2 in BC cell proliferation were reversed by MT1F. (A,B) MDA-MB-231/MCF-7 cell proliferation (EdU
staining) (magnification x200, scale bar = 100 um, EdU: red fluorescence). Data are expressed as mean + standard deviation (n = 3
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and MCF-7 cells (colony formation assay). Data are expressed as mean + standard deviation (n = 3 biological replicates). “vs. si-NC;
“vs. OE-NC; “vs. si-TOX2; ®vs. si-MTI1F; ®vs. OE-TOX2; “vs. OE-MT1F; "p <0.001, " p < 0.001, **p < 0.01, *p < 0.001, “*°p

<0.001, ***p < 0.001.

5A, p < 0.05), whereas the si-MT1F group exhibited sig-
nificantly fewer EdU-positive cells (Fig. 5A, p < 0.001).
MTIF depletion attenuated the si-TOX2-induced enhance-
ment of MDA-MB-231 cell proliferation, whereas TOX2
knockdown abolished the inhibitory effect of si-MT1F on
MDA-MB-231 cell proliferation (Fig. 5A, p < 0.01).
OE-TOX2 inhibited MCF-7 cell proliferation (red fluores-
cence), whereas OE-MT F exerted the opposite effect (Fig.
5B, p < 0.01). Moreover, OE-TOX2 and OE-MTI1F par-
tially reversed each other’s effects on MCF-7 cell prolifer-
ation (red fluorescence, Fig. 5B, p <0.01).

Effects of TOX2 on Colony Formation Were Offset by
MTIF

The ability to form colonies of MDA-MB-231 cells
was improved by TOX2 knockdown (Fig. 6A, p <0.001),
whereas knockdown of MTI1F exerted the opposite effect
(Fig. 6A, p < 0.001). In addition, si-TOX2 reversed si-
MT1F-induced suppression of MDA-MB-231 cell prolif-
eration (Fig. 6A, p < 0.001), while si-MT1F weakened
the stimulating activity of si-TOX2 on MDA-MB-231 cell
proliferation (Fig. 6A, p < 0.01). Relative colony num-
ber was reduced in MCF-7 cells after transfection with OE-
TOX2 (Fig. 6B, p <0.001), an effect that was abolished
by OE-MTIF (Fig. 6B, p <0.001). OE-MTIF augmented

the colony formation capacity of MCF-7 cells (Fig. 6B, p
< 0.001), whereas this effect was attenuated by OE-TOX2
(Fig. 6B, p <0.001).

TOX2 Knockdown Increased Final Tumor Burden
and MTIF Expression in Tumour Tissues

Fig. 7A.,B shows that TOX2 expression in the sh-
TOX2 group was substantially lower than that in the sh-NC
group (p <0.001). In nude mice treated with MDA-MB-231
cells or MCF-7 cells, knockdown of TOX2 significantly in-
creased the final tumor volume and weight (p <0.001) (Fig.
7C,D, p <0.001) at the endpoint of the experiment. MT1F
was elevated in tumor tissues with suppression of TOX2
(Fig. 7E,F, p <0.001).

Discussion

Aberrant DNA hypermethylation may serve as a po-
tential biomarker for the diagnosis of BC [22]. This
study showed that hypermethylation of TOX2 promoted the
growth of BC cells by regulating MT1F.

Hypermethylation of the TOX2 promoter has been
found in many cancers [14]. In BC, TOX2 is differentially
methylated, and higher TOX2 methylation appears in high-
risk patients [23]. In BC, TOX2 expression is negatively
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Fig. 7. TOX2 knockdown in BC cells facilitated nude mice tumour bearing and MT1F expression in tumour tissues. (A,B) TOX2
mRNA expression in tumour tissues (QRT-PCR), with GAPDH as an endogenous control. (C,D) Volume and weight of subcutaneous
tumours extracted from differently treated nude mice. (E,F) MT1F expression in tumour tissues (QRT-PCR), with GAPDH as an internal
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associated with tumor purity [11]. Similarly, in the current
study, TOX2 was unmethylated in normal breast cells but
hypermethylated in cancer cell lines. Moreover, TOX2 ex-
pression was low in BC cells. This association suggests a
potential link between TOX2 promoter hypermethylation
and its transcriptional downregulation, although a direct
causal relationship requires further experimental validation
through demethylation intervention. It is well known that
during tumour progression, DNA methylation contributes
to the silencing of tumor suppressor genes [24]. This is
consistent with a previous study that demonstrated lower
TOX2 levels in BC owing to TOX2 hypermethylation [14].

Natural killer (NK) cells are capable of mediating
anti-tumour responses by inducing cellular apoptosis [25].
Accumulating evidence has identified TOX2 as an impor-
tant regulator of NK cell development and function, with
TOX2 overexpression promoting NK cell maturation [12].
In addition, targeted inhibition of TOX2 has been reported
to suppress the proliferation of lymphocytic malignancies
while restoring T-cell-mediated antitumor immunity [26].
However, TOX2 can dampen colorectal cancer by inhibit-
ing mTOR signaling [27]. These studies revealed that its
activity is context-dependent. Consistent with these find-
ings, our study demonstrated that TOX2 overexpression
significantly suppressed BC cell viability, proliferation, and
colony formation, whereas TOX2 silencing exerted the op-
posite effects. Collectively, TOX2 inhibits tumorigenesis,
and its downregulation may promote BC progression.

MTIF is downregulated in gastric cancer and is a po-
tential diagnostic/prognostic marker associated with favor-
able prognosis [28]. High MTIF expression has been re-
ported to indicate short overall survival and disease-specific
survival of patients with low-grade glioma. Upregulated
MTIF expression has been observed in BC cells exposed
to CdCl,, indicating its role as a tumour promoter [29].
Previous research has demonstrated that MT is associated
with increased proliferative capacity in BC cells [30]. Nev-
ertheless, the molecular mechanisms underlying the func-
tions of MT1F in BC cells remain unknown. This study re-
vealed that MT1F overexpression exerted oncogenic effects
in BC by maintaining cancer cell viability and stimulating
cell growth, whereas MT1F knockdown exerted tumour-
suppressive effects in BC cells. Furthermore, we found that
TOX2 could downregulate MT1F, and MT1F knockdown
reversed the pro-proliferative effect of TOX2 silencing in
BC cells. In addition, an in vivo assay demonstrated that
TOX2 deletion also facilitated final tumor burde and ele-
vated MT1F expression. Together, these findings indicate
that MT1F contributes to the oncogenic pathways driven
byTOX2 silencing in BC.

Several limitations should be noted in this work. First,
the sample size of our in-vivo experiments is relatively
small, which may affect the robustness of the statistical re-
sults. In the future, a larger sample size will be needed for
more in-depth research. Second, the results were primarily
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derived from cell and animal investigations and were not
validated in large clinical cohorts or primary BC patient tis-
sues; thus, the clinical significance and translational poten-
tial of our findings require further verification. Third, we
only detected TOX2 promoter methylation via MSP assay,
whereas demethylation intervention experiments such as 5-
Aza treatment were not performed to establish a causal link
between TOX2 hypermethylation and its reduced expres-
sion. Fourth, the downstream signaling cascades regulated
by MT1F were not explored in the present study. Fifth, our
mechanistic conclusions were predominantly derived from
mRNA expression data, as TOX2 or MT1F protein levels
were not examined in BC cells or xenograft tumor tissues;
therefore, the functional regulation at the translational level
and the reliability of the proposed TOX2-MT1F associa-
tion remain unverified. Future studies should address these
limitations more thoroughly.

Conclusion

In conclusion, this study revealed that TOX2 down-
regulation promotes BC cell proliferation and increases
xenograft tumor burden, in association with upregulation of
MT1F. Furthermore, the study provides the first evidence of
the TOX2-MT1F signaling axis in BC, providing novel in-
sights into molecular mechanisms underlying BC progres-
sion. These findings suggest a potential therapeutic avenue,
although further validation in clinical specimens and patient
cohorts is required before translational application.
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