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Abstract

Purpose Sodium/glucose cotransporter (SGLT) 1 and 2 expression in carcinoma cells was recently examined, but their
association with the clinicopathological factors of the patients and their biological effects on breast carcinoma cells have
remained remain virtually unknown. Therefore, in this study, we explored the expression status of SGLT1 and SGLT?2 in
breast cancer patients and examined the effects of SGLT1 inhibitors on breast carcinoma cells in vitro.

Methods SGLT1 and SGLT2 were immunolocalized and we first correlated the findings with clinicopathological factors of
the patients. We then administered mizagliflozin and KGA-2727, SGLT1 specific inhibitors to MCF-7 and MDA-MB-468
breast carcinoma cell lines, and their growth-inhibitory effects were examined. Protein arrays were then used to further
explore their effects on the growth factors.

Results The SGLT1 high group had significantly worse clinical outcome including both overall survival and disease-free
survival than low group. SGLT2 status was not significantly correlated with clinical outcome of the patients. Both miza-
gliflozin and KGA-2727 inhibited the growth of breast cancer cell lines. Of particular interest, mizagliflozin inhibited the
proliferation of MCF-7 cells, even under very low glucose conditions. Mizagliflozin downregulated vascular endothelial
growth factor receptor 2 phosphorylation.

Conclusion High SGLT1 expression turned out as an adverse clinical prognostic factor in breast cancer patient. This is the
first study demonstrating that SGLT1 inhibitors suppressed breast carcinoma cell proliferation. These results indicated that
SGLT1 inhibitors could be used as therapeutic agents for breast cancer patients with aggressive biological behaviors.
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Introduction

Breast cancer is the most commonly diagnosed malig-
nancy globally in female [1]. Breast cancer is pathologi-
cally categorized according to the presence or absence
of estrogen receptor (ER), progesterone receptor (PgR),
and human epidermal growth factor receptor 2 (HER2)
status [2] Each targeted therapy was reported to mark-
edly improve clinical outcome of breast cancer patients
but it is also true that the patients subsequently developed
therapeutic resistance. Therefore, novel therapies based
on biological markers unique to individual patients have
been warranted. Invasive ductal carcinoma (IDC) is known
as the most common histologic type of breast cancer. At
least some ductal carcinoma in situ (DCIS) patients are
known to develop into IDC but approximately 90% of
DCIS patients do not progress to IDC [3]. The mechanis-
tic aspects of those discrepancies among DCIS patients in
terms of developing into invasive phenotypes has not been
necessarily explored.

In general, the rapid cell proliferation of malignant cells
have been well known to be due to accelerated metabo-
lism as a result of increased glucose uptake and lactic
acid fermentation even under aerobic conditions, which
has been known as the “Warburg effect” [4]. Since posi-
tron emission tomography (PET) imaging has been used
in clinical practice, glucose uptake has been demonstrated
to be increased in cancer cells. Increased glucose uptake
by malignant cells also depends on the relative abundance
of cell membrane glucose transporters [5]. Glucose trans-
porters are generally classified into two types: glucose
transporters (GLUT) and sodium/glucose cotransporters
(SGLT) [6]. GLUTS transport glucose with liberty in and
out of the cell resulting in the equilibrium of glucose con-
centrations inside and outside the cell [7]. Both sodium/
glucose cotransporter 1 (SGLT1) and sodium/glucose
cotransporter 2 (SGLT?2) are well known to mediate the
active transport of glucose according to the concentration
gradient of electrochemical sodium ions across the plasma
membrane, regardless of the amounts of extracellular glu-
cose concentration [8]. Of particular interest, GLUTs have
been reported to be ubiquitously present in all the liv-
ing organism ranging from bacteria to mammals, whereas
SGLTs present only in a limited number of mammalian
organs [8]. SGLT1 was reported to be mainly located in
the human small intestine and absorb glucose from the diet
[9]. In addition, SGLT1 has been reported to be widely
expressed in the human body including the kidney, heart,
skeletal muscle, trachea, and others [10]. In contrast,
SGLT2 is located only in the renal cortex and plays a piv-
otal roles in glucose reabsorption [10, 11]. Several recent
studies have demonstrated the overexpression of SGLT1 in
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some human malignancies including colorectal adenocar-
cinoma [12], and head and neck squamous cell carcinoma
[13, 14]. In addition, SGLT2 was also detected in renal cell
carcinoma [15], lung cancer[16], and others.

SGLT?2 inhibitors have been reported to be widely used
to treat the patients with type 2 diabetes mellitus at clinical
practice and to exert potential anticancer effects in certain
human malignancies expressing SGLT2 [17]. In addition,
SGLT2 inhibitors were also reported to attenuate the cell
proliferation of carcinoma cells in the cancer of pancreas
[18], prostate [18], liver [19], colon [20], and lung [21].
Based on those clinical findings, several investigators have
explored the possible correlation between SGLT?2 status and
therapeutic efficacy of its inhibitors in some human carci-
noma cells. In breast cancer, SGLT?2 inhibitors, dapagliflozin
and canagliflozin, were reported to arrest the cell cycle in the
G1/GO0 phase and induce apoptosis in ER-positive, HER2-
negative carcinoma cell lines [22]. The SGLT2 inhibitor
ipragliflozin was also reported to suppress the cell prolif-
eration of ER-positive, HER2-negative breast cancer cells in
a dose-dependent manner via membrane hyperpolarization
and mitochondrial membrane instability, and these effects
were also reported to be completely reversed by the admin-
istration of SGLT?2 [23]. In addition, SGLT2 immunoreac-
tivity in breast cancer tissues is reported to be higher than
that in normal breast tissue [22]. However, the correlation
between the status of SGLT2 and clinicopathological vari-
ables has not yet been reported in breast cancer patients.

SGLT1-specific inhibitors have not been clinically
applied as diabetic therapies at this juncture because of
their relatively marked clinical side effects, such as diar-
rhea, which is caused by the inhibition of SGLT1 activi-
ties in the human gastrointestinal tract [24]. The association
between the status of SGLT1 and the biological behavior
of breast carcinoma cells was explored. Tissue microarray
analysis of triple-negative breast cancer revealed that high
SGLT1 expression was associated with a larger tumor size
[25]. In HER2-positive breast cancer patients, SGLT1 abun-
dance has been reported to be an adverse clinicopathological
factor [26]. In addition, at in vitro levels, SGLT1 knock-
down has been reported to inhibit the cell proliferation of
triple-negative [25] and HER2-positive [26] breast carci-
noma cell lines. High SGLT1 expression enhanced glucose
uptake and lactic acid secretion, thereby promoting M2-like
tumor-associated macrophage polarization and feedback
activation of epidermal growth factor receptor (EGFR)/
phosphoinositide-3 kinase (PI3K)/Akt/SGLT1 signaling
in tumor cells to enhance tamoxifen resistance [27]. How-
ever, the mechanistic aspects of those findings above have
also remained unknown. Therefore, in this study, we firstly
attempted to elucidate the status and function of SGLT1 and
SGLT?2 in breast cancer patients to explore their possible
therapeutic manipulation.
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Materials and methods
Patients

In total, 162 primary IDC patients and 26 DCIS patients
without invasive foci who underwent surgery at Tohoku
University Hospital (Sendai, Japan) between January 1998
and December 2013 were included in this study. Patients
with stage IV disease and those who had received neo-
adjuvant therapy were excluded. Clinicopathological
factors and prognosis of the patients were also retrieved.
This study was approved by the Medical Ethics Committee
of the Tohoku University Graduate School of Medicine
(Reception No. 2020-1-942). The clinicopathological
features of IDC and DCIS were summarized in Tables 1
and 2.

Immunohistochemistry

Immunohistochemical analyses were performed to deter-
mine SGLT1 and SGLT2 expression levels. The charac-
teristics of the primary antibodies used in this study were
summarized in Table 3. We used the modified H-score.
We defined this score as the cutoff score for high and low
expression, as described in a previous study [28]. (see sup-
plementary material for details).

Immunoblotting

The characteristics of the primary antibodies used for
immunoblotting were summarized in Table 3 (see supple-
mentary material for further details). Anti-pB-actin antibody
(Sigma-Aldrich, A1978, St Louis, MO, USA) was used as
an internal control.

Cell lines and cultures

Two human breast carcinoma cell lines were used. MCF-7
and MDA-MB-468 cells were obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA)
(see supplementary material for details).

Cell proliferation assay

The effects of glucose and SGLT-1 inhibitors on cell pro-
liferation were evaluated in MCF-7 and MDA-MB 468
cells (see supplementary material for details).

Table 1 Clinicopathological characteristics of patients with invasive
ductal carcinoma

Invasive ductal carcinoma (n=162) %
Age

Range 30-83

Median 55.5

Tumor size (mm)

<20 104 64
>20 58 36
Lymph node status

Positive 49 30
Negative 110 68
Unknown 3

Pathological stage

1 84 52
2 59 36
3 16 10
Unknown 3

Nottingham histological grade

1 25 15
2 75 46
3 62 38
Ki-67 LI

Range 0-87.3%

Median 14.3%

<20% 100 62
>20% 62 38
ER

Positive 83 51
Negative 79 49
PgR

Positive 82 51
Negative 80 49
HER2

Positive 62 38
Negative 100 62

Ki-67 LI Ki-67 labeling index, ER estrogen receptor, PgR progester-
one receptor, HER2 human epidermal growth factor receptor-2

Growth factor antibody array

To analyze functions of SGLT1 other than glucose uptake,
an antibody array (ab134002; Abcam) was performed fol-
lowing the manufacturer’s protocol (see supplementary
material for details).

Statistical analysis

Statistical analyses were performed using JMP Pro 16.2.0

(SAS Institute, Cary, NC, USA) (see supplementary mate-
rial for details). Statistical significance was set at P <0.05.
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Table 2 Clipicop e.ttholc.)gical ER-positive HER2-negative %  ER-positive HER2-negative %
characteristics of invasive ductal IDC with DCIS component DCIS without IDC (n.=26)
carcinoma w1tt} DC;S or pure (n=>56)
DCIS without invasive region
Age
Range 31-83 32-72
Median 56 49
Tumor size (mm)
pTis 0 26 100
<20 36 64 0
>20 20 36 0
Lymph node status
Positive 17 30 0
Negative 38 68 19 73
unknown 1 2 7 27
Pathological stage
0 0 0 19 73
1 29 52 0
2 22 39 0
3 4 7 0
Unknown 1 7 27
Nottingham histological grade
1 15 27
2 37 66
3 4 7
Van Nuys classification group
1 10 38
2 13 50
3 3 12
ER
Positive 56 100 26 100
Negative 0 0 0 0
PgR
Positive 50 89 24 92
Negative 6 11 2 8
HER?2
Positive 56 100 26 100
Negative 0 0 0 0

IDC, invasive ductal carcinoma; DCIS, ductal carcinoma in situ; ER, estrogen receptor; PgR, progesterone
receptor; HER2, human epidermal growth factor receptor-2

Results

SGLT1 and SGLT2 status in human breast cancer
tissue

The representative immunoreactivity of SGLT1 and
SGLT2 in IDC was illustrated in Fig. 1. Both SGLT1 and
SGLT?2 were detected in the cytoplasm of invasive cancer
cells. SGLT1 and SGLT2 immunoreactivity in IDC cases
(n=162), based on the modified H-score analysis, was
summarized in Table 4.
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SGLT1 expression as a poor prognostic factor
of breast cancer

No significant correlation was detected between SGLT1-
positive (n =47) and negative (n=115) cases (Table 5).
However, SGLT1 positivity tended to be correlated with
lymph node metastasis (P =0.15) and higher pathologi-
cal stage (P=0.12), although the difference did not reach
statistical significance. In both overall survival (OS) and
disease-free survival (DFS) of the patients, the SGLT1
positive group demonstrated a significantly worse progno-
sis than that of the SGLT1 negative group (log-rank test
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Table 3 Primary antibodies used for immunohistochemistry and immunoblotting

Antigen Clone Species Description References Application
SGLT1 Rabbit Polyclonal Abcam ab14685 (Cambridge, CA, USA) IHC
SGLT1 Rabbit Polyclonal Abcam ab14686 1B

SGLT2 D-6 Mouse Monoclonal Santa Cruz Biotechnology (Dallas, TX, USA) IHC, IB
Flt-1 CL0344 Mouse Monoclonal Sigma-Aldrich (St Louis, MO, USA) 1B
VEGFR-2 55B11 Rabbit Monoclonal Cell Signaling Technology (Danvers, MA USA) 1B
pVEGFR-2 Rabbit Polyclonal Abcam 1B

B-actin AC-15 Mouse Monoclonal Sigma-Aldrich IB

SGLTI sodium/glucose cotransporter 1, SGLT2 sodium/glucose cotransporter 2, Flt-1, fms-related receptor tyrosine kinase 1 (VEGFR-
1)/VEGFR-2, vascular endothelial growth factor receptor-2/pVEGFR-2, phospho-vascular endothelial growth factor receptor-2//HC Immunohis-

tochemistry, /B Immunoblotting

A ) Positive

SGLT1

% is0pm

SGLT2

Fig. 1 Representative staining of SGLT1 and SGLT2 in IDC (x100
and x 400). A Positive staining of SGLT1. B Negative staining
of SGLT1. C Positive staining of SGLT2. D Negative staining of

Table 4 Modified H-score of invasive ductal carcinoma

Modified H-score of IDC (n=162)

SGLT1 SGLT2
Median 61 50
Range 0-200 0-180
Upper quartile 90 93.75
Positive cases (%) 47 (29.0%) 41 (25.3%)

Each upper quartile score was defined as positive. A score>90 is
positive for SGLT1, and > 93.75 is positive for SGLT2

IDC Invasive ductal carcinoma, SGLT! sodium/glucose cotransporter
1, SGLT?2 sodium/glucose cotransporter 2

B Negative
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SGLT2. SGLT1I, sodium/glucose cotransporter 1; SGLT2, sodium/glu-
cose cotransporter 2; /DC, invasive ductal carcinoma

0OS, P=0.03; DFS, P<0.01) (Fig. 2A, B). In 44 cases,
the non-pathological mammary ducts demonstrated sig-
nificantly higher SGLT1 immunoreactivity than that in
the breast carcinoma cells (Fig. 3A-D). The results of
individual subtypes including Luminal, HER2 positive,
and triple-negative breast cancer, were demonstrated in
Fig. S1. We assessed 118 cases in which invasive lesions
demonstrated more abundant SGLT1 immunoreactivity
than that in non-pathological mammary ducts. However,
there were no significant clinicopathological differences
between SGLT1 positive and negative cases in those 118
cases (Table 6). The correlation between SGLT1 and
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Table 5 Clinical, pathological, and immunohistochemical characteristics of SGLT1 and SGLT2, all cohorts (n=162)

SGLT1 positive SGLT1 negative P-value SGLT?2 positive SGLT2 negative p-value
(n=47) (n=115) (n=41) (n=121)
Age
Median (min—-max) 55 (32-87) 56 (30-81) 0.67 56 (32-83) 55 (30-87) 0.25
<50 17 29 0.17 8 38 0.13
>50 30 86 33 83
Tumor size (mm)
<20 27 76 0.3 28 75 0.47
>20 20 39 13 46
Lymph node metastasis
- 28 82 0.15 30 80 0.22
+ 18 31 9 40
pPNX 1 2 1
pStage
I 20 64 0.12 22 62 0.27
I 18 41 11 48
111 8 6 10
Unknown 1 2 2 1
Nottingham histological grade
1 5 20 0.57 6 19 0.46
2 24 51 16 59
3 18 44 19 43
Ki67 LI
Average (min—max) 18.2 (1.0-86.5) 13.0 (0.0-87.3) 0.28 18.2 (1.0-86.5) 13.0 (0.0-87.3) 0.37
<20% 26 74 0.28 22 78 0.22
>20% 21 41 19 43
ER
Positive 22 61 0.47 18 65 0.28
Negative 25 54 23 56
PgR
Positive 21 61 0.33 17 65 0.17
Negative 26 54 24 56
HER?2
Positive 15 47 0.32 18 44 0.39
Negative 32 68 23 77

No significant difference was found between SGLT1 positive and negative groups. No significant differences were observed between the SGLT2-

positive and negative groups

SGLTI sodium/glucose cotransporter 1, SGLT2 sodium/glucose cotransporter 2, Ki-67 LI Ki-67 labeling index, ER estrogen receptor, PgR pro-

gesterone receptor, HER2 human epidermal growth factor receptor-2

prognosis in the 118 cases in which the invasive lesion
was immunostained more intensely than that of the non-
pathological mammary duct, and SGLT1 status was an
unfavorable prognostic factor for both OS and DFS (log-
rank test OS, P=0.02; DFS, P<0.01) (Fig. 3E, F). In
addition, the number of non-pathological mammary ducts
harboring more marked immunoreactivity was signifi-
cantly higher in the patients younger than 50 years than
in those older than 50 years in both SGLT1 (P=0.03) and
SGLT2 (P <0.01) (Fig. S2).
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The correlation between SGLT2 and clinical outcome
of breast cancer patients

There were no significant differences between SGLT2 pos-
itive (n=36) and negative (n=126) cases (Table 5). No
significant correlation was detected between OS and DFS
(log-rank test: OS, P=0.26; DFS, P=0.07) (Fig. 2C, D).
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Fig.2 Kaplan—-Meier survival analysis for SGLT1 and SGLT?2 status
in all 162 patients with IDC. Association between SGLT1 expression
and A OS and B DFS. The SGLT1-positive group had worse prog-
nosis for both OS and DFS than those of the SGLT1-negative group.
Association of SGLT2 status with C OS and D DFS. No significant

SGLT1 in DCIS components of IDC cases and pure
DCIS cases

We then explored SGLT1 immunoreactivity in the DCIS
components of IDC cases. Coexisting IDC, pure DCIS,
ER-positive, and HER2-negative cases were examined.
Representative findings of these DCIS components were
illustrated in Fig. 4A-D. Similar to IDC cases, both
SGLT1 and SGLT2 were immunolocalized in the cyto-
plasm of DCIS cells. As shown in Fig. 5, SGLT1 modi-
fied H-score of the DCIS component was higher in DCIS
associated with IDC than in pure DCIS without invasion
(P <0.01). No significant differences were detected in the
SGLT2 levels (P=0.16).
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differences were observed between the SGLT2-positive and SGLT2-
negative groups in terms of clinical prognosis. OS overall survival,
DFS disease-free survival, SGLTI sodium/glucose cotransporter 1,
SGLT?2 sodium/glucose cotransporter 2, IDC invasive ductal carci-
noma

SGLT1 and SGLT2 expression levels in breast
carcinoma cell lines MCF-7 and MDA-MB-468

Protein expression levels of SGLT1 and SGLT2 in MCF-7 and
MDA-MB-468 cells were demostrated in Fig. 6. Immunoblot-
ting analysis revealed that both MCF-7 and MDA-MB-468
expressed SGLT1. Jurkat cells (positive controls) exhibited
high SGLT2 expression. However, it was extremely low in the
MCEF-7 and MDA-MC-468 cells.
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Fig.3 Representative staining of the invasive region and non-path-
ological mammary ducts and Kaplan—Meier survival analysis. Two
cases of IDC with different intensities of immunoactivity by SGLT1
are presented. Case 1: The immunoactivity of SGLT1 is weaker in the
A invasive area than in the B non-pathological mammary ducts of the
same specimen. Case 2: The immunoactivity of SGLT1 is stronger
in the invasive area (C) than in the non-pathological mammary ducts

SGLT1 inhibitors suppressed cell proliferation
of breast carcinoma cell lines

Based on the results of immunoblotting analysis, SGLT1
inhibitors were administered to the MCF-7 and MDA-
MB-468 cells. In this study, we used two SGLT1 inhibi-
tors: KGA-2727 and mizagliflozin. KGA-2727 demonstrated
concentration-dependent anti-proliferative activity in MCF-7
cells at 48 h (Fig. 7A) and in MDA-MB-468 cells at 72 h
(Fig. 7B). In addition, mizagliflozin inhibited MCF-7 cells
(Fig. 7C) and MDA-MB-468 cells (Fig. 7D) growth at
1-100 pM concentration at 48 h. In order to further study
whether the ability of mizagliflozin to suppress cell prolif-
eration could depend on the inhibition of glucose uptake,
we changed the medium to high glucose (4,500 mg/L) and
glucose free (though in the presence of 10% FBS). In a
high glucose medium, MCF-7 cell growth was inhibited by
1-10 pM of mizagliflozin at 48 h (Fig. 7E). Of particular
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(D). Kaplan—Meier survival analysis (log-rank test) for SGLT1 in a
limited number of IDC patients (n=118) whose invasive lesions
showed stronger immunoactivity than that exhibited by non-patho-
logical mammary ducts in the same specimen. Association of SGLT1
status with E OS and F DFS. IDC invasive ductal carcinoma, SGLT1
sodium/glucose cotransporter 1, SGLT2 sodium/glucose cotransporter
2

interest, even under extremely low-glucose conditions,
mizagliflozin decreased the number of MCF-7 cells after
72 h (Fig. 7F). These results all indicated that mizagliflozin
had antiproliferative effects other than inhibition of glucose
uptake.

Inhibition of MCF-7 cells by mizagliflozin possibly
through suppressing VEGFR-2 phosphate

We performed a growth factor antibody array analysis to
further explore the mechanisms underlying the suppression
of cell proliferation by mizagliflozin. Figure 8A and B dem-
onstrated the results of the protein array analysis. Four vas-
cular endothelial growth factor (VEGF) family proteins were
significantly downregulated by 10 mM mizagliflozin treat-
ment compared with their expression in DMSO treatment.
Western blotting was subsequently performed (Fig. 8C-G),
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Table 6 Clinical, pathological, and immunohistochemical character-
istics of SGLT1, in 118 cases

SGLT1 positive SGLT1 negative p-value

(n=35) (n=283)
Age
Median (min — max) 56 (32-87) 55 (31-80) 0.76
<50 11 17 0.21
>50 24 66
Tumor size (mm)
<20 19 51 0.47
>20 16 32
Lymph node metastasis
- 22 58 0.53
+ 12 24
pNX 1 1
pStage
I 15 43 0.41
1T 14 33
I 5 6
Unknown
Nottingham histological grade
1 4 15 0.54
2 18 35
3 13 33
Ki67 L1
Average (min — max) 18.2 (0.8-86.5) 12.2(0.0-87.3) 0.28
<20% 19 51 0.29
>20% 16 32
ER
Positive 15 43 0.37
Negative 20 40
PgR
Positive 14 46 0.13
Negative 21 37
HER?2
Positive 11 36 0.27
Negative 24 47

No significant difference was found between SGLT1 positive and
negative groups in 118 cases which invasive lesions demonstrated
more abundant SGLT1 immunoreactivity than that of the non-patho-
logical mammary ducts

Ki-67 LI Ki-67 labeling index, ER estrogen receptor, PgR progester-
one receptor, HER2 human epidermal growth factor receptor-2

and the intensities of FMS-like tyrosine kinase-1 (Flt-1) and
vascular endothelial growth factor receptor-2 (VEGFR-2)
(230 kDa) expression were equivalent in the mizagliflozin-
treated and control (DMSO) groups. VEGFR-2 (210 kDa)
and phospho-vascular endothelial growth factor receptor-2
(pVEGFR-2) were downregulated in the mizagliflozin-
treated group compared to the expression levels observed
in the control group.

Discussion

Results of our present study demonstrated that the SGLT1
status of carcinoma cells was an adverse clinical prog-
nostic factor. SGLT1 status was not necessarily corre-
lated with any of the clinicopathological factors assessed.
Regardless of the immunointensity of SGLT1 in the adja-
cent non-pathological mammary ducts, SGLT1 abundance
was significantly associated with worse clinical outcome
of the patients, which indicated the biological importance
of increased SGLT1 expression following malignant trans-
formation. SGLT1 overexpression was previously reported
to be correlated with poor prognosis in gastric cancer
patients [29] and ovarian cancer patients [30]. SGLT1
status has been reported to be correlated with advanced
clinical stages in colorectal cancer patients [12]. In oral
squamous cell carcinoma, SGLT1 is associated with poor
tumor differentiation [13].

In addition, in our present study, SGLT1 immunoreac-
tivity in DCIS cells was higher in the DCIS components
detected in IDC than in pure DCIS. However, the com-
parative status of SGLT1 and SGLT2 in IDC and DCIS
remains unknown. The progression from DCIS to IDC has
been recently studied based on two hypotheses: molecular
and genetic changes in DCIS cells, and changes resulting
from crosstalk between DCIS cells and their microenvi-
ronment [31]. Molecular profiling has identified the same
genes in DCIS as those found in IDC [32, 33]. Therefore,
it is reasonable to assume that invasive progression is
induced by the loss of activity of suppressor gene activ-
ity rather than by the acquisition of additional oncogenic
drivers, and there are in vitro reported that decreased Rap-
1Gap activity is responsible for invasive potential [34].
In addition, by using a 3D co-culture model with DCIS
breast cancer cell lines along with human breast cancer-
associated fibroblasts, myoblasts, and/or macrophages, the
transition of DCIS to IDC can mimic the microenviron-
ment of cancerous breast tissue [31]. In the human pros-
tate, SGLT1-positive stromal cells around carcinoma cells
are more abundant than those in the normal prostate or
benign prostatic hyperplasia [35]. These findings indicated
that SGLT1 could be related to the invasive properties of
breast carcinoma cells; however, further investigation is
required for clarification.

SGLT?2 inhibitors have been reported to suppress the
cell proliferation of breast carcinoma cells. SGLT2 expres-
sion was detected by western blotting [22] and quantitative
reverse transcription-polymerase chain reaction [23] in
MCEF-7 cell line. SGLT2 specific inhibitors canagliflozin
[22], dapaglifiozin [17, 22] and ipragliflozin [23] been all
reported to reduce the number of viable MCF-7 cells. In
our present study, no significant correlations were detected
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Fig.4 Positive immunoactivity cases of DCIS components. A IDC
with a DCIS component and B pure DCIS (without an IDC com-
ponent) stained with SGLT1 (x40 andx 100). C IDC with a DCIS
component and D pure DCIS (without an IDC component) stained

100um -,

B Pure DCIS

- Y
&

SGLT1

SGLT2

200pm \__‘ 100um

for SGLT2 (x40 and X 100). IDC, invasive ductal carcinoma; DCIS,
ductal carcinoma in situ; SGLTI sodium/glucose cotransporter 1,
SGLT?2 sodium/glucose cotransporter 2

Fig. 5 Comparison of modified SGLT1 SGLT2
H-score of DCIS component. 2001

SGLT1 expression was higher 200+ . P<0.01

in DCIS associated with IDC P=0.16

than in pure DCIS without inva-
sion (P <0.01). No significant
difference was found in the
SGLT?2 levels (P=0.16). SGLT1
sodium/glucose cotransporter 1,
DCIS ductal carcinoma in situ,
IDC invasive ductal carcinoma,
SGLT?2 sodium/glucose cotrans-
porter 2
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between SGLT?2 status and clinical outcomes of the breast
cancer patients were detected but the SGLT2 positive
groups tended to have better DFS (P =0.07).
Overexpression of the SGLT?2 gene has been considered
to be glucose uptake facilitative, more proliferative, and
associated with poor prognosis; therefore, the result was
unpredictable. SGLT2 has been reported to be an unfavora-
ble prognostic factor in clear cell renal carcinoma [15]. How-
ever, it is also true that SGLT1 overexpression was reported
as a favorable prognostic factor in some human malignan-
cies. Those findings were attributed to the improved thera-
peutic response in laryngeal [36] and cervical cancers [37]
associated with MAP17-induced reactive oxygen species
production. SGLT2 may also play a role in increasing
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treatment responsiveness in breast cancer patients; however,
further investigations are required for confirmation.

In our present study, approximately one-third of the IDC
cases had higher SGLT1 expression in the non-pathological
mammary ducts than in the adjacent invasive carcinoma
cells. Of particular interest, these patients were significantly
younger with less than 50 years than those not. SGLT1
expression has been detected in lactating human mammary
glands [38]. In our present study, regardless of SGLT1
expression in normal breast ducts, high SGLT1 expression
in IDC was a poor prognostic factor. In our study, some
patients showed higher SGLT2 expression in normal breast
duct cells than in IDC cells. The sample size in this study
was relatively small and similar to that of the SGLTI, the
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Fig.6 Immunoblotting analysis. Protein expression of SGLT1 and
SGLT?2. B-actin expression was used as a control. In both MCF-7
and MDA-MD-468 cells, SGLT1 was detected. SGLT2 expression in

patients were younger. Low levels of SGLT2 mRNA have
been detected in bovine mammary glands [39]. To the best
of our knowledge, this has not been reported in human.
These findings above suggested that expression of SGLT1
and SGLT?2 in normal breast ducts could be influenced by
sex hormone levels and lactation, but the exact mechanism
is unclear.

Results of our present study demonstrated that SGLT1
inhibitors attenuated breast cancer cell proliferation, sug-
gesting that SGLT1 also plays an important role in breast
cancer cell proliferation. To the best of our knowledge, the
growth-inhibitory effects of SGLT1 specific inhibitors have
not been reported in any cancer cell line. KGA-2727 is the
first selective SGLT1 inhibitor and has 140-fold higher
specificity for human SGLT1 than for SGLT2 when evalu-
ated by inhibition constant values (Ki) [40]. Mizagliflozin
is a more specific SGLT1 inhibitor with 300-fold higher
specificity for human SGLT1 than for SGLT2 [40]. In our
study, both of the agents demonstrated different affinities for
SGLT1 and inhibited breast carcinoma cell proliferation. We
hypothesized that if SGLT1 inhibitors inhibit cell prolifera-
tion by blocking glucose uptake, their functions would be
affected under high- and low-glucose conditions. Of par-
ticular interest, mizagliflozin attenuated MCF-7 cell growth
under extremely low-glucose conditions. This also indicated
that mizagliflozin inhibited MCF-7 cell proliferation through
a mechanism other than glucose uptake inhibition.

Results of our present study also indicate that mizagliflo-
zin inhibited MCF-7 cell proliferation by blocking VEGFR-2
phosphorylation. Protein array analysis also revealed the
changes other than those in the VEGFR family, but VEGF
was known to be expressed in MCF-7 cells and to be cor-
related with SGLT1 expression status [27]. Therefore, we
tentatively focused on the VEGF family members. Angi-
ogenesis provides nutrients, such as glucose and oxygen,
for cancer cell growth and development [41]. VEGF is
known as one of the pivotal factors of tumor angiogenesis.

SGLT2 |\

<74 kDa

<42 kDa p-actin| W NS S < 42 kDa

MCF-7 and MDA-MD-468 cells was significantly lower than that in
positive control Jurkat cells. SGLT! sodium/glucose cotransporter 1,
SGLT?2 sodium/glucose cotransporter 2

In addition, VEGF has been reported to maintain breast
cancer survival independent of angiogenesis by stimulat-
ing breast cancer cell survival signals [42]. VEGFR-2 was
expressed in MCF-7 cells, and when they acquire tamox-
ifen resistance, the VEGF/VEGFR-2 signaling loop is acti-
vated to increase cell proliferation and avoid apoptosis [43].
Tamoxifen-resistant MCF-7 cells have been reported to
express SGLT1, resulting in enhanced glycolysis and lactic
acid metabolism in tumor-associated macrophages and pro-
moting their polarization via the hypoxia-inducible factor-1
alpha-STAT3 pathway [44]. VEGF has been known to be the
most important tumor-promoting factor expressed by tumor-
associated macrophages in breast cancer[45]. However, the
correlation between SGLT1 and VEGF expression in breast
cancer remains unclear. The mature form of VEGFR-2 had
a molecular weight of 230 kDa, whereas the other two are
non-glycosylated intermediate forms [46]. Since only the
mature form of VEGFR-2 is involved in intracellular signal-
ing [47], the upregulated 210 kDa immature VEGFR-2 may
not participate in the regulatory function of cell growth. In
our present study, VEGFR-2 phosphorylation was consid-
ered the main target of mizagliflozin-induced inhibition of
MCEF-7 cell proliferation. However, further investigations
are required for confirmation.

Results of our present study also provided interesting
results regarding the potential synergistic involvement of
SGLT1 and VEGFR-2 in breast cancer. SGLT1 is a widely
known glucose transporter, and when expressed in cancer
cells, its primary function is considered to regulate glucose
uptake. Signaling pathways stabilizing EGFR were also
reported to be activated in oral squamous cell carcinoma
[13], colorectal cancer [12], and triple-negative breast cancer
[25]. SGLT1 activates the mTOR signaling pathway and pro-
motes cell proliferation in HER2-positive breast cancer [26]
and pancreatic carcinoma [48]. SGLT1 and SGLT?2 transport
glucose regardless of the extracellular glucose concentration.
These results indicated that cancer cells in a hypoglycemic
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Fig.7 Cell proliferation assay. Inhibition of proliferation by SGLT1
inhibitors in breast cancer cell lines was measured using the WST-8
assay. Cells were exposed to control (DMSO), KGA-2727, or miza-
gliflozin for 48 h. Both SGLT1 inhibitors inhibited the proliferation
of MCF-7 and MDA-MB-468 cells in a volume-dependent man-
ner. ¥P <0.05, compared to the proliferation levels in the control. A
MCF-7 for KGA-2727; 1 pM: P=0.02, 10 pM: P<0.01, 100 pM:
P<0.01. B MDA-MB-468 for KGA-2727; 1 pM: P=0.03, 10 uM:
P<0.01, 100 pM: P<0.01. C MCF-7 for mizagliflozin; 1 pM:
P<0.01, 10 uM: P=0.02, 100 pM: P<0.01. D MDA-MB-468
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oM 1 UM 10 UM
Concentration of mizagliflozin

for mizagliflozin; 1 pM: P<0.01, 10 uM: P<0.01]. After 24 h
after seeding the MCF-7 cells in a 96-well dish, the medium was
replaced with E glucose-rich (4,500 mg/L glucose) or F glucose-free
medium. The cells were then exposed to Control (DMSO) or miza-
gliflozin for 48 or 72 h. G Mizagliflozin attenuated the proliferation
of MCF-7 after 48 h with a glucose-rich medium [1 pM: P=0.02,
10 pM: P<0.01]. F Mizagliflozin also attenuated the proliferation
of MCF-7 after 72 h with a glucose-free medium [1 pM: P=0.02,
10 pM: P=0.03]. DMSO dimethyl sulfoxide, SGLT! Sodium/glucose
cotransporter 1
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Fig.8 Results of growth factor antibody array and its validation. An
antibody array (ab134002; Abcam, Cambridge, UK) was used. These
proteins were downregulated following mizagliflozin treatment. Com-
pared the expression levels in the A control (DMSO), B exposure
to 10 uM mizagliflozin for 5 days suppressed VEGF-A, VEGF R-2,
VEGF R-3, and VEGF-D expression in MCF-7 cells. C Immunob-
lotting analysis of VEGFR family members. f-actin expression was
used as a control. D-G Normalized by p-actin (control=100). The

environment can express SGLTs to further increase the
in situ availability of glucose and subsequently promote
tumor angiogenesis by activating the VEGF pathway.
SGLT?2 inhibitors have already been used in antidiabetic
therapies and have demonstrated beneficial therapeutic
effects in diabetes mellitus patients with heart or mild renal
failure [49]. These drugs are generally considered to be

expression of pVEGFR-2 was markedly downregulated in the miz-
agliflozin-treated group compared with that in the control (DMSO)
group. DMSO dimethyl sulfoxide, VEGF-A vascular endothelial
growth factor-A, VEGFR-2 vascular endothelial growth factor recep-
tor-2, VEGFR-3 Vascular endothelial growth factor receptor-3,
VEGF-D vascular endothelial growth factor D, Flt] FMS-like tyros-
ine kinase-1, pVEGFR-2 phospho-vascular endothelial growth factor
receptor-2

anticancer agents, they have not been clinically used. More-
over, SGLT1 inhibitors are not currently used clinically in
humans. Selective inhibition of SGLT1 is thought to result
in adverse events such as hypoglycemia, severe diarrhea,
and malabsorption due to the inhibition of glucose uptake
in the intestines, such as glucose-galactose malabsorption
caused by mutations in the SGLT1 gene. Novel SGLT1
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selective inhibitors have been developed. In mouse experi-
ments, KGA-2727 has been demonstrated to be relatively
safe for diabetes therapy [50]. In addition, mizagliflozin has
been safely administered as an oral treatment for chronic
constipation in a phase 2 trial [39]. Therefore, we reason-
ably postulate that mizagliflozin could be safely used as an
adjunct treatment for patients with breast cancer expressing
SGLTL. In our present study, because VEGFR-2 phospho-
rylation was enhanced downstream of SGLT1, VEGFR-2
selective inhibitors may also have a similar effect. Lucitanib
is a potent inhibitor of VEGFR 1-3, FGFR1-3, and platelet-
derived growth factor receptor a/b, with promising antitumor
activity in xenograft models [51]. However, at this stage, its
efficacy in 76 patients with recurrent luminal breast cancer is
limited (13% of the total cohort), and a small number of side
effects such as hypertension (87%) and thyroid dysfunction
(47%) are known to exist; therefore, SGLT1 inhibitors may
be relatively safer.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10549-023-07024-9.
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