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C A N C E R

Diabetic hyperglycemia promotes primary tumor 
progression through glycation-induced tumor 
extracellular matrix stiffening
Wenjun Wang1†, Lauren A. Hapach1,2†, Lauren Griggs3, Kyra Smart1, Yusheng Wu1, Paul 
V. Taufalele1, Matthew M. Rowe1, Katherine M. Young1, Madison E. Bates1, Andrew C. Johnson1, 
Nicholas J. Ferrell4, Ambra Pozzi5,6, Cynthia A. Reinhart-King1,2*

Diabetes mellitus is a complex metabolic disorder that is associated with an increased risk of breast cancer. 
Despite this correlation, the interplay between tumor progression and diabetes, particularly with regard to stiff-
ening of the extracellular matrix, is still mechanistically unclear. Here, we established a murine model where 
hyperglycemia was induced before breast tumor development. Using the murine model, in vitro systems, and 
patient samples, we show that hyperglycemia increases tumor growth, extracellular matrix stiffness, glycation, 
and epithelial-mesenchymal transition of tumor cells. Upon inhibition of glycation or mechanotransduction in 
diabetic mice, these same metrics are reduced to levels comparable with nondiabetic tumors. Together, our study 
describes a novel biomechanical mechanism by which diabetic hyperglycemia promotes breast tumor progression 
via glycating the extracellular matrix. In addition, our work provides evidence that glycation inhibition is a potential 
adjuvant therapy for diabetic cancer patients due to the key role of matrix stiffening in both diseases.

INTRODUCTION
Diabetes mellitus is a common endocrine disorder characterized by 
hyperglycemia resulting from defects in insulin secretion and/or 
insulin resistance (1). Clinical studies show that diabetes is correlated 
with an increased risk of numerous types of cancers, including liver, 
colon, pancreatic, bladder, breast, and rectal cancer (2). More 
specifically, evidence suggests that patients with breast cancer with 
a history of diabetes of greater than 5 years have a higher mortality 
rate than nondiabetic patients (3–6). Previous studies suggest that 
the diabetic state promotes tumor progression through several 
mechanisms, including hyperinsulinemia, hyperglycemia, and chronic 
inflammation (3). However, the role of changes to the extracellular 
matrix (ECM) caused by the diabetic milieu in cancer progression 
has been understudied.

Reducing sugars, such as glucose, can cause increased cross-linking 
and ECM modification in collagenous tissues via glycation (7–9). 
Glycation, as a nonenzymatic reaction of sugars with the amino 
groups of proteins, lipids, and nucleic acids, results in cross-linking 
and formation of advanced glycation end products (AGEs) (9). 
Glycation can interfere with normal protein function by disrupting 
conformation, altering enzymatic activity, and interfering with the 
ligand-receptor interaction (10, 11). These protein-level disruptions 
can alter cell signaling and potentially influence tumor progression 
(5). In addition to altering cell signaling, hyperglycemia-induced 
glycation has also been shown to cross-link and stiffen collagen 

matrix in vitro (7, 12, 13). Since stiffening of the tumor ECM is 
known to promote malignancy (14, 15), and sugars can promote 
matrix stiffening through glycation, we hypothesized that the 
diabetic state promotes tumor progression through nonenzymatic 
glycation-induced ECM stiffening.

Here, we show that hyperglycemia stiffens tumor ECM, pro-
motes breast tumor progression, increases cell proliferation, and 
shifts tumor cells further along epithelial-to-mesenchymal transi-
tion (EMT). Notably, pharmaceutical inhibition of glycation or cell 
mechanical sensing in diabetic mice reduces tumor progression 
comparable to nondiabetic mice, while blood glucose levels are 
unaffected. Our results demonstrate a novel mechanism by which 
diabetes promotes breast tumor progression through glycation and 
point toward therapeutics targeting glycation as one mechanism to 
slow tumor growth in diabetics.

RESULTS
Diabetic hyperglycemia was established in 
FVB/N-Tg(MMTV-PyMT)634Mul/J mouse model
FVB/N-Tg(MMTV-PyMT)634Mul/J (PyMT) mice that develop spon-
taneous mammary tumors starting at 6 weeks after birth were used 
in this study. To induce hyperglycemia in PyMT mice, we fed the 
mice a high-fat diet starting at 4 weeks of age and then injected 
them with five daily consecutive 70 mg/kg doses of streptozotocin 
(STZ) at 5 weeks of age (Fig. 1A). While STZ-induced diabetes is a 
commonly used model, STZ can be carcinogenic and has been 
shown to induce lung, kidney, and uterine tumors in mice and 
kidney, pancreatic, and liver tumors in rats at high doses via generat-
ing DNA and chromosome damage (16–18). Thus, we next tested 
whether our STZ treatment influenced breast tumor progression 
independent of induction of hyperglycemia. MET-1 cells extracted 
from PyMT mice were treated with STZ for 5 days to mimic the STZ 
treatment performed on the mice in this study. DNA damage was 
quantified using a comet assay (19, 20). No significant difference 

1Department of Biomedical Engineering, Vanderbilt University, Nashville, TN 
37235, USA. 2Nancy E. and Peter C. Meinig School of Biomedical Engineering, 
Cornell University, Ithaca, NY 14853, USA. 3College of Engineering, Pennsylvania 
State University, State College, PA 16802, USA. 4Department of Internal Medicine, 
Division of Nephrology, Ohio State University Wexner Medical Center, Columbus, 
OH 43210, USA. 5Division of Nephrology, Department of Medicine, Vanderbilt 
University School of Medicine, Nashville, TN 37232, USA. 6Veterans Affairs Hospi-
tals, Nashville, TN 37684, USA.
*Corresponding author. Email: cynthia.reinhart-king@vanderbilt.edu
†These authors contributed equally to this work.

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:cynthia.reinhart-king@vanderbilt.edu


Wang et al., Sci. Adv. 8, eabo1673 (2022)     18 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 12

was observed in the DNA damage of cells with or without STZ 
treatment (fig. S2A). Since necrotic and apoptotic cells contain a 
large amount of damaged DNA and strand breaks, to ensure accuracy 
of the comet assay, cell death of control and STZ-treated cells was 
compared using a terminal deoxynucleotidyl transferase–mediated 
deoxyuridine triphosphate nick end labeling (TUNEL) assay. STZ 
treatment did not induce a significant change in cell death (fig. S2B). 
In addition, as a control, a group of STZ-treated mice was given 
insulin treatment using osmotic pumps to lower their blood glucose 
to a normal range. To verify the induction of hyperglycemia, blood 
glucose levels were measured weekly before and after fasting. At 
12 weeks of age, the mice were euthanized, and tissue specimens were 
collected and analyzed. Compared with nondiabetic PyMT mice, 
blood glucose levels were significantly increased in the PyMT mice 
injected with STZ, while the insulin treatment decreased the blood 
glucose of STZ-treated mice to a comparable level with the nondiabetic 
group (Fig. 1, B and C). The blood glucose of STZ-injected mice 
increased to above 400 mg/dl and remained stably elevated over the 
entire course of the study. Body weight of control, STZ-injected, and 
STZ + insulin–treated mice increased steadily (Fig. 1D). Glucose 
and insulin tolerance tests performed at week 6 indicated that 
glucose levels of STZ-injected mice were increased compared with 
control group mice (Fig. 1, E and F). Staining of the pancreas of 
diabetic mice with anti-insulin antibody revealed a significant deple-
tion of beta islet cells, the major cells targeted by STZ (Fig. 1, G and H). 
Together, these results showed that diabetic hyperglycemia was 
induced in MMTV-PyMT mice successfully at week 6 and could be 
reversed using an insulin pump.

Diabetic milieus causes stiffened tumor ECM 
through glycation
Since hyperglycemia results in increased glycation of ECM (12, 13), we 
measured the level of glycated tumor ECM by immunohistochemistry 
(IHC) and Western blotting of AGEs. Tumors from diabetic mice 
showed increased AGEs compared to those from nondiabetic mice, 
while insulin treatment of diabetic mice significantly decreased tumor 
AGEs to levels comparable with nondiabetic mice (Fig. 2, A to D). 
Since sugars cross-link collagen through a nonenzymatic reaction 
resulting in stiffened matrix (7), we extended our investigation to 
assess collagen concentration, a major ECM component in mammary 
tumors, between diabetic and nondiabetic PyMT tumors. Tumor 
sections were stained with picrosirius red and imaged using quanti-
tative polarization microscopy. There was no significant difference 
in optical retardance of the collagen signal observed between dia-
betic and nondiabetic tumors, indicating that collagen concentra-
tions are similar between experimental groups (Fig. 2E). To assess 
whether hyperglycemia and the associated formation of AGEs stiffen 
the tumor ECM, we performed unconfined compression testing 
to examine the equilibrium modulus of diabetic and nondiabetic 
tumors. Tumors collected from diabetic mice had a higher equi-
librium modulus compared with that from nondiabetic mice 
(Fig. 2F). Consistent with this result, atomic force microscopy 
(AFM) measurements indicated that hyperglycemia increased 
tumor elastic modulus compared to control mice, and insulin 
treatment of diabetic mice significantly decreased tumor elastic 
modulus to values comparable with control mice (Fig. 2, G to I). 
These data suggest that hyperglycemia-induced glycation stiffens 

Fig. 1. Induction of diabetes mellitus within MMTV-PyMT mice. (A) Schematic overview of the diabetic MMTV-PyMT mouse model. (B) Prefasting and (C) postfasting 
blood glucose levels of MMTV-PyMT mice injected once daily with five consecutive daily 70 mg/kg doses of either STZ or sodium citrate buffer vehicle control (Ctrl) or 
treated with both STZ and insulin (STZ + insulin). (D) Body weight tracking of MMTV-PyMT mice injected once with five consecutive daily 70 mg/kg doses of either sodium 
citrate (Ctrl) or STZ or double-treated with both STZ and insulin (STZ + insulin). (E) Glucose levels over time after insulin injection for Ctrl group and STZ group. (F) Glucose 
levels over time postglucose injection for Ctrl group and STZ group during glucose tolerance assay. (G) Representative images of immunohistochemical staining for insulin 
in the pancreases of MMTV-PyMT mice injected with either sodium citrate (Ctrl) or STZ. (H) Quantification of beta islet cell percentage in the control group or mice injected 
with STZ (Ctrl, N = 7; STZ, N = 5; STZ + insulin, N = 3). Data are presented as means ± SEM. ***P < 0.001 and ****P < 0.0001. NS, not significant.
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breast tumors (Fig. 2G) and increases the heterogeneity of tumor 
stiffness (Fig. 2, H and I).

Hyperglycemia promotes tumor progression in PyMT mice
Since hyperglycemia-induced glycation increases PyMT tumor stiff-
ness, and ECM stiffness is known to promote tumor malignancy 

(21, 22), we next investigated the progression of murine mammary 
tumors as a function of the diabetic state. Tumor volume of non-
diabetic, diabetic, or diabetic mice treated with insulin was measured 
weekly until 12 weeks of age. Diabetic mice displayed accelerated 
tumor growth (Fig. 3A) and ultimately generated larger tumors 
(Fig. 3, B and C) compared with the nondiabetic group. Meanwhile, 

Fig. 2. Hyperglycemia promotes glycation and increases ECM stiffness. (A) Representative images of tumor sections with IHC staining for AGEs collected from nondi-
abetic (Ctrl), diabetic (STZ), and diabetic mice treated with insulin (STZ + insulin). (B) Corresponding quantification of normalized AGE-positive area (Ctrl, N = 5 and n = 14; 
STZ, N = 4 and n = 17; STZ + insulin, N = 3 and n = 12). (C) Representative Western blot protein bands for AGEs and GAPDH in tumors from diabetic (STZ) and nondiabetic 
(Ctrl) mice. (D) Corresponding quantification of AGEs normalized by GAPDH (N = 4 and n = 6). (E) Quantification of collagen deposition of diabetic and nondiabetic tumors 
(N = 3 and n = 3; 30 measurements per condition). (F) Unconfined compression assay showing equilibrium modulus of tumors extracted from diabetic or nondiabetic mice 
(Ctrl, N = 4 and n = 6; STZ, N = 4 and n = 5; 20 measurements per condition). (G) Elastic modulus of nondiabetic (Ctrl), diabetic (STZ), and diabetic tumors treated with in-
sulin (STZ + insulin) measured by AFM (N = 3 and n = 3; 250 to 300 measurement per condition). (H) Corresponding histogram of AFM measurements for nondiabetic 
(Ctrl), diabetic (STZ), and diabetic tumors treated with insulin (STZ + insulin). (I) Representative force map of tumors extracted from nondiabetic (Ctrl), diabetic (STZ), and 
diabetic mice treated with insulin (STZ + insulin). Data are presented as means ± SEM. *P < 0.05, ***P < 0.001, and ****P < 0.0001. a.u., arbitrary units.

Fig. 3. Hyperglycemia increases tumor growth through promoting cell proliferation. (A) Weekly average tumor volume measurements for nondiabetic (Ctrl), diabetic 
(STZ), and diabetic mice treated with insulin (STZ + insulin) from when tumors become palpable and large enough for caliper measurements (week 9) to study endpoint 
(Ctrl, N = 14; STZ, N = 12; STZ + insulin, N = 3). (B) Average tumor volume for control (Ctrl), diabetic (STZ), and diabetic mice treated with insulin (STZ + insulin) at study 
endpoint (Ctrl, N = 7 and n = 22; STZ, N = 13 and n = 75; STZ + insulin, N = 3 and n = 12). (C) Average tumor burden per mouse for control (Ctrl), diabetic (STZ), and diabetic 
mice treated with insulin (STZ + insulin) at study endpoint (Ctrl, N = 7; STZ, N = 22; STZ + insulin, N = 3). (D) Tumor differentiation grading of tumors extracted from control 
group and mice treated with STZ (N = 3 and n = 3). (E) Representative images showing Ki67 and nucleus colocalization within nondiabetic, diabetic (STZ), and diabetic 
tumors treated with insulin (STZ + insulin). (F) Corresponding quantification of the percentage of cells with Ki67+ nuclei (Ctrl, N = 7 = 3 and n = 3, 21 imaging fields; STZ, 
N = 4 and n = 6, 67 imaging fields; STZ + insulin, N = 3 and n = 8, 80 imaging fields included). Data are presented as means ± SEM. *P < 0.05, ***P < 0.001, and ****P < 0.0001. 
DAPI, 4′,6-diamidino-2-phenylindole.
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insulin treatment significantly slowed down the tumor growth of 
diabetic mice. Histological analysis revealed that diabetic tumors 
are less differentiated and more malignant compared with non-
diabetic tumors (Fig. 3D). To determine whether increased tumor 
cell proliferation was responsible for the increased tumor growth 
observed in diabetic mice, we quantified the percentage of cells with 
Ki67+ nuclei using immunofluorescence staining (Fig. 3E). The 
results indicated that cell proliferation was significantly promoted 
by hyperglycemia status and inhibited when lowering the blood 
glucose via insulin treatment (Fig. 3F).

Hyperglycemia shifts PyMT tumors toward EMT phenotype
Matrix stiffening promotes tumor cell EMT (23), which is associated 
with increased tumor aggressiveness and worsened patient prognosis. 
Thus, we next investigated whether hyperglycemia-induced glyca-
tion affects tumor progression through up-regulation of EMT. Analysis 
of epithelial (E-cadherin) and mesenchymal (vimentin) markers 
(Fig. 4A) revealed that the ratio of vimentin expression to E-cadherin 
expression is greater in diabetic tumors compared to control ones 
(Fig. 4B). Further, this ratio is lowered to levels comparable with 
control tumors in diabetic tumors with insulin treatment. Together, 
this indicates that diabetic hyperglycemia is causing a shift toward 
EMT. Since increased expression of fibronectin has been associated 
with the prometastatic breast cancer phenotype and is known to 
induce changes in cell morphology and expression of EMT markers 
(24), fibronectin expression of tumors from nondiabetic, diabetic, 
and diabetic tumors was analyzed by IHC staining. Tumors of dia-
betic mice have more fibronectin than those of nondiabetic mice 
(Fig. 4, C and D). Decreasing blood glucose levels of diabetic mice 
via insulin treatment significantly lowered the amount of fibronectin 
in diabetic tumors. In addition to fibronectin, tumors from diabetic 
mice have more tumor growth factor– (TGF-) compared with 
nondiabetic tumors (Fig. 4, E to I). As TGF- is a key player in 
regulating EMT, our results suggest that diabetic tumors are shifted 
further along the EMT spectrum toward an aggressive mesenchymal 
phenotype compared to nondiabetic tumors and that insulin treat-
ment prevents this shift.

Glycation inhibition lowers ECM stiffness
Noting that glycation is a multistep, chemical reaction that increases 
ECM stiffness, we tested whether glycation inhibition via amino-
guanidine (AG) or AGE cross-link breaker, alagebrium (ALT711), 
could ameliorate the observed phenotypes in diabetic mice (Fig. 5A) 
(8). The blood glucose of mice was measured weekly to verify that 
the glycation inhibitors did not affect blood glucose throughout 
the experiment (Fig. 5B). To determine whether glycation inhibition 
affected AGE concentration in STZ-injected mice, IHC staining 
was performed. AGE concentration was decreased in STZ-injected 
mice that received either inhibitor treatment compared to STZ- 
injected diabetic control mice (Fig. 5, C and D). When collagen 
concentration was assessed, no significant difference in mean opti-
cal retardance between STZ-injected mice treated or not with the 
inhibitors was observed (Fig. 5E). Bulk mechanical stiffness was 
assessed using unconfined compression testing. Both AG and ALT711 
treatments lowered STZ-injected mouse tumor stiffness to that of 
control nondiabetic mouse tumors (Fig. 5F). To compare microscale 
stiffness, AFM measurements were performed on tumor samples 
with and without glycation inhibition. The average elastic modulus 
for tumors from diabetic mice treated with either inhibitor was 

decreased compared to those from diabetic control mice (STZ only) 
(Fig. 5G). The distribution of elastic modulus values shows an overall 
shift toward lower values along with an absence of upper range 
values in AG- or ALT711-treated diabetic tumors compared to 
untreated diabetic controls (Fig. 5H). These experiments suggest 
that the increased stiffness in tumors from diabetic mice is due to 
increased glycation, which is successfully abrogated to nondiabetic 
control tumor levels by either AG or ALT711 AGE-inhibiting treat-
ment, resulting in lower tumor ECM stiffness despite mice still 
presenting with hyperglycemia.

Fig. 4. Diabetes promotes EMT. (A) Representative images of immunofluorescence 
staining showing E-cadherin and vimentin of tumors extracted from nondiabetic 
(STZ), diabetic (STZ), and diabetic tumors treated with insulin (STZ + insulin). 
(B) Corresponding expression ratio of E-cadherin and vimentin (Ctrl and STZ, N = 3 
and n = 5, 37 fields per tumor section; STZ + insulin, N = 3 and n = 8; 80 fields per 
tumor section were imaged). (C) Representative images showing fibronectin (FN) 
expression within tumors extracted from nondiabetic (Ctrl), and diabetic tumors 
treated with (STZ + STZ) or without (STZ) insulin. (D) Corresponding quantification 
of fibronectin-positive area within tumors (Ctrl, N = 4 and n = 13; STZ, N = 5 and 
n = 17; STZ + insulin, N = 3 and n = 12). (E) Representative images of TGF-–stained 
tumor sections extracted from control (Ctrl) or diabetic mice treated with (STZ + 
insulin) or without (STZ) insulin. (F) Corresponding quantification of TGF-–positive 
area within tumors (Ctrl, N = 3 and n = 13; STZ, N = 5 and n = 15; STZ + insulin, N = 3 
and n = 12). (G) Protein bands generated by Western blotting showing fibronectin 
and TGF- expression within diabetic (STZ) and nondiabetic (Ctrl) tumors. GAPDH was 
used as the loading control. (H and I) Corresponding quantification of fibronectin (H) 
and TGF- (I) expression normalized over GAPDH expression (N = 3 and n = 6). Data 
are presented as means ± SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001.
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Glycation promotes progression of primary tumors via 
increasing ECM stiffness
As ECM stiffness is known to promote malignancy (21, 22), and 
glycation inhibition via AG or ALT711 treatment decreased ECM 
stiffness in STZ-injected mice, we assessed whether glycation inhi-
bition also altered tumor progression via increased ECM stiffness. 
Tumor volume over time for the diabetic mice with either AG or 
ALT711 treatment was significantly lower than the volume of 
diabetic STZ only control tumors (Fig. 6A). At the study endpoint, 
the average tumor volume was significantly lower for STZ-injected 
mice with either inhibitor treatment compared to STZ only control 
mice (Fig. 6B). In addition, the average total tumor burden per 
mouse was significantly lower for glycation inhibitor–treated diabetic 
mice compared to diabetic-only controls (Fig. 6C). Significantly fewer 
Ki67-positive cells were detected in glycation-inhibited diabetic 
tumors than diabetic control tumors (Fig. 6, D and E). These data 
suggest that inhibition of glycation decreases the development of 
primary tumors and inhibits cell proliferation.

To confirm that the effect of glycation inhibitors on tumor pro-
gression inhibition is not due to potential side effects on the tumor 
cells rather than the ECM, MET-1 cells, which are mammary tumor 
cells isolated from MMTV-PyMT mice, were treated with AG or 

ALT711 at different concentrations for 72 hours. Proliferation of 
these cells was compared by quantifying the percentage of cells with 
Ki67+ nuclei. Neither AG nor ALT711 treatment disrupted cell 
proliferation significantly (fig. S2, C and D). We also verified that 
different treatment times have no significant influence on cell pro-
liferation by comparing Ki67+ nuclei density of cells treated with 
either AG or ALT711 for 24 or 72 hours at 1000 mM concentration 
(fig. S2E). Noting that glycation can also activate AGEs and their 
receptor (AGE-RAGE) signaling in addition to stiffening the matrix 
(7, 12, 13), we also evaluated the cell proliferation of MET-1 cells 
with normal or decreased RAGE expression seeded on compliant 
or stiff matrix. Quantification of the density of cells with Ki67+ nu-
clei indicated that while inhibition of RAGE expression using short 
hairpin RNA (shRNA; Santa Cruz, sc-36375-SH) decreased cell prolif-
eration significantly, cell proliferation increased with increasing ma-
trix stiffness (Fig. 6F). A similar effect was observed in cells embedded 
in a three-dimensional compliant or stiff collagen matrix, where stiff-
ness was controlled through glycation with different amounts of 
glucose (Fig. 6G). These data suggest that glycation-mediated ma-
trix stiffening promotes cell proliferation regardless of activation 
of AGE-RAGE interactions. Analysis of EMT markers showed that 
the EMT ratio was lower for glycation inhibitor-treated STZ tumors 

Fig. 5. Glycation inhibition decreases ECM stiffness. (A) Schematic overview of glycation reaction showing how glycation inhibitors block this reaction. (B) Blood glucose 
of diabetic mice treated with or without glycation inhibitors (STZ, N = 12; STZ + AG, N = 10; STZ + ALT711, N = 12). (C) Corresponding quantification of normalized AGE-positive 
area (STZ, N = 4 and n = 8; STZ + AG, N = 3 and n = 7; STZ + ALT711, N = 4 and n = 7). (D) Representative images of tumor sections with IHC staining for AGEs collected from 
diabetic mice treated with AG or ALT711. (E) Quantification of collagen deposition of diabetic and nondiabetic tumors (STZ, N = 5 and n = 7; 349 measurements per 
condition; STZ + AG, N = 2 and n = 5; 126 measurements per condition; STZ + ALT711, N = 4 and n = 8; 284 measurements per condition). (F) Unconfined compression 
assay showing equilibrium modulus of tumors extracted from diabetic mice treated with glycation inhibitors, AG or ALT711 (STZ, N = 6 and n = 6, 40 measurements 
included; STZ + AG, N = 5 and n = 7, 20 measurements included; STZ + ALT711, N = 3 and n = 6, 20 measurements included). (G) Elastic modulus of diabetic tumors treated 
with or without glycation inhibitors measured by AFM (N = 3 and n = 3, 430 to 589 measurements per condition). (H) Corresponding histogram of AFM measurements of 
diabetic tumors treated with or without glycation inhibitors. Data are presented as means ± SEM. *P < 0.05 and ****P < 0.0001.
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compared to STZ-treated controls (Fig. 6, H and I). Similarly, the lev-
els of TGF-– and fibronectin-positive areas were significantly re-
duced in diabetic tumors treated with the inhibitors (Fig. 6, J to M). 
These results indicated that glycation inhibition shifted the EMT 
spectrum of diabetic tumors toward an epithelial phenotype. Cu-
mulatively, these results suggest that glycation inhibition by either 
AG or ALT711 treatment reduces tumor aggressiveness in mice 
with diabetic hyperglycemia.

Inhibition of FAK-mediated cell mechanical sensing slows 
down the progression of diabetic tumors without 
influencing ECM stiffness
To confirm that glycation promotes tumor progression via stiffening 
tumor ECM, which then activates cell mechanical sensing signaling, 

STZ-injected mice were treated with a focal adhesion kinase (FAK) 
inhibitor, PF573228, for 7 weeks until the study endpoint. PF573228 
is a small-molecule inhibitor of phosphorylation of FAK at Tyr397 
and is currently in preclinical trials (25). The inhibition efficiency of 
PF573228 was confirmed using immunofluorescence staining show-
ing phosphorylated FAK concentration within diabetic tumors 
treated with or without FAK inhibitor (fig. S2F). Over time, tumor 
volume of the diabetic mice treated with FAK activation inhibitor 
(FAKi) was significantly lower than the volume of diabetic control 
tumors (Fig. 7A). At the study endpoint, the average tumor volume 
was significantly lower for STZ-injected mice with FAKi treatment 
compared to STZ only control mice (Fig. 7B). In addition, the average 
total tumor burden per mouse was significantly lower for FAKi- treated 
diabetic mice compared to diabetic only controls (Fig. 7C). Significantly 

Fig. 6. Glycation inhibition decreases primary tumor progression. (A) Weekly tumor volume measurements for diabetic mice treated with AG or ALT711 from week 9 to 
study endpoint (N = 6 to 12). (B) Average tumor volume at study endpoint (N = 6 to 12). (C) Average tumor burden per mouse at study endpoint (N = 9 to 18). (D) Quantification of 
percentage of cells with Ki67+ nuclei (N = 3 to 5 and n = 3 to 8, 32 to 64 imaging fields). (E) Representative images showing cells with Ki67+ nuclei. (F) Comparison of pro-
liferation of MET-1 cells with normal or decreased RAGE expression on substrates with 200- or 1000-Pa stiffness (N = 3 and n = 45). PLKO, pLKO.1 vector. (G) Quantification of 
proliferation of MET-1 cells embedded in collagen matrix (N = 3 and n = 45). (H) Representative images showing E-cadherin and vimentin of tumors. (I) Correspond-
ing quantification of E-cadherin and vimentin expression ratio (N = 3 to 5 and n = 4 to 7, 25 to 64 fields). (J) Representative images of TGF-–stained tumor sections. (K) 
Corresponding quantification of TGF-–positive area within tumors (N = 3 to 4 and n = 7 to 8). (L) Corresponding quantification of fibronectin-positive area (N = 3 to 
4 and n = 7 to 8). (M) Representative images showing fibronectin within tumors. Data are presented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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fewer Ki67-positive cells were detected in FAK activation–inhibited 
diabetic tumors than in diabetic control tumors (Fig. 7, D and E). 
These data suggest that inhibition of cell mechanical sensing decreases 
the development of primary tumors and inhibits cell proliferation. 
Analysis of EMT markers indicated that the EMT ratio was lower 
for FAKi-treated STZ tumors compared to STZ-treated controls 
(Fig. 6, F and G). Similarly, the levels of TGF-– and fibronectin- 
positive areas were significantly reduced in diabetic tumors treated 
with FAKi (Fig. 7, H to K). These results indicated that inhibition 
of FAK activation prevented the shift of diabetic tumors along the 
EMT spectrum toward a mesenchymal phenotype.

We also verified that FAK activation inhibition does not have an 
effect on the blood glucose, glycation, and ECM stiffness of tumors 
within diabetic mice. The blood glucose of mice was measured weekly 
to verify that the FAKi did not affect blood glucose throughout the 

experiment (Fig. 7L). To determine whether FAKi treatment affected 
AGE concentration in STZ-injected mice, IHC staining was per-
formed. There was no significant difference in AGE concentration 
between STZ-injected mice that received inhibitor and STZ-injected 
diabetic control mice (Fig. 7, M and N). To compare the stiffness of 
tumor ECM, AFM measurements were performed on tumor sam-
ples with and without FAK activation inhibition. The average elastic 
modulus and the distribution of elastic modulus for tumors from 
diabetic mice treated with FAKi were similar to those from diabetic 
control mice (STZ only) (Fig. 7, O and P). These experiments sug-
gest that inhibition of FAK activity does not influence the glycation 
reaction and stiffness of tumor ECM. Cumulatively, these results 
suggest that inhibition of cell mechanical sensing reduces tumor 
aggressiveness in mice with diabetic hyperglycemia without influencing 
stiffness of tumor ECM. These data suggest that cell mechanical 

Fig. 7. FAK inhibition decreases tumor progression without influencing ECM stiffness. (A) Weekly tumor volume measurements for diabetic mice treated with or 
without FAK inhibitor (N = 3). (B) Average tumor volume at study endpoint (N = 3 and n = 6 to 10). (C) Average tumor burden per mouse at the study endpoint (N = 3). 
(D) Representative images showing Ki67 and nucleus colocalization within tumors. (E) Quantification of percentage of cells with Ki67+ nuclei (N = 3 and n = 8, 40 to 
80 imaging fields). (F) Representative images showing E-cadherin and vimentin of tumors. (G) Corresponding quantification of the expression ratio of E-cadherin and 
vimentin (N = 3 and n = 8, 40 to 80 imaging fields). (H) Representative images of TGF-–stained tumor sections. (I) Corresponding quantification of TGF-–positive area within 
tumors (N = 3 and n = 6 to 8). (J) Representative images showing fibronectin expression within tumors. (K) Corresponding quantification of fibronectin-positive area within 
tumors (N = 3 and n = 6 to 8). (L) Blood glucose of diabetic mice treated with or without FAKi (N = 3). (M) Representative images of tumor sections with IHC staining for AGEs. 
(N) Corresponding quantification of normalized AGE-positive area (N = 3 and n = 8). (O) Elastic modulus of diabetic tumors treated with or without FAKi (N = 3 and n = 4, 
584 to 882 measurements). (P) Corresponding histogram of AFM measurements. Data are presented as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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sensing is involved in the promotion of breast tumor progression 
by diabetic hyperglycemia-mediated glycation.

Diabetes activates glycation, increases ECM stiffness, 
promotes cell proliferation, and up-regulates EMT within 
tumor specimens from patients with breast cancer
Our in vivo data suggest that hyperglycemia-mediated glycation 
increases ECM stiffness and promotes breast tumor progression. 
To verify this finding clinically, AGE concentration within the stroma 
of diabetic and nondiabetic human breast tumors was quantified 
with IHC staining (Fig. 8, A and B), and matrix stiffness was mea-
sured with AFM (Fig. 8, C and D). Early-stage breast tumors (stage I/II) 
isolated from diabetic patients have higher AGE concentrations and 
increased ECM stiffness than those extracted from patients who were 
not diagnosed with diabetes. Moreover, consistent with our in vivo data, 
there were significantly more Ki67-positive cells in tumors extracted 
from diabetic patients compared to those from nondiabetic patients 
(Fig. 8, E and F). Consistent with this finding, the EMT ratio, the 
level of TGF-, and fibronectin were significantly higher in tumors 
from diabetic patients (Fig. 8, G to L). Together, these data indicate 
that tumors in diabetic breast cancer patients have more glycation, 
increased ECM stiffness, increased cell proliferation, and up-regulated 
EMT, supporting our in vivo murine data indicating that diabetic 
hyperglycemia-mediated glycation promotes breast cancer progression 
via matrix stiffening.

DISCUSSION
Here, we show that diabetic hyperglycemia promotes breast tumor 
progression via glycation-mediated tumor ECM stiffening. Pharma-
cological inhibition of glycation was sufficient to decrease tumor 
progression of diabetic mice independently of the hyperglycemia 
status. We have established a novel mouse model where diabetic 
hyperglycemia is established in female MMTV-PyMT mice via STZ 
injections and high-fat diet before spontaneous mammary tumor 
generation. Using this model, we have uncovered and described a 
previously unknown role for nonenzymatic glycation in promoting 
tumorigenesis under hyperglycemic conditions. Compared to non-
diabetic tumors, diabetic mouse tumors were stiffer, more pro-
liferative, and further along the EMT spectrum, all of which correlate 
with worsened prognosis (26–28). Using AGE inhibitors, we mech-
anistically demonstrated that AGE-mediated cross-linking uniquely 
contributes to the enhanced tumorigenesis present in hyperglycemic 
mice. This murine model shows great potential in further probing the 
synergy between diabetes and cancer progression. Our findings highlight 
the importance of considering the interplay between diabetes and cancer, 
as both rank in the top 10 causes of death in the United States (29).

The effects of glycation and AGEs resulting from chronic hyper-
glycemia are far-reaching and have been implicated in numerous 
diabetes-associated complications including retinopathy, neuropathy, 
nephropathy, and cardiomyopathy (30). While other studies have 
focused on the chemical signaling role of RAGEs, RAGEs, in cancer 

Fig. 8. Diabetes activates glycation, promotes cell proliferation, and shifts EMT within tumors from patients with breast cancer. (A) Representative images of 
tumor sections with IHC staining for AGEs within tumors extracted from patients with breast cancer diagnosed with or without diabetes. (B) Corresponding quantification 
of normalized AGE-positive area (N = 4). (C) Elastic modulus of tumors from diabetic or nondiabetic patients measured by AFM (N = 4, 478 to 482 measurements per con-
dition). (D) Corresponding histogram of AFM measurements of diabetic or nondiabetic tumors. (E) Representative images showing Ki67 and nucleus colocalization 
within tumors extracted from patients with breast cancer diagnosed with or without diabetes. (F) Quantification of the percentage of cells with Ki67+ nuclei (N = 4, 
40 imaging fields included). (G) Representative images of immunofluorescence staining showing E-cadherin and vimentin of tumors extracted from diabetic or nondiabetic 
patients (N = 4, 40 imaging fields included). (H) Quantification of EMT ratio (N = 4, 40 imaging fields included). (I) Representative images of TGF-–stained tumor sections 
extracted from diabetic and nondiabetic patients. (J) Corresponding quantification of TGF-–positive area within tumors (N = 4). (K) Representative images showing fi-
bronectin expression within tumors. (L) Corresponding quantification of fibronectin-positive area within tumors (N = 4). Data are presented as means ± SEM. *P < 0.05, 
**P < 0.01, and ****P < 0.0001.
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progression, we also focus on the mechanical role of nonenzymatic 
glycation, where AGEs are a bioactive byproduct of this reaction 
(31, 32). To parse apart the effect of the mechanical cross-linking 
and AGE signaling, we implemented treatment with two inhibitors, 
AG and alagebrium, which affect different steps in the nonenzymat-
ic glycation reaction. As AG inhibits AGE formation, this inhibitor 
blocks both the chemical and mechanical effects of the nonenzy-
matic glycation (33). Alagebrium acts as an AGE cross-link breaker 
that allows AGEs to form but removes the cross-links, effectively 
permitting chemical signaling while negating the mechanical ef-
fects of nonenzymatic glycation (34). As we found similar effects 
across all metrics for both AG- and alagebrium-treated diabetic mice, 
our findings suggest that AGE-mediated ECM stiffening plays a crit-
ical role in the increased aggressiveness of mammary tumors in hy-
perglycemic mice that cannot be compensated for by AGE-RAGE 
signaling alone. An important consideration that we have not ad-
dressed in this work is whether the enhanced tumor cell prolif-
eration we observe in hyperglycemic mice is primarily driven 
directly by increased ECM stiffness or by enhanced tumor growth 
pressure associated with increased confinement due to ECM stiffness, 
which has also been shown to induce protumorigenic cell signaling 
in vitro and in vivo (35, 36). Further studies to parse apart the exact 
cell mechanosensing mechanism would facilitate the discovery 
of more targeted therapies to benefit patients with these highly preva-
lent comorbidities.

AGEs have been implicated in numerous pathologies, including 
diabetes, cancer, atherosclerosis, rheumatoid arthritis, bone fragility 
fracture, kidney failure, Alzheimer’s disease, and premature aging 
(37, 38). While efforts have been made to develop and test a variety 
of AGE-inhibiting drugs, clinical trials have produced mixed results 
(38, 39). As our study along with ample experimental and clinical 
evidence shows that outcomes are worsened for breast cancer patients 
with preexisting diabetes, this subset of diabetic cancer patients may 
uniquely benefit from the addition of AGE-inhibiting treatment to 
the traditional therapeutic strategy (40). One commonly used drug, 
metformin, which lowers blood glucose and is a first-line agent in 
the treatment of type II diabetes, is also known to inhibit AGEs (41). 
Diabetic patients on metformin have a roughly one-third reduction 
in cancer incidence and mortality compared to patients on other 
antidiabetic drugs (42). Outside of diabetes, metformin has recently 
shown incredible promise as a complementary therapeutic alongside 
standard-of-care treatment (42). Given the results of our study and 
the benefits of metformin in both diabetes and cancer treatments, 
further work to delineate the synergy of breast cancer and diabetes 
and test the potential complementary effects of other AGE-inhibiting 
drugs should be pursued.

MATERIALS AND METHODS
Antibodies and reagents
Antibodies used for staining in Western blot and IHC experiments were 
as follows: anti-AGE antibody (ab23722, Abcam, Cambridge, UK), 
anti-fibronectin antibody (sc-9068 and sc-6953, Santa Cruz Bio-
technology, Dallas, TX, USA), anti–TGF- antibody (ab92486, Abcam), 
and anti–glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
antibody (Poly6314; BioLegend, San Diego, CA, USA). Primary and 
secondary antibodies used in immunofluorescence staining in-
cluded anti-vimentin antibody (ab92547, Abcam), anti–polyoma virus 
medium T antigen antibody (PyMT; ab15085, Abcam), anti–E-cadherin 

antibody (7870, Santa Cruz Biotechnology), anti-Ki67 antibody 
(14-5698-82, Thermo Fisher Scientific, Waltham, MA, USA), anti-rat 
Alexa Fluor 647 goat antibody (A21247, Thermo Fisher Scientific), 
and anti-rabbit Alexa Fluor 568 donkey antibody (A10042, Thermo 
Fisher Scientific). All other reagents used here were purchased from 
Thermo Fisher Scientific.

MMTV-PyMT transgenic mouse studies
FVB/N-Tg(MMTV-PyVT)634Mul/J (MMTV-PyMT) mice were used 
in this study. All mice were maintained following a protocol ap-
proved by the Vanderbilt University Institutional Animal Care and 
Use Committee (protocol no. M1700029-01). Female MMTV-PyMT 
mice of the FVB strain background (The Jackson Laboratory, Bar 
Harbor, ME, USA) were fed with D12492 high-fat diet (NC0004611, 
Research Diet Inc., New Brunswck, NJ, USA) starting at 4 weeks of 
age. To induce diabetes, mice were given five consecutive daily 
doses of STZ (MilliporeSigma) through intraperitoneal injection at 
70 mg/kg body weight. STZ is a small molecule that has been shown 
to selectively destroy pancreatic beta islet cells and induce diabetic 
hyperglycemia within mice (43). The control group of mice was 
injected with citrate buffer [0.1 mM (pH 4.5); MilliporeSigma] as 
vehicle control. Body mass, tumor volume, and glucose levels of 
mice were measured weekly starting before beginning STZ injec-
tions and continuing until the mice were euthanized. The tumor 
volume of the MMTV-PyMT transgenic mice was calculated as 
follows:  × length2 × width/12 (44). Mice with a blood glucose 
level above 400 mg dl−1 were considered diabetic. To further de-
termine that diabetes was induced in the mice, the presence of beta 
islet cells within the pancreas was quantified with IHC at the study  
endpoint.

For the STZ-treated mice receiving insulin, mice were treated 
with insulin glargine (MilliporeSigma) for 7 weeks via implantation 
of a subcutaneous insulin pump (ALZET mini osmotic pump, 0.5 U 
of insulin per mouse per day, Model 2006). The osmotic insulin 
pumps were implanted the day after diabetic hyperglycemia was 
confirmed (on week 6) (45). For STZ-injected mice receiving AG, 
mice were treated with 3 mg/kg body weight AG (MilliporeSigma) 
in drinking water until the study endpoint. For STZ-injected mice 
receiving alagebrium (ALT711) treatment, mice were treated with 
1 mg/kg body weight alagebrium (MedChemExpress, Monmouth 
Junction, NJ, USA) injected daily intraperitoneally until study 
endpoint. For the STZ-treated mice receiving PF573229, 50 M 
PF573228 (MedChemExpress) was injected subcutaneously daily 
until the endpoint of the study (46).

Seven weeks after STZ injection, mice were humanely euthanized 
by CO2 asphyxiation and necropsied. Mammary tumors were 
collected and snap-frozen in 70% ethanol dry ice slurry or fixed with 
4% (v/v) paraformaldehyde in phosphate-buffered saline (PBS). 
Snap-frozen samples were then sectioned at a thickness of 5 m for 
immunofluorescence and immunohistochemical staining and at 
20 m for AFM. Fixed tissues were sectioned at a thickness of 5 m 
for collagen quantification via picrosirius staining. Tumor aggres-
siveness was further assessed with hematoxylin and eosin staining 
followed by tumor grading by a blinded veterinary pathologist. 
Female mice have been found to be resistant to STZ-induced dia-
betic hyperglycemia (47). Noting this difficulty of inducing diabetic 
hyperglycemia in female mice, several other permutations of one of 
the commonly used methods, STZ injections, were also tested on 
our MMTV-PyMT mice (43, 48, 49). Our results showed that these 
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regimens of STZ injections either failed to elevate blood glucose at 
all (fig. S1, A to F) or elevated glucose at a delayed rate, so diabetic 
levels were not reached until week 8 when tumor progression had 
already initiated (fig. S1, G and H). (50).

Glucose and insulin tolerance assay
Glucose tolerance assay and insulin tolerance assay were also per-
formed within 1 week after STZ injection. The mice were fasted 
8 hours before both experiments. For glucose tolerance assay, mice 
were injected with sterile 10% glucose (MilliporeSigma) intraperi-
toneally at 1 g/kg body weight. For insulin tolerance assay, insulin 
(Eli Lilly, Indianapolis, IN, USA) was administered through intra-
peritoneal injection at 2 U/kg body weight. Blood was collected 
immediately before the administration and at 15, 30, 60, 90, and 
120 min after administration.

Cell culture
MET-1 cells extracted from MMTV-PyMT mice were cultured in 
Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) 
fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (20). 
Cells were maintained at 37°C, humidified atmosphere of 5% (v/v) 
CO2 in air. Cells were tested for mycoplasma contamination, and 
experiments were conducted under mycoplasma-negative condi-
tions. For glycation inhibition studies, cells were seeded on collagen- 
coated coverslips and treated with either AG or ALT711 at 10, 100, 
or 1000 M concentration for 24 or 72 hours. For cell proliferation 
assay, cells with normal or decreased RAGE expression were seeded 
onto collagen-coated polyacrylamide substrates or embedded in 
collagen matrix glycated with different amounts of glucose. For the 
comet assay and TUNEL assay, MET-1 cells were seeded on collagen- 
coated coverslips and treated with STZ (0.875 mg/ml) for 5 days. Cells 
were fixed with 3.7% (v/v) paraformaldehyde in PBS for 10 min 
at room temperature. Cells were kept in PBS at 4°C until downstream 
experiments.

Immunofluorescence
Tumor tissue sections extracted from MMTV-PyMT mice or 
MET-1 cells (+/− RAGE shRNA) receiving AG or ALT711 treat-
ment were fixed with 4% (v/v) paraformaldehyde in PBS for 10 min 
at room temperature. After fixation, samples were washed with PBS 
and permeabilized with 1% (v/v) Triton X-100 (Thermo Fisher 
Scientific) in PBS. After permeabilization, tissue sections were then 
blocked with 10% (v/v) FBS, 5% (v/v) donkey serum, and 5% (v/v) 
goat serum for 2 hours at room temperature. Samples were then 
stained with primary antibodies, including anti-vimentin antibody 
(ab92547, Abcam), anti-PyMT antigen antibody (ab15085, Abcam), 
anti–E-cadherin antibody (7870, Santa Cruz Biotechnology), and 
anti-Ki67 antibody (14-5698-82, Thermo Fisher Scientific) at 1:50 
diluted in PBS with 10% (v/v) FBS, 5% (v/v) donkey serum, and 5% 
(v/v) goat serum overnight at 4°C. After washing with PBS supple-
mented with 0.02% Tween 20, samples were then incubated with 
secondary antibodies, including goat anti-rat Alexa Fluor 647 anti-
body (A21247, Thermo Fisher Scientific) and donkey anti-rabbit 
Alexa Fluor 568 antibody (A10042, Thermo Fisher Scientific) at 
1:100 diluted in PBS with 10% (v/v) FBS, 5% donkey serum, and 5% 
goat serum for 1 hour at room temperature in the dark. Immuno-
fluorescent images were acquired with a Zeiss LSM800 confocal 
microscope using a 40×/1.1 numerical aperture (NA) water immersion 
objective and 405, 568, and 640 excitation laser lines and z-stack 

imaging. Protein colocalization analysis was performed as previously 
described (51). Briefly, filtered corresponding images were overlaid, 
and the overlap area was measured.

Western blot analysis
Snap-frozen tumors extracted from mice were ground using a 
precooled (−80°C) mortar and pestle. The pulverized tumor was 
then lysed in Laemmli buffer and centrifuged at 14,000g at 4°C for 
10 min. The supernatant was collected and used for Western blotting. 
The protein concentration was measured with the DC Assay Kit 
(Bio-Rad), subjected to gel electrophoresis [8% (w/v) acrylamide 
gel], and transferred to polyvinylidene difluoride membranes as 
described previously (52). Membranes were then blocked with 5% 
bovine serum albumin (MilliporeSigma) in tris-buffered saline 
(TBS). Membranes were then incubated with primary antibody 
overnight at 4°C, washed with TBS supplemented with 0.1% Tween 20. 
After washing, membranes were stained with secondary antibody 
for 1 hour at room temperature. Primary antibodies were prepared 
at 1:1000 dilution in 5% bovine serum albumin. Secondary antibodies 
conjugated to horseradish peroxidase were prepared at 1:2000 dilu-
tion. Membranes were imaged with West Pico or West Dura (Thermo 
Fisher Scientific) per their respective protocols, using an ImageQuant 
LAS-4000 system. Quantification was performed with ImageJ 
[National Institutes of Health (NIH)].The relevant protein expression 
level was expressed as the ratio of the protein of interest to GAPDH.

Atomic force microscopy
ECM stiffness of tumors extracted from PyMT mice or patients 
with breast cancer was measured using contact mode AFM (MFP-
3D, Asylum Research). Snap-frozen tissue samples were sectioned 
at a thickness of 20 m and incubated in PBS supplemented with 
protease inhibitor cocktail (Thermo Fisher Scientific) during the 
measurement. A silicon nitride cantilever having a nominal spring 
constant of 0.06 N  m−1 and 5-m-diameter spherical borosilicate 
glass bead (Novascan, Boone, IA, USA) was used. The probe spring 
constant was measured before each session. Force-displacement 
curves were obtained by indenting two or three force maps (10-
by-10 grid spaced 10 m apart) on each tissue section with approach 
and retract speeds of 2 m s−1 until reaching the maximum set force 
of 3 nN. To calculate elastic modulus from each indentation, the 
force-displacement curve was fitted to the Hertz model assuming a 
Poisson’s ratio of 0.5.

Immunohistochemistry
Tumor tissue sections extracted from MMTV-PyMT mice were 
fixed with 4% (v/v) paraformaldehyde in PBS for 10 min at room 
temperature. After incubating with primary antibodies overnight at 
4°C, endogenous peroxidases in the samples were oxidized by expo-
sure to 0.3% H2O2 in TBS for 15 min at room temperature. Sam-
ples were then incubated with secondary antibody, horseradish 
peroxidase–conjugated anti-rabbit goat antibody (611-103-122, 
Rockland Immunochemicals, Limerick, PA, USA) at 1:400 diluted in 
TBS with 10% (v/v) FBS and 10% goat serum for 1 hour at room tem-
perature. Samples were then incubated with 3,3’-Diaminobenzidine 
(DAB) (Cell Signaling Technology) for signal development and with 
Mayer’s hematoxylin for counterstaining. After dehydration and 
mounting, tissue sections were then digitalized using the Leica 
SCN400 Slide Scanner. Signal intensity and percentage of the signal- 
positive area were quantified with Leica Digital Image Hub.
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Comet assay
The comet assay was performed according to the protocol described 
previously (19). MET-1 cells treated with STZ for 5 days were sus-
pended in 1% low gelling temperature agarose (Sigma-Aldrich; type 
VII, catalog no. A-4018) in PBS at 37°C and pipetted immediately 
onto a glass slide with a layer of 1% agarose. After agarose has gelled, 
slides were first immersed in alkaline lysis solution at 4°C overnight 
and then rinsed at room temperature for 20 min. After three rinses, 
slides were transferred into an electrophoresis tank and undergo 
electrophoresis for 20 min at a voltage of 0.6 V/cm. After electro-
phoresis, slides were rinsed in distilled water and stained with 
propidium iodide at 2.5 g/ml concentration in distilled water for 
20 min. Slides were then rinsed and imaged with a Zeiss LSM700 
confocal microscope using a 20×/1.1 NA water immersion objective 
and z-stack imaging. The tail moment, which represents DNA 
damage, was quantified using Comet Assay IV software (Instem, 
Staffordshire, UK).

TUNEL assay
The TUNEL assay was performed using a Click-iT Plus TUNEL 
Assay kit (C10617, Thermo Fisher Scientific) and per the instruction 
provided by the manufacturer.

Deoxyribonuclease-treated cells were included as a positive con-
trol for the assay. Slides were imaged using with a Zeiss LSM700 
confocal microscope using a 20×/1.1 NA water immersion objective 
and z-stack imaging.

Collagen deposition assay
Fixed tumor sections collected from PyMT mice were hydrated and 
stained using a Picrosirius red stain kit (24901-250, Polysciences 
Inc.) according to the manufacturer’s instructions. After dehy-
dration and mounting, quantitative polarization microscopy was 
performed on the sections as previously described using an inverted 
Axiovert microscope equipped with a rotatable linear polarizer and 
a circular polarizer with a Zeiss Axiocam 506 color camera (52). 
Quantification of optical retardance was performed using the pre- 
established method (52). Briefly, average retardance of a randomly 
selected region of interest from each image with background sub-
traction was used to quantify collagen content in the tumor sections.

Unconfined compression assay
Snap-frozen tumors from PyMT mice were thawed in PBS with 
protease inhibitor cocktail immediately before mechanical testing 
was performed as described previously (21). Tumor mechanical 
properties were measured using a TA Electroforce Model 3100 (TA 
Instruments). Tissues were subjected to 15% strain with 3% stepwise 
displacements over five steps. Each step consisted of a 1-mm inden-
tation with a 15-min relaxation time. Using a custom MATLAB 
script, the equilibrium modulus was calculated from the slope of the 
stress-strain curves generated using a poroviscoelastic model.

Analysis of human breast tumor
To examine the correlation between glycation and tumor progres-
sion, tumor specimens from diabetic or nondiabetic breast cancer 
patients were obtained from Cooperative Human Tissue Network 
according to the protocol approved by the Institutional Review Board 
(IRB) at the Vanderbilt University Medical Center (IRB no. 201314, 
see corresponding clinical information in table S1). Snap-frozen 
breast tumors were obtained and sectioned at a thickness of 8 m 

for immunofluorescence staining and immunochemistry staining 
or at 20 m for AFM.

Statistical analysis
Statistical analysis was performed with GraphPad Prism 8.0a 
(GraphPad Software, La Jolla, CA, USA). Data here are presented 
as means ± SEM. Two tailed t test was used for comparisons of two 
groups. When more than two groups were analyzed, parametric 
one- or two-tailed one-way analysis of variance (ANOVA) followed 
by a Mann-Whitney test or a post hoc Tukey’s test were used where 
appropriate. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1673

View/request a protocol for this paper from Bio-protocol.
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