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Simple Summary: Specific metabolic phenotypes of breast cancer result from local interactions such
as cancer-adipocyte cross-talk and systemic metabolic influences such as obesity. Here we examined
key regulatory enzymes involved in glucose metabolism in breast cancer tissue and cancer-associated
adipose tissue of normal-weight and overweight/obese premenopausal women in comparison to
benign breast tumor tissue and adipose tissue of weight-matched women. We show a simultaneous
increase in 5'-AMP-activated protein kinase (AMPK) protein expression with glucose utilization
favoring glycolysis and pentose phosphate pathway in breast cancer tissue. In parallel, we show
an increased AMPK protein expression with glucose utilization favoring the pentose phosphate
pathway in cancer-associated adipose tissue. Moreover, specific features of cancer tissue glycolysis
and glycogen metabolism differ between normal-weight and overweight/obese women. The results
suggest context-dependent induction of tissue-specific Warburg effect in breast cancer and cancer-
associated adipose tissue.

Abstract: Typical features of the breast malignant phenotype rely on metabolic reprogramming
of cancer cells and their interaction with surrounding adipocytes. Obesity is strongly associated
with breast cancer mortality, yet the effects of obesity on metabolic reprogramming of cancer and
cancer-associated adipose tissue remain largely unknown. Paired biopsies of breast tumor tissue and
adipose tissue from premenopausal women were divided according to pathohistological analyses
and body mass index on normal-weight and overweight/obese with benign or malignant tumors.
We investigated the protein expression of key regulatory enzymes of glycolysis, pentose phosphate
pathway (PPP), and glycogen synthesis. Breast cancer tissue showed a simultaneous increase in
5'-AMP-activated protein kinase (AMPK) protein expression with typical features of the Warburg
effect, including hexokinase 2 (HK 2) overexpression and its association with mitochondrial voltage-
dependent anion-selective channel protein 1, associated with an overexpression of rate-limiting
enzymes of glycolysis (phosphofructokinase 1—PFK-1) and pentose phosphate pathway (glucose-6-
phosphate dehydrogenase—G6PDH). In parallel, cancer-associated adipose tissue showed increased
AMPK protein expression with overexpression of HK 2 and G6PDH in line with increased PPP
activity. Moreover, important obesity-associated differences in glucose metabolism were observed in
breast cancer tissue showing prominent glycogen deposition and higher glycogen synthase kinase-3
protein expression in normal-weight women and higher PFK-1 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) protein expression in overweight/obese women. In conclusion, metabolic
reprogramming of glycolysis contributes to tissue-specific Warburg effect in breast cancer and cancer-
associated adipose tissue.
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1. Introduction

Breast cancer incidence has been rising in recent decades [1], making it the most
common malignancy among young women below 40 years of age [2]. Despite continuous
advances in diagnostic and therapeutic approaches, premenopausal breast cancer often
presents at more advanced stages with worse prognoses than postmenopausal breast
cancer [3,4]. Another global health concern, obesity, is taking on epidemic proportions, and
accumulating evidence has linked it to breast cancer incidence [5]. Obesity is known to
increase the risk of postmenopausal breast cancer, while it seems to decrease the risk of
premenopausal breast cancer [6]. Nevertheless, most clinical studies show more aggressive
breast cancer phenotypes, higher rates of metastasis, therapeutic resistance, and mortality
in both pre- and postmenopausal obese women compared to normal-weight women [7-9].
These findings demonstrate that our current understanding of the complex relationship
between breast cancer and obesity warrants urgent attention.

Recent studies show that glycolytic reprogramming serves multiple purposes in cancer,
including energy production, supply of metabolic intermediates for biosynthetic pathways,
posttranslational regulation through glycoprotein synthesis, and redox homeostasis mainte-
nance [10]. Altered glucose metabolism is one of the first recognized features of malignant
tumors since Otto Warburg discovered that cancer cells utilize glycolysis leading to lactate
production even in the presence of oxygen [11]. Accordingly, this phenomenon was termed
the Warburg effect. Later, Pedersen [12] defined hexokinase 2 (HK 2) overexpression and
its mitochondrial association with voltage-dependent anion channel (VDAC) as primary
signatures of the Warburg effect. Phosphorylation of glucose by hexokinases is the first com-
mitted step in glucose catabolism directing it to glycolysis and pentose phosphate pathway
(PPP). High glucose uptake and intensified glucose metabolism are partly enabled by HK 2
gene duplication and overexpression [13]. Additionally, association with mitochondrial
VDAC releases HK 2 from inhibition by glucose 6-phosphate and provides direct access to
ATP, increasing HK 2 activity and promoting prolonged glycolysis [14,15]. Furthermore,
the rate-limiting glycolytic enzyme, phosphofructokinase 1 (PFK-1), catalyzes the key
regulatory step in glycolysis, acting as a metabolic valve and determining the glycolytic
flux [16]. In a parallel metabolic pathway, the rate-limiting enzyme, glucose-6-phosphate
dehydrogenase (G6PDH), directs glucose into PPP [17].

Metabolic reprogramming is no longer viewed as an exclusively intrinsic trait of can-
cer cells. Rather, metabolic reprogramming is a context-dependent and dynamic process
resulting from bidirectional interactions between cancer cells and their local and systemic
environment [18]. The tumor microenvironment entails specific physical properties, extra-
cellular matrix, secreted factors, and various types of stromal cells [19]. Cancer-associated
adipocytes have emerged as valuable contributors to breast cancer development and
progression [20]. They were first recognized to stimulate breast cancer cell proliferation
through adipokines, proinflammatory cytokines, and growth factors [21]. Currently, cancer-
adipose tissue cross-talk is studied as an important example of cancer-stroma metabolic
cooperation [22,23]. Adipocytes can engage in intracellular trafficking of many metabolites,
including fatty acids, glycerol, ketone bodies, lactate, as well as whole exosomes with
cancer cells [24,25]. However, little is known about the mechanisms of adipose tissue
metabolic reprogramming that enables such metabolic coupling. Moreover, data on in vivo
metabolic signatures of mammary adipose tissue, relevant for breast cancer, is very scarce.

Our previous studies indicated strong lactate-centric cooperation between breast
cancer and cancer-associated adipose tissue in premenopausal women. Our data showed
that adipose tissue-expressing lactate dehydrogenase B was found in close proximity to
cancer tissue rich in lactate and expressing lactate dehydrogenase A [25]. Moreover, we



Cancers 2021, 13, 2731

30f17

showed that such complementary metabolic reprogramming was underpinned by redox
reprogramming favoring increased antioxidant defense levels in both breast cancer and
cancer-associated adipose tissue [26].

Our current study aimed to uncover the relationship between key features of glucose
metabolism in breast cancer and cancer-associated adipose tissues. We investigated the
context-dependent nature of glucose metabolism by undertaking a cross-examination
of breast cancer and adipose tissue biopsies from normal-weight and overweight/obese
premenopausal women. We analyzed protein expression of key rate-limiting and regulatory
enzymes involved in major pathways of glucose metabolism, including glycolysis, PPP,
and glycogen metabolism, as well as hallmarks of the Warburg effect such as HK 2 protein
expression and cellular localization. Our results reveal parallel increases in 5'-AMP-
activated protein kinase (AMPK) protein expression levels in breast cancer and cancer-
associated adipose tissue, as well as the induction of tissue-specific Warburg effects. In
addition, the results strongly support the concept that obesity can directly influence key
features of glucose metabolism in breast cancer tissue of premenopausal women and add
to our understanding of metabolic reprogramming in the breast cancer microenvironment.

2. Materials and Methods
2.1. Patient Recruitment and Tumor Sample Collection

Thirty-six premenopausal women with regular menstrual cycles for at least six months
were included in the study. According to the World Health Organization criteria [27],
participants were grouped into normal-weight (BMI < 25 kg/m?) or overweight/obese
(BMI > 25 kg/ m?). All women were scheduled for surgical removal of benign or malignant
breast tumors. Under general balanced anesthesia, two tissue samples were taken from
each patient; one of the breast tumor tissue and one of the breast adipose tissue. Breast
(mammary) adipose tissue that was proximal to the tumor but did not include the invasive
front of the tumor was designated as tumor-associated adipose tissue. Following the
histopathological analysis, samples were classified into either benign breast fibroadenomas
or malignant breast invasive ductal carcinomas (luminal type A (ER*/PR*/HER2"™), thus
forming four groups of samples (1 = 9): benign tumors from normal-weight individuals,
benign tumors from overweight/obese individuals, malignant tumors from normal-weight
individuals, and malignant tumors from overweight/obese individuals. Each sample
of tumor and adipose tissue was cut into two parts for protein expression/localization
analyses, either quantitative (western blotting) or cell type/localization (immunohisto-
chemistry /immunofluorescence). For western blotting, one piece of the tissue sample was
immediately frozen in liquid nitrogen. Samples were stored at —80 °C until subsequent
protein isolation (TRI Regent, Ambion, Austin, TX, USA). For immunohistochemical and
immunofluorescent analyses, the second piece of the tissue sample was immediately fixed
in 4% paraformaldehyde (PFA) solution and stored in ethanol at 4 °C before downstream
histological processing.

2.2. Western Blotting

Western blot analysis was done for the determination of protein content according
to the previously published protocol [28]. Primary antibodies against 5'-AMP-activated
protein kinase, hexokinase 1, hexokinase 2, phosphofructokinase 1, glyceraldehyde-3-
phosphate dehydrogenase, glucose-6-phosphate 1-dehydrogenase, glycogen synthase
kinase-3, and house-keeping protein 3-actin were purchased from Millipore Sigma (Burling-
ton, MA, USA), Santa Cruz (Dallas, TX, USA), and Abcam (Cambridge, UK) and used
at the following concentrations; AMPK (1 ug/mL; #07-3505P), HK 1 (1 ug/mL; sc46695),
HK 2 (1 pg/mL; ab104836), PFK-1 (1 pug/mL; ab119796), GAPDH (0.2 ug/mL; ab8245),
G6PDH (1 pg/mL; ab76598), GSK-3 «/ {3 (1 ug/mL; ab90366), and 3-actin (0.5 ng/mL;
ab8226). Densitometric analyses were performed on immunoreactive bands using the
Image ] software (Version v1.53c, National Institutes of Health, Bethesda, MD, USA). The
sum of pixel intensities for each band was considered as the total band density for each
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protein of interest. Subsequently, band density was normalized as the ratio of pixel intensity
for the target protein averaged against the loading control (3-actin). For all proteins of
interest, protein content was shown as protein expression in arbitrary units (AU) from
three independent experiments. Images of whole uncut blots with values of densitometric
analysis for each band are shown Figure S1.

2.3. Periodic Acid-Schiff Staining

Periodic Acid-Schiff (PAS) staining for the histological detection of glycogen was
performed according to the manufacturer’s instructions (Cat. No. 04-163802, Bio Optica,
Milano, Italy). To detect glycogen-specific staining, pretreatment with a diastase kit contain-
ing oc amylase was used according to the manufacturer’s instructions (Cat. No. 04-140805,
Bio Optica, Milano, Italy). For each sample, pairs of serial sections were used for PAS
staining, where one section was pretreated with diastase and served as a negative control
for its respective serial section. Five pm thick paraffin-embedded serial sections were used
for the staining.

2.4. Immunohistochemistry

Immunohistochemistry was used to confirm cell-specific protein expression and lo-
calization of HK 2 in cancer cells and adipocytes in breast tumor and adipose tissue. 4%
PFA-fixed samples were embedded into the paraffin and cut into 5um tick serial sections.
The immunolabeling procedure was performed following a previously published proto-
col [29] using primary antibodies against HK 2 (2 ug/mL; ab104836) and the appropriate
secondary antibodies (all purchased from Abcam, Cambridge, UK). Namely, before in-
cubation with antibodies, antigen retrieval was performed in the microwave for 5 min
until citrate buffer was brought to the boiling point. Sections were incubated with primary
antibodies overnight at 4 °C, rinsed, and incubated with secondary antibodies for 2 h at
room temperature the next day. A Dako LSAB Universal Kit was used for immunodetection
and visualization (Dako Scientific, Glostrup, Denmark). Finally, hematoxylin was used for
counterstaining; sections were mounted with DPX (Sigma-Aldrich, St Louis, MO, USA)
and examined with a Leica DMLB microscope (Leica Microsystems, Wetzlar, Austria).

2.5. Immunofluorescence and Microscopy

Immunofluorescence and confocal microscopy were used to analyze the cellular local-
ization and colocalization patterns of relevant proteins following a previously published
procedure. Briefly, a sequential immunofluorescence assay was performed in the dark
on PFA-fixed, paraffin-embedded 5um tick serial sections [30] using primary antibodies
against VDAC (5 ug mL~1; ab46545, Abcam), HK 1 (5 pg mL~!; ab46545, Abcam), and HK
2 (5 ug mL~1; ab46545, Abcam) and the appropriate fluorochrome-conjugated secondary
antibodies Alexa Fluor 488 and Alexa Fluor 633 (1:400, A-11029, Alexa Fluor® 488 goat
anti-rabbit, and 1:400, A-21052; Alexa Fluor® 633, Life Technologies, Carlsbad, CA, USA).
Sytox Orange (1 pL mL~!, Thermo Fisher Scientific, Waltham, MA, USA) was used as a
counterstain to visualize the nuclei. Mowiol (Polysciences, Eppelheim, Germany) was used
as a mounting agent. Leica TCS SP5 confocal laser scanning microscope (Leica Microsys-
tems, Wetzlar, Germany) was used in sequential mode to acquire confocal images and
avoid bleed-through between different channels. The same procedure with the omission of
primary antibodies was used as a negative control to test the specificity of antibodies.

2.6. Statistical Data Analyses

All data were statistically analyzed using GraphPad Prism software (Version 6.01
GraphPad Software, San Diego, CA, USA). All data sets were tested for the normality of
distribution using D’ Agostino or Pearson’s omnibus normality test. To compare within-
group variation, a one-way two-tailed analysis of variance (ANOVA) was applied. After
assessing the overall differences by the F test, the comparisons of inter-group differences
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were evaluated by multiple comparison Tukey’s post hoc test. Statistical significances were
considered at p < 0.05.

3. Results
3.1. Breast Cancer Tissue Shows Hallmark Signatures in Major Glucose Metabolic Pathways with
Obesity-Related Differences between Normal-Weight and Obese Premenopausal Women
Assessment of the protein expression levels of the main energy sensor regulating
cellular energy metabolism, AMPK as well as the rate-limiting enzymes within three major
pathways of glucose metabolism (glycolysis, pentose phosphate pathway, and glycogen
metabolism) revealed profound changes in the energy metabolism of malignant tumor
tissue in comparison to benign tumor tissue. Consistent with the high energy demands of
cancer tissue, AMPK protein expression was significantly higher in malignant tumor tissue
than in benign tumor tissue, irrespective of obesity (Figure 1A). Similarly, the key rate-
limiting enzyme of glycolysis and one of the hallmarks of neoplastic transformation, HK 2,
was significantly overexpressed in malignant tumor tissues, while HK 1 was constitutively
expressed and did not differ between benign and malignant tumor tissues, irrespective
of obesity (Figure 1B,C). The main enzymes for the preparatory and terminal phases of
glycolysis, PFK-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) showed a
similar pattern towards increased expression in malignant tumor tissues (Figure 1D,E).
Interestingly, PFK-1 showed an even higher protein expression level in malignant tumor
tissues of overweight/obese women compared to malignant tumor tissue of normal-weight
women, while GAPDH only showed an increased expression in malignant tumor tissues
of overweight/obese women. This observed difference could reflect context-dependent
changes in glycolytic fluxes showing a stronger tendency towards pyruvate production
in malignant tumor tissue of overweight/obese than in normal-weight premenopausal
women. As expected, the protein expression level of the rate-limiting enzyme of pentose
phosphate pathway G6PDH (Figure 1F) was significantly higher in malignant tumor tissues
regardless of obesity. Interestingly, the important regulatory enzyme inhibiting glycogen
synthase activity and thus regulating glycogen metabolism, glycogen synthase kinase-3
(GSK-3), showed significantly higher protein expression levels in malignant tumor tissues
of normal-weight women compared to either benign tumor tissue or malignant tumor
tissue from overweight/obese-weight women (Figure 1G). This finding may be indicative
of context-dependent utilization of glucose depositions by breast cancer tissue, most likely
representing an adaptive mechanism that is lost in malignant tissue of overweight/obese-
weight women.
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Figure 1. Breast cancer changes in glucose metabolic pathways and their relationship to obesity. Protein expression of 5'-AMP-activated protein kinase (AMPK, A), hexokinase 1 (HK 1, B),
hexokinase 2 (HK 2, C), phosphofructokinase (PFK-1, D), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, E), glucose-6-phosphate 1-dehydrogenase (G6PDH, F) and glycogen
synthase kinase-3 (GSK-3 «/ 3, G) in benign and malignant breast tumor tissue of normal-weight (black) and overweight/obese (gray) women. The protein content is normalized to
(-actin levels and expressed in arbitrary units (AU); mean values of densitometric analysis for each group are shown above respective bands. Two representative band images cut from the
same blot are shown for each group (n = 9); each band is representative of three pooled samples. Images of whole uncut blots with values of densitometric analysis for each band are
shown Figure S1. Bars represent average values + S.E.M. * Comparison to respective benign counterpart, * p < 0.05, ** p < 0.01, *** p < 0.001. # Comparison to normal-weight malignant
counterpart, # p < 0.05, ## p < 0.01.
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3.2. Breast Cancer Activates Energy Metabolism in Tumor-Associated Adipose Tissue and Induces
Profound Reprogramming of Glucose Metabolism

To investigate the metabolic features of cancer-associated adipose tissue from normal-
weight and overweight/obese women, protein expression analysis of key metabolic en-
zymes in glucose metabolism was performed using western blotting. In comparison to the
breast adipose tissue of women with benign tumors, malignant tumor-associated adipose
tissue showed higher protein expression levels of AMPK and adipocyte-specific isoform of
hexokinase—HK 2 (Figure 2A,B), while protein expression of downstream glycolytic en-
zymes PFK-1 and GAPDH did not change (Figure 2C,D). These data indicate that metabolic
reprogramming and increased glucose utilization in tumor-associated adipose tissue are not
directed towards pyruvate production but rather towards the pentose phosphate pathway
as supported by a higher protein expression of GGPDH observed (Figure 2E). Interestingly,
protein expression of GSK-3 (Figure 2F) was also higher in cancer-associated adipose tissue
compared to adipose tissue of women with benign breast tumors. No obesity-associated
differences in protein expression of metabolic enzymes were found in adipose tissue of
premenopausal women with breast cancer.

3.3. Glycogen Content Reveals Obesity-Related Differences in Glucose Metabolism between
Malignant Tumor Tissues of Normal-Weight and Overweight/Obese Premenopausal Women

To assess the glycogen content and analyze glycogen localization in tumor tissues,
we performed periodic Acid-Schiff (PAS) staining. Glycogen deposition was observed
in benign tumor tissues of both normal-weight and overweight/obese women and was
primarily localized in breast epithelial cells (Figure 3). Interestingly, malignant tumor
tissues of normal-weight women showed strong cytoplasmic staining for glycogen in
breast cancer cells, while no prominent glycogen deposition was observed in breast cancer
cells in malignant tumor tissue of overweight/obese women (Figure 3). These results may
indicate important obesity-related differences in glycogen metabolism.

3.4. Cell-Specific Localization of Hexokinase 2 in Cancer Cells and Cancer-Associated Adipocytes
in Breast Cancer of Normal-Weight and Overweight/Obese Premenopausal Women

We performed immunohistochemistry on tissue sections of benign and malignant
breast tumor samples from normal-weight and overweight/obese individuals to assess
any changes in HK 2 expression in tumor tissues and confirm adipocyte cell-specific
localization of HK 2 in tumor-associated adipose tissue. As expected, breast cancer cells
showed strong immunopositivity for HK 2 compared to benign tissues in both normal-
weight and overweight/obese individuals (Figure 4). Moreover, adipocytes were also
observed to express HK 2 in malignant tumor-associated adipose tissue irrespective of
obesity, but a more prominent immunopositivity was observed at the invasive front of the
tumor. Overexpression of HK 2 in tumor-associated adipose tissue was quite surprising
and has not been reported before as a part of an adipose tissue metabolic reprogramming
in malignancy.
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Figure 2. Breast cancer-associated adipose tissue changes in glucose metabolism irrespective of obesity. Protein expression of 5'-AMP-activated protein kinase (AMPK, A), hexokinase 2
(HK 2, B), phosphofructokinase (PFK-1, C), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, D), glucose-6-phosphate 1-dehydrogenase (G6PDH, E), and glycogen synthase kinase-3
(GSK-3 /3, F) in benign and malignant tumor-associated adipose tissue of normal-weight (black) and overweight/obese (gray) women. The protein content is normalized to 3-actin
levels and expressed in arbitrary units (AU); mean values of densitometric analysis for each group are shown above respective bands. Two representative band images cut from the same
blot are shown for each group (n = 9); each band is representative of three pooled samples. Images of whole uncut blots with values of densitometric analysis for each band are shown
Figure S1. Bars represent the average values £ S.E.M. * Comparison to respective benign counterpart, * p < 0.05, ** p < 0.01, *** p < 0.001.
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BENIGN MALIGNANT

Diastase ) Diastase

Normal-weight

Overweight/Obese

Figure 3. Glycogen content changes in breast cancer tissue are associated with obesity. Periodic Acid-Schiff (PAS) staining
and light microscopy showing glycogen localization patterns in benign and malignant tumor tissues. Glycogen (purple
staining) localization in breast cancer cells in malignant tumor tissue and breast epithelial cells in benign tumor tissue of
normal-weight and overweight/obese premenopausal women. For each sample, PAS staining is presented next to the serial
section pretreated with diastase, an enzyme that catalyzes glycogen hydrolysis. Magnification: x100, orig. Scale bar: 20 um.

Normal-weight

Overweight/Obese

Figure 4. Hexokinase 2 expression in breast tumor and associated adipose tissue in normal-weight and over-
weight/obesepremenopausal women. Immunohistochemistry and light microscopy showing hexokinase 2 protein localiza-
tion patterns in benign (panels 1 and 3) and malignant (panels 2 and 4) tumor tissue. Cell-specific hexokinase 2 (brown
staining) protein localization in breast epithelial cells (inserts 1A and 3A) and adipocytes (1B and 3B) in benign tumor
tissues and breast cancer cells (inserts 2A and 4A) and cancer-associated adipocytes (2B and 4B) in malignant tumor tissues
of normal-weight (panels 1 and 2) and overweight/obese (panels 3 and 4) premenopausal women. Magnification: x40 and
%100, orig., respectively. Scale bars: 50 um and 20 um, respectively.

3.5. Functional Localization of Hexokinase 2 in Mitochondria of Breast Cancer Tissue

To analyze if metabolic reprogramming involving overexpression of HK 2 in malig-
nant tissues is associated with its functional translocation to mitochondria, we analyzed
colocalization patterns of HK 1 and HK 2 in relation to VDAC, a mitochondrial marker
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by immunofluorescent staining and confocal microscopy (Figure 5). The immunocyto-
chemistry results support the protein expression data obtained by western blotting. As
expected, HK 1 was constitutively expressed in all tumor tissues regardless of malignancy
and obesity and colocalized with VDAC. For HK 2, immunofluorescence staining showed
strong induction of HK 2 expression in malignant tumor tissues of normal-weight women
compared to corresponding benign tumor tissues. Furthermore, HK 2 strongly colocalized
with VDAC and was localized in mitochondria. Surprisingly, we also observed limited
induction of HK 2 in benign tumor tissue of overweight/obese women.

BENIGN MALIGNANT
nucleus VDAC merged nucleus VDAC merged

X

nucleus VDAC merged nucleus VDAC

Figure 5. Hexokinase 2 colocalization with mitochondrial marker VDAC in premenopausal breast cancer. Immunoflu-

Normal-weight

Overweight/Obese

Normal-weight

Overweight/Obese

orescence staining and confocal microscopy images showing voltage-dependent anion-selective channel protein 1
(VDAC)/hexokinase 1 (HK 1) and VDAC /hexokinase 2 (HK 2) protein localization in benign and malignant breast
tumor tissue of normal-weight and overweight/obese premenopausal women. Double immunolabeling is shown in
separate channel micrographs against VDAC (green), HKs (red), and as merged channels showing colocalization of VDAC
and HKs (yellow). Nuclei were stained with Sytox Orange (false blue). Magnification: x63, Zoom: x2. Scale bars: 10 pm.

4. Discussion

This study evaluated hallmark signatures of glucose metabolism in breast cancer and
cancer-associated adipose tissue of normal-weight and overweight/obese premenopausal
women. Regardless of obesity, increased AMPK protein expression was found in both
breast cancer tissue and cancer-associated adipose tissue, synchronous with the induc-
tion of glucose utilization. Indeed, breast cancer tissue showed HK 2 overexpression
and its association with a mitochondrial marker VDAC followed by increased PFK-1
and G6PDH protein expression. These changes indicate the induction of specific War-
burg effect favoring glycolysis and pentose phosphate pathway, respectively. In parallel,
cancer-associated adipose tissue showed overexpression of HK 2 and G6PDH, indicating
metabolic reprogramming favoring the pentose phosphate pathway. Interestingly, some
aspects of glucose metabolism differed depending on obesity (i.e., between normal-weight
and overweight/obese premenopausal women). Breast cancer tissue showed abundant
cytoplasmic glycogen deposition and higher GSK-3 protein expression in normal-weight
women. In comparison, breast cancer tissue showed no prominent glycogen deposition
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but displayed higher PFK-1 and GAPDH protein expression in overweight/obese women.
These results suggest context-dependent metabolic reprogramming in breast cancer tissue
and the induction of tissue-specific Warburg effect in cancer and associated adipose tissue.

4.1. A Metabolic Sensor AMPK Is Overexpressed Simultaneously in Breast Cancer Tissue and
Cancer-Associated Adipose Tissue

AMPK is a metabolic sensor and a master regulator of energy homeostasis whose
activation stimulates catabolism acting on glucose uptake, glycolysis, oxygen consumption,
fatty acid oxidation, lipolysis, and mitochondrial biogenesis [31-34]. The role of AMPK
in cancer progression is rather complex. Previous studies on different cancer types have
emphasized the anti-tumorigenic role of AMPK [35], partly through negative regulation
of glycolysis and the Warburg effect [36]. However, recent data indicate that physiologi-
cal activation of AMPK can contribute to tumor growth through maintenance of energy
and redox homeostasis [37-39]. Moreover, AMPK activation may result in a specific War-
burg effect that allows for metabolic plasticity in terms of simultaneous upregulation of
glycolysis and the pentose phosphate pathway [40]. Namely, AMPK may support the
Warburg effects by stimulating glucose uptake and glycolytic flux acting indirectly on
GLUT1 [41] and PFK-1 [42] while maintaining pentose phosphate pathway flux and redox
homeostasis through stimulation of G6PDH expression via histone deacetylase 10 [43].
In addition, the clinical significance of AMPK protein expression levels in breast cancer
remains controversial. Several previous studies showed increased AMPK protein expres-
sion and a positive correlation with breast cancer type and progression stage [44,45], while
others have found decreased AMPK expression and inverse associations [46]. Here, we
showed increased AMPK protein expression in breast cancer tissue of premenopausal
women, regardless of obesity. Interestingly, we observed a parallel increase in AMPK
protein expression in cancer-associated adipose tissue providing additional evidence for
cancer-induced metabolic reprogramming in adipose tissue. This is a novel finding on
human tissue samples, with one previous in vitro study showing that breast cancer cells
induce metabolically activated phenotype in adipocytes by activating AMPK signaling [47].
Parallel activation of AMPK in cancer and adipose tissue may serve to coordinate metabolic
cooperation such as lipid trafficking. Separate studies showed that AMPK activation in-
duces fatty acid oxidation in adipocytes, while adipocytes may secrete exosomes containing
fatty acids and fatty acid oxidation proteins to promote cancer aggressiveness [48]. Addi-
tionally, adipocytes and adipose-derived fatty acids were shown to activate AMPK and
fatty acid oxidation in cancer cells [49]. Further studies are clearly warranted to detangle
these complex relationships between cancer cells and cancer-associated adipose tissue.

4.2. Tissue-Specific Warburg Effect Involving Overexpression of HK 2 Is Induced in Breast Cancer
Tissue and Cancer-Associated Adipose Tissue

The Warburg effect refers to specific metabolic reprogramming where cancer cells
rely on increased glucose uptake and glycolytic flux with lactate production even in the
presence of oxygen to support growth and proliferation [50]. Overexpression and mi-
tochondrial localization of HK 2 are the main features that enable such a long-lasting
glycolytic phenotype [12]. Our study reveals that breast cancer tissue of premenopausal
women shows markedly higher HK 2 protein expression and strong colocalization with
a mitochondrial protein VDAC compared to benign breast tumor tissues irrespective of
obesity. This is in line with previous research showing HK 2 protein expression and activity
have been linked to histological grade, invasiveness, aggressiveness, adverse disease out-
come, and shorter disease-free survival in breast cancer patients [51,52]. Hence, HK 2 was
proposed as an attractive target for anti-cancer therapy [53-55]. Surprisingly, we observed
some HK 2 immunoreactivity in benign tumor tissue of overweight/obese women that
was absent in normal-weight women. Furthermore, increased PFK-1 and G6PDH protein
expression in malignant tissues of normal-weight and overweight/obese women support a
firm breast cancer tissue reliance on glucose catabolism for energy production, intermediate
metabolism, and redox homeostasis. In addition, we found increased expression of HK
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2 in cancer-associated adipose tissue indicating that malignancy promotes the Warburg
effects in both cancer cells and cancer-associated adipocytes. Overexpression of HK 2
in cancer-associated adipose tissue was associated with an increase in G6PDH protein
expression, indicating that glucose is primarily shuttled towards the pentose phosphate
pathway. Thus, increased AMPK signaling and glucose utilization may support other
metabolic pathways such as lipid metabolism and redox homeostasis maintenance [32].
Interestingly, HK 2 protein expression in benign breast tumor tissue of overweight/obese
individuals and in cancer-associated adipose tissue may prove to be an important predic-
tive marker. Indeed, chronic social isolation stress has been found to increase HK 2 gene
expression, specifically in mammary adipose tissue, making the breast microenvironment
more amenable for cancer progression [56]. Moreover, we found higher GSK-3 protein ex-
pression in cancer-associated adipose tissue. This is the first time changes in GSK-3 protein
expression are being reported as part of the metabolic reprogramming of cancer-associated
adipose tissue. However, previous studies showed that GSK-3 plays an important part in
adipogenesis and adipose tissue metabolic reprogramming associated with obesity and
insulin resistance [57-59].

4.3. Obesity Reprograms Specific Features of Glucose Metabolism in Breast Cancer Tissue

Our results show that some aspects of glucose metabolism in breast cancer tissues
are specific to the obesity of premenopausal women. Namely, cross-examination of breast
cancer tissues from normal-weight and overweight/obese premenopausal women revealed
differences in protein markers of glycolysis and glycogen metabolism. Breast cancer tis-
sues of normal-weight women showed abundant cytoplasmic glycogen deposition and
increased GSK-3 protein expression compared to overweight/obese women, possibly in-
dicating important obesity-related differences in glycogen metabolism. Previous studies
showed cytoplasmic glycogen accumulation in breast cancer [60]. Additionally, PAS stain-
ing was shown to be potentially useful in differentiating benign and malignant breast
changes [61], while PAS staining pattern in lymph node metastasis was associated with
distant metastasis occurrence [62]. Dysregulated glycogen metabolism has been shown
to contribute to various aspects of neoplastic transformation, from redox regulation and
cancer-stroma interactions to proliferation, metastasis, and chemoresistance [63-65]. A
recent in vitro study on ovarian cancer indicated a possible relationship between glyco-
gen metabolism and cancer proliferation and metastasis, partly through stimulation of
glycolysis and lactate production [66]. We recently showed that breast cancer tissues in
normal-weight women have significantly higher tissue lactate concentration than those
in obese women, unrelated to LDH activity and protein expression [25], which could be
related to the more pronounced glycogen deposition as shown in this study. In contrast,
breast cancer tissues of overweight/obese women showed higher PFK-1 and GAPDH
protein expression compared to breast cancer tissues of normal-weight women. Accumu-
lating evidence links worse breast cancer prognosis with higher expression and activity
of glycolytic enzymes. PFK-1 activity increases with the tumor size and positively corre-
lates with markers of breast cancer invasiveness and aggressiveness [51], while high gene
expression of platelet type phosphofructokinase 1 correlates with decreased patient sur-
vival [67]. Similarly, GAPDH gene expression correlates with breast cancer grade, overall
survival, and disease-free survival [68]. Obesity-dependent differences in cancer tissue
glucose metabolism presented in our study likely reflect context-dependent features of
metabolic reprogramming and may prove to be valuable targets for diagnostics and the
design of personalized therapeutic approaches. Interestingly, these differences may reflect
systemic, rather than local, influences of obesity since we did not detect obesity-related
differences in glucose metabolism in cancer-associated adipose tissue. Lack of differences
between normal-weight and overweight/obese women with either benign or malignant
breast tumors may be related to depot-specificity of mammary adipose tissue and speci-
ficity of our study cohort. Mammary adipose tissue is a special type of subcutaneous
adipose tissue, known for its morpho-functional plasticity, especially during pregnancy
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and lactation [69,70]. In general, changes in adipose tissue glucose metabolism were pre-
viously associated with obesity, insulin resistance, and diabetes, but these changes were
more prominent in visceral adipose tissue depots [71,72]. Moreover, our study cohort was
comprised of young, premenopausal, insulin-sensitive, and mainly overweight women.
Mammary adipose tissue functions previously associated with breast cancer progression
and obesity, such as lipolysis, secretion of growth factors, adipokines, and proinflammatory
cytokines, were mainly studied in vitro [73,74] or were associated with age, menopausal
status, and insulin resistance in vivo [75]. More in vivo and human studies are necessary
to reveal obesity-related changes to the fundamental aspects of mammary adipose tissue
metabolism, especially in premenopausal women.

5. Conclusions

This study evaluated protein expression of AMPK, key rate-limiting and regulatory
enzymes of glycolysis, pentose phosphate pathway, and glycogen metabolism in breast
cancer and cancer-associated adipose tissue in normal-weight and overweight/obese pre-
menopausal women. We show the simultaneous induction of AMPK protein expression
and tissue-specific Warburg effects in breast cancer and associated adipose tissue, opening
the question of novel roles for AMPK in glycolytic reprogramming in cancer. Namely,
increased glucose utilization favors glycolysis and pentose phosphate pathway in breast
cancer tissue, with typical features of the Warburg effects including overexpression and
mitochondrial localization of HK 2. In contrast, increased glucose utilization in adipose
tissue mainly favors the pentose phosphate pathway. Moreover, certain aspects of glu-
cose metabolism seem to be obesity-dependent. Breast cancer tissue in normal-weight
women shows more pronounced glycogen deposition, while breast cancer tissue in over-
weight/obese shows higher protein expression of PFK-1 and GAPDH glycolytic enzymes.
Parallel reprogramming of cancer cells and cancer-associated adipose tissue down specific
metabolic phenotypes may reveal new aspects of metabolic coupling in breast cancer.
Moreover, important obesity-related changes to the glucose metabolism of breast cancer
tissue could inform the discovery of novel targets for personalized diagnostic and thera-
peutic approaches. Our future studies will be directed towards revealing the mechanism of
possible AMPK involvement in glycolytic reprogramming as well as fatty acid metabolism
and oxidative phosphorylation in breast cancer and cancer-associated adipose tissue.
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