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Abstract

Purpose Obesity and oversupply of glucose, e.g., due to

nutritional factors may shape the tumor microenvironment

favorable for tumor progression. O-GlcNAcylation, a

reversible modification of intracellular proteins, influences

on several cellular functions and is connected to many

diseases including cancer. Glycosaminoglycan hyaluronan

(HA) enhances tumor progression and in breast cancer HA

accumulation associates strongly with poor outcome.

In vitro studies have suggested that O-GlcNAcylation may

enhance HA synthesis. The aim of this study was to

investigate the correlations between O-GlcNAcylation,

HA-related parameters, and disease outcome in a clinical

breast cancer material consisting of 278 breast cancer cases.

Methods In microscopic analyses, O-GlcNAc staining of

the breast carcinoma cells was evaluated in several ran-

domly picked high-power fields of each section. The extent

of cytoplasmic O-GlcNAc staining was graded as either

low or high according to the intensity of the staining and

the percentage of stained cells. The extent of nuclear O-

GlcNAc staining was categorized as either low or high

according to the percentage of stained nuclei.

Results A high extent of both cytoplasmic and nuclear O-

GlcNAcylation correlated with an increased relapse rate,

development of distant metastases, and poor outcome. A

high extent of cytoplasmic O-GlcNAcylation correlated

also with the accumulation of all hyaluronan synthase

(HAS1-3) proteins and with a large amount of HA in the

tumor stroma. In addition, a high extent of nuclear O-

GlcNAcylation associated with obesity.

Conclusions The results suggest a mechanistic association

between increased O-GlcNAcylation and HA synthesis,

leading to a HA-rich microenvironment favorable for

breast cancer progression.
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BSA Bovine serum albumin

ER Estrogen receptor

PR Progesterone receptor

BMI Body mass index

DFS Disease-free survival

OS Overall survival

Introduction

It has become evident that the changes in glucose meta-

bolism occurring in cancer cells have an important role in

tumor development and progression. Cancer cells take up

glucose at a higher rate than normal cells, a property

utilized in 18F-fluorodeoxyglucose-positron emission

tomography (FDG-PET) for the diagnostics of various

tumor types [1]. In addition, even in the presence of

oxygen, cancer cells use the energy of glucose from

glycolysis, instead of the tricarboxylic acid cycle, a

phenomenon called aerobic glycolysis or the Warburg

effect [2]. While aerobic glycolysis is an inefficient way

to produce energy, it confers an advantage by accumu-

lating many of the building blocks needed for cell pro-

liferation [3].

The high glucose uptake and accumulation of glycol-

ysis intermediates in cancer cells also increase the

metabolic flux through the hexosamine biosynthetic

pathway (HBP). The end product of HBP is uridine

diphosphate N-acetylglucosamine (UDP-GlcNAc), a

sugar nucleotide used by various glycosyl transferases for

the construction of different glycoconjugates like glyco-

proteins, glycosaminoglycans, and glycolipids [4]. The

activation of HBP leads to the accumulation of UDP-

GlcNAc particularly in the cytosol, while the uptake of

nucleotide sugars in Golgi apparatus is strictly regulated

by transporters [5]. Therefore, fluctuations in UDP-

GlcNAc supply have the strongest impacts on glycosy-

lations taking place in the cytosol, the most important of

these processes being O-GlcNAcylation and hyaluronan

(HA) synthesis.

HA is a glycosaminoglycan produced at the plasma

membrane by hyaluronan synthases (HAS1-3) which uti-

lize cytosolic UDP-GlcNAc and uridine diphosphate glu-

curonic acid (UDP-GlcUA) as substrates [6, 7]. HA is an

important component of the pericellular and extracellular

matrix, participating in many cellular processes like pro-

liferation, survival, migration, and inflammation [8]. HA

accumulation enhances tumor progression in several ways

[9]. In breast cancer, increased amount of HA and HASs

associate with poor prognosis, HER2-positivity, and obe-

sity of the patients [10, 11].

O-GlcNAcylation is the reversible addition of a single

N-acetylglucosamine to serine or threonine residues in

certain cytosolic, nuclear, and mitochondrial proteins

[12, 13]. This dynamic protein modification is controlled

by two enzymes, O-GlcNAc transferase (OGT) that adds

the O-GlcNAc residue using UDP-GlcNAc as its substrate

[14, 15] and O-GlcNAcase (OGA, MGEA5) which

removes it [16, 17]. O-GlcNAcylation influences a variety

of cellular functions [18, 19] and aberrant O-GlcNAcyla-

tion has been connected to many diseases including

metabolic diseases and cancer [19–21].

Previous studies have shown that in breast cancer, O-

GlcNAcylation and OGT expression are increased in

comparison to normal breast tissue [22–24], whereas OGA

expression is decreased [23]. In vitro experiments have

shown that increased O-GlcNAcylation due to OGA inhi-

bition induces an invasion of breast cancer cells [22],

whereas decreased O-GlcNAcylation as a consequence of

OGT silencing inhibits tumor cell growth and invasion

[22, 25]. In mice, decreased O-GlcNAcylation mediated by

OGT silencing reduced the development of lung metastases

[22]. In human breast cancer, there is some evidence that

higher levels of O-GlcNAcylation and OGT expression

may correlate with higher histological grade of the tumor

[23, 24]. Also, it has been shown that O-GlcNAcylation is

increased in lymph node metastases as compared to pri-

mary breast cancer tissue [22], a finding in line with a

correlation found between down-regulated OGA expres-

sion and lymph node metastases [23]. On the contrary, one

study has shown that reduction of OGT expression and O-

GlcNAcylation correlate with lymph node metastases in

breast cancer [26].

O-GlcNAcylation has been shown to exert profound

effects on many cellular functions considered as hall-

marks of cancer [4], and interestingly, it also influences

HA synthesis. In cultured vascular smooth muscle cells,

O-GlcNAcylation was shown to increase HAS2 stability

[27]. Likewise, in a melanoma cell line, O-GlcNAcyla-

tion of HAS3 prevented its lysosomal degradation,

increasing its transport to plasma membrane and elevat-

ing enzymatic activity [28]. Taken together, these in vitro

experiments suggest that increased O-GlcNAcylation may

contribute to the increased HA levels found in breast

cancer.

Previous studies have indicated that O-GlcNAcylation

may enhance breast cancer progression and HA synthesis,

but to our knowledge there are no studies showing whether

there is a connection between general O-GlcNAcylation

and patient outcome, nor an association between O-

GlcNAcylation and HA accumulation in human breast

cancer. The aim of this study was to evaluate the extent of

O-GlcNAcylation in 278 human breast cancer cases and to

investigate the correlations between O-GlcNAcylation,

HA-related parameters, clinicopathological characteristics,

and outcome of the patients.
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Materials and methods

Patient material

The patient material of this study includes 278 primary

breast cancer cases operated at Kuopio University Hospital

during 2002–2008. As reported previously [10], at first all

HER2-positive operated cases (n = 163) were collected

retrospectively. Cases with inadequate tissue blocks at the

time of diagnosis (n = 24) were excluded, resulting in a

total of 139 HER2-positive cases. Then 139 HER2-nega-

tive cases were selected by matching for patient’s age and

time of operation. HER2 status was the only clinico-

pathological characteristic available at the time of patient

selection. Other clinicopathological data, e.g., tumor size,

nodal status, hormone receptor status, and adjuvant treat-

ments, were collected during the year 2010 from the patient

records of Kuopio University Hospital. The follow-up data

were updated on October 8, 2014. Ethical approval for this

study was provided by the Ethics Committee of the

University of Eastern Finland (February 24, 2009, 19//

2009), and by the National Supervisory Authority for

Welfare and Health (VALVIRA, April 8, 2009,

1928/05.01.00.06/2009). The reporting of this study is in

accordance with the REMARK criteria [29].

Immunohistochemistry and in situ hybridization

Immunohistochemical staining for O-GlcNAc was per-

formed using 5-lm formalin-fixed, paraffin-embedded

sections of surgical tumor specimens. The sections were

heated at 58 �C for 30 min, dewaxed, and rehydrated. The

deparaffinized sections were subjected to antigen retrieval

by incubation in 0.1 mM citrate buffer, pH 6.0, for 10 min

in a pressure cooker at 120 �C. Endogenous peroxidase

was blocked with a 5-min treatment in 1 % hydrogen

peroxide. After washing with H2O for 2 9 3 min and with

0.1 M phosphate buffer, pH 7.4 (PB) for 2 9 5 min, the

sections were incubated in 3 % bovine serum albumin

(BSA) in PB for 30 min at 37 �C to block unspecific

staining. Mouse monoclonal antibody HGAC85 (1:200;

Abcam, Cambridge, UK) was used to detect O-GlcNAc.

Incubation with the primary antibody was performed at

4 �C overnight, followed by washing with PB for

3 9 10 min. Then, the sections were incubated for 1 h with

a biotinylated antimouse secondary antibody (1:300; Vec-

tor Laboratories, Irvine, CA, USA), washed with PB for

3 9 10 min and stained with the avidin–biotin peroxidase

method (1:200; Vectastain ABC kit, Vector Laboratories).

After washing with PB for 3 9 10 min, the signal was

visualized using the chromogen 3,30-diaminobenzidine

(Sigma-Aldrich, St Louis, MO, USA). Nuclei were stained

with Mayer’s hematoxylin, followed by dehydration,

clearance, and mounting. Sections with primary antibody

replaced by Control Ascites Fluid from murine myeloma

(1:2500, Sigma-Aldrich, St Louis, MO, USA) were used as

negative controls.

The histopathological evaluation of the standard

parameters was performed at the time of diagnosis in

Kuopio University Hospital, Department of Pathology,

using surgical tumor specimens and core needle biopsy

samples. HER2 expression was determined by the chro-

mogenic in situ hybridization test (Zymed 84-0146, San

Francisco, CA, USA), and considered as positive when six

or more gene copies were found. Immunohistochemistry

was used to assess estrogen (ER) and progesterone (PR)

receptor status; the limit for hormone receptor positivity

was 10 %.

The staining for HA and HAS1-3, and their evaluation

have been described previously [10, 11]. For this study, HA

expression in breast carcinoma cells was graded as either

weak (0–50 %) or strong (51–100 %) according to the

percentage of HA-positive breast carcinoma cells, and the

intensity of stromal HA staining was graded as weak (in-

cluding the original groups weak and moderate) or strong

(including the original groups intense and very intense).

The expressions of HAS1-3 were categorized as weak

(0–25 %), moderate (26–75 %), or strong (76–100 %)

according to the percentage of HAS1-3 positive breast

carcinoma cells, and as weak (0–25 %) or strong

(26–100 %) according to the percentage of HAS1-3 posi-

tive stromal cells.

Microscopic evaluation of O-GlcNAc

immunostaining

In each section, several randomly picked high-power fields

(940 magnification) in the invasive area were evaluated in

order to determine the extent of O-GlcNAc staining. A

total of 24 sections had to be excluded since there was not

enough invasive component left in the tumor tissue,

resulting in a total of 254 evaluated sections. Since OGT is

expressed in splice variants with partly different subcellu-

lar distributions and therefore different target proteins [30],

we scored the O-GlcNAc staining of cytoplasm and

nucleus separately. The intensity of O-GlcNAc staining in

the cytoplasm was graded as weak, moderate, or strong.

The percentage of stained cells was scored as negative

(0–5 %), low (6–25 %), moderate (26–50 %), or high

(51–100 %). In the subsequent evaluations, the extent of

cytoplasmic O-GlcNAc staining was graded as either low

or high by combining the data of intensity and the per-

centage of stained cells as follows: weak intensity 1 point,

moderate intensity 2 points, strong intensity 3 points, and

the percentage of stained cells 0–5 % 0 points, 6–25 % 1
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point, 26–50 % 2 points, and 51–100 % 3 points. The final

scores were calculated by adding up the intensity score to

the percentage score. The resulting total scores 1–3 rep-

resented low extent of cytoplasmic O-GlcNAc staining and

scores 4–6 represented high extent of cytoplasmic O-

GlcNAc staining.

Nuclear staining was considered as positive when the

staining in the nucleus was strong. The extent of nuclear O-

GlcNAc staining was graded as either low (0–50 %) or

high (51–100 %) according to the percentage of stained

nuclei. The microscopic assessment was performed by

three investigators (KH, ST, PA). The investigators had no

information on the patient’s clinicopathological data at the

time of the evaluation.

Statistical analyses

The data were analyzed using IBM SPSS Statistics 22 for

Windows (IBM Corporation, Armonk, NY, USA). The

correlations between the extent of O-GlcNAc staining,

clinicopathological characteristics, and HA-related param-

eters were calculated with the Chi-Square test. Kaplan–

Meier survival curves were plotted for disease-free survival

and for overall survival. Univariate and multivariate sur-

vival analyses were performed with the Cox’s model.

P value\ 0.05 was regarded statistically significant.

Results

Among the 254 cases, the median age of the patients was

58.5 years (range 32–86 years) at the time of diagnosis.

Clinicopathological data of the cases are presented in

Table 1. The adjuvant treatments were carried out

according to treatment guidelines, and the majority of the

patients received some form of adjuvant treatment; 190

(75 %) were treated with chemotherapy, 155 (61 %) with

hormonal treatment, and 229 (90 %) with radiotherapy. In

all, 59 (45 %) of the HER2-positive patients received

adjuvant trastuzumab. The median follow-up time was

7.91 years (range 0.53–13.22 years). During the follow-up,

62 (24 %) patients died, 70 (28 %) patients suffered a

relapse, and 63 (25 %) patients developed distant

metastases.

O-GlcNAc immunostaining

O-GlcNAc immunostaining was detected both in the

cytoplasm and nucleus of breast carcinoma cells (Fig. 1).

Very faint O-GlcNAc staining was observed in the stromal

cells (Fig. 1) which were not analyzed further. The inten-

sity of cytoplasmic staining in breast carcinoma cells was

weak in 69 (27 %) sections, moderate in 137 (54 %)

sections, and strong in 48 (19 %) sections. Cytoplasmic O-

GlcNAc staining was found in all of the samples and in the

majority of the cases (n = 211, 83 %) over half of the

breast carcinoma cells exhibited some O-GlcNAc staining.

In subsequent analyses, the cytoplasmic O-GlcNAc stain-

ing was graded as either low or high by combining the data

of intensity and the percentage of stained cells as described

in ‘‘Materials and methods’’ section, resulting in 33 (13 %)

cases included in the group with low extent of cytoplasmic

O-GlcNAcylation, while the majority of cases

Table 1 Clinicopathological characteristics of the cases

Age, years

Median 58.5

Range 32–86

BMI

Median 25.7

Range 18.0–46.9

Menopausal status, n (%)

Premenopausal 89 (35 %)

Postmenopausal 165 (65 %)

Tumor stage, n (%)

pT1 136 (53 %)

pT2 96 (38 %)

pT3 10 (4 %)

pT4 12 (5 %)

Nodal classification, n (%)

pN0 92 (36 %)

pN1 112 (44 %)

pN2 33 (13 %)

pN3 17 (7 %)

Histological grade, n (%)

1 19 (7 %)

2 108 (43 %)

3 127 (50 %)

Tumor histology, n (%)

Ductal 210 (83 %)

Lobular 22 (9 %)

Mucinous 4 (1 %)

Other 18 (7 %)

HER2 status, n (%)

Positive 132 (52 %)

Negative 122 (48 %)

ER status, n (%)

Positive 175 (69 %)

Negative 79 (31 %)

PR status, n (%)

Positive 149 (59 %)

Negative 105 (41 %)

BMI body mass index, ER estrogen receptor, PR progesterone

receptor
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(221 = 87 %) displayed a high extent of O-GlcNAcyla-

tion. A strong correlation was found between the intensity

of cytoplasmic staining and the percentage of stained cells

(p\ 0.001). Nuclear staining was less frequent; only 27

(11 %) sections exhibited over 50 % of stained nuclei. The

extent of nuclear O-GlcNAc staining correlated with the

extent of cytoplasmic staining (p = 0.034).

High extent of O-GlcNAcylation correlates

with an increased relapse rate and distant

metastases

During the follow-up, 30 % (n = 67) of the patients with a

high extent of cytoplasmic O-GlcNAcylation suffered a

relapse, compared to only 9 % (n = 3) of the patients with

a low extent of cytoplasmic O-GlcNAcylation (p = 0.011)

(Table 2). There was also a strong correlation between a

high extent of nuclear O-GlcNAcylation and increased

relapse rate, i.e., 48 % (n = 13) of the patients with high

and only 25 % (n = 57) of the patients with a low extent of

nuclear O-GlcNAcylation had a relapse (p = 0.011)

(Table 2). A high extent of both cytoplasmic and nuclear

O-GlcNAcylation also correlated with the development of

distant metastases (p = 0.008 and p = 0.012, respectively)

(Table 2). No correlation was found between the extent of

O-GlcNAcylation and standard prognostic factors like

tumor size, nodal status, HER2 status, ER status, PR status,

or histological grade (data not shown).

High extent of O-GlcNAcylation correlates

with poor outcome

As the follow-up ended, only 70 % (n = 154) of the

patients with a high extent of cytoplasmic O-GlcNAcyla-

tion were disease free in comparison to 91 % (n = 30) of

the patients with a low extent of cytoplasmic O-GlcNA-

cylation (p = 0.021, HR 3.901, 95 % CI 1.225–12.419)

(Fig. 2a). Similarly, 52 % (n = 14) of the patients with

high and 75 % (n = 170) of the patients with a low extent

of nuclear O-GlcNAcylation were disease free (p = 0.006,

HR 2.352, 95 % CI 1.274–4.340) (Fig. 2b).

At the end of the follow-up, 74 % (n = 163) of the

patients with high and 88 % (n = 29) of the patients with a

low extent of cytoplasmic O-GlcNAcylation were alive,

suggesting lower survival among patients with high extent

of cytoplasmic O-GlcNAcylation but this difference did

not reach statistical significance (p = 0.07, HR 2.553,

95 % CI 0.926–7.040) (Fig. 2c). A high extent of nuclear

O-GlcNAcylation correlated with short overall survival of

the patients, since as the follow-up ended, 63 % (n = 17)

Fig. 1 Breast carcinoma sections stained with an O-GlcNAc anti-

body. Panel a shows an overview of a section with a high extent of

cytoplasmic O-GlcNAc staining and panel b provides an example of

nuclear O-GlcNAc staining. In panel c an overview of a section with

both cytoplasmic and nuclear O-GlcNAc staining is shown. Panel

d displays an example of a section with a low extent of cytoplasmic

and nuclear O-GlcNAc staining
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of the patients with high and 77 % (n = 175) of the

patients with a low extent of nuclear O-GlcNAcylation

were alive (p = 0.038, HR 2.053, 95 % CI 1.041–4.048)

(Fig. 2d).

The Cox multivariate analyses for overall survival were

performed separately for the extents of cytoplasmic and

nuclear O-GlcNAcylation. The other variables included in

the analyses were tumor size, nodal status, ER status, PR

status, HER2 status, and histological grade. In both mul-

tivariate analyses, the significant prognostic factors for

overall survival were nodal status (p\ 0.001,) and tumor

size (p B 0.019).

Cytoplasmic O-GlcNAcylation correlates

with the levels of HAS1-3 proteins and stromal HA

Studies on cultured cells have indicated that O-GlcNAcy-

lation of HAS2 and 3 proteins blocks their degradation and

increases the synthesis of HA [27, 28]. The present findings

in breast cancer patients are in line with those in vitro data,

since a significant positive correlation was found between

the extent of cytoplasmic O-GlcNAcylation and the

amount of all three HAS proteins in breast carcinoma cells

(p B 0.029) (Table 3). Accordingly, a high extent of

cytoplasmic O-GlcNAcylation correlated with a strong

intensity of stromal HA staining (p = 0.033) (Table 3).

Interestingly, a significant correlation also existed between

carcinoma cell O-GlcNAcylation and stromal cell HASs

(p B 0.033), but the extent of O-GlcNAcylation in breast

carcinoma cells was not correlated with their HA content

(Table 3).

High extent of nuclear O-GlcNAcylation correlates

with obesity

Obesity increases the risk for breast cancer and also

impairs the outcome in an established breast cancer

[31–33], while O-GlcNAcylation is considered to be a

metabolic sensor. We therefore checked if there was any

link between obesity and the extent of O-GlcNAcylation

among breast cancer patients. A significant positive cor-

relation between obesity (body mass index C30) and the

extent of O-GlcNAcylation was indeed found, but it was

only present in the premenopausal patients and was con-

fined to the nuclear O-GlcNAcylation (p = 0.025)

(Table 4).

Discussion

This study demonstrates for the first time that a high extent

of O-GlcNAcylation in the breast cancer cells at the time of

breast cancer surgery correlates with an increased relapse

rate, distant metastases, and poor outcome during the fol-

low-up. In addition, a high extent of cytoplasmic O-

GlcNAcylation correlates with the accumulation of all

HAS proteins both in the breast carcinoma cells and in the

stromal cells, and with the accumulation of HA in the

tumor stroma. Moreover, nuclear O-GlcNAcylation asso-

ciates with obesity.

There are previous data supporting the present finding

that excessive O-GlcNAcylation is associated with an

unfavorable prognosis in breast cancer. It has been

reported that increased O-GlcNAcylation enhances inva-

sion and migration of breast carcinoma cells in vitro [22],

whereas a reduction of O-GlcNAcylation inhibits breast

carcinoma cell growth and invasion [22, 25]. In mice, a

reduction of O-GlcNAcylation through OGT silencing

reduced the development of lung metastases but did not

have an impact on the size of the primary tumor [22].

These findings are in agreement with our results showing

a significant correlation between a high extent of O-

GlcNAcylation, increased relapse rate, and development

of distant metastases, as well as with the lack of any

Table 2 The correlations between the extent of O-GlcNAcylation and relapses

Low cytoplasmic

O-GlcNAc n (%)

High cytoplasmic

O-GlcNAc n (%)

P value Low nuclear

O-GlcNAc n (%)

High nuclear

O-GlcNAc n (%)

P value

All (n = 254)

No relapse 30 (91 %) 154 (70 %) 170 (75 %) 14 (52 %)

Relapse 3 (9 %) 67 (30 %) 57 (25 %) 13 (48 %)

0.011 0.011

No metastases 31 (94 %) 160 (72 %) 176 (77.5 %) 15 (56 %)

Metastases 2 (6 %) 61 (28 %) 51 (22.5 %) 12 (44 %)

0.008 0.012

Low cytoplasmic/nuclear O-GlcNAc representing a low extent of O-GlcNAcylation in the cytoplasm or in the nuclei, and high cytoplasmic/

nuclear O-GlcNAc representing a high extent of O-GlcNAcylation in the cytoplasm or in the nuclei
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correlations between the extent of O-GlcNAcylation and

known prognostic factors such as histological grade,

hormone receptor status, and lymph node metastases at

the time of operation. However, there are also studies

pointing to an association between O-GlcNAcylation and

lymph node metastases [22, 23] and histological grade of

the tumor [23, 24]. Since over 1000 proteins can be O-

GlcNAcylated [34], it would be important to determine

the entire set of O-GlcNAcylated proteins involved, as in

addition to HASs there is most likely a panel of proteins

contributing to unfavorable prognosis.

Increased O-GlcNAcylation of HAS2 [27] and HAS3

[28] proteins have been shown to increase their stability

and activity in vitro. HAS1 activity is also highly

dependent on the supply of UDP-GlcNAc [35], the same

substrate that increases O-GlcNAcylation in general. The

strong positive correlations between the extent of O-

GlcNAcylation and HAS contents that we found suggest

that the increase in the amounts of HAS proteins is due to

their stabilization by O-GlcNAcylation. The correlation

occurred especially with the cytoplasmic O-GlcNAcyla-

tion, which fits well with the cytoplasmic location of the

HAS targets. Since high levels of HAS1-3 and HA are

strong indicators of poor prognosis in breast cancer

[10, 11], the present findings suggest that the unfavorable

outcome related to the high extent of O-GlcNAcylation is

at least in part due to HAS activation and HA accumulation

which enhances tumor progression. We hypothesize that

Fig. 2 Kaplan–Meier curves representing disease-free survival

(DFS) and overall survival (OS) according to the extent of O-

GlcNAc staining. Panels a and b present DFS according to the extent

of cytoplasmic (a) and nuclear (b) O-GlcNAcylation, and in panels

c and d OS according to the extent of cytoplasmic (c) and nuclear

(d) O-GlcNAcylation are shown. Low cytoplasmic/nuclear O-

GlcNAcylation representing a low extent of O-GlcNAcylation in

the cytoplasm or in the nuclei, and high cytoplasmic/nuclear O-

GlcNAcylation representing a high extent of O-GlcNAcylation in the

cytoplasm or in the nuclei. DFS disease-free survival, OS overall

survival
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Table 3 The correlations between the extent of O-GlcNAcylation, HAS1-3, and HA

Low cytoplasmic O-

GlcNAc n (%)

High cytoplasmic O-

GlcNAc n (%)

P value Low nuclear O-

GlcNAc n (%)

High nuclear O-

GlcNAc n (%)

P value

HAS1 in breast carcinoma cells

Weak

(0–25 %)

1 (3 %) 0 (0 %) 1 (0 %) 0 (0 %)

Moderate

(26–75 %)

18 (55 %) 83 (38 %) 95 (42 %) 6 (22 %)

Strong

(76–100 %)

14 (42 %) 138 (62 %) 131 (58 %) 21 (78 %)

0.005 0.130

HAS2 in breast carcinoma cells

Weak

(0–25 %)

0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %)

Moderate

(26–75 %)

10 (30 %) 31 (14 %) 36 (16 %) 5 (18.5 %)

Strong

(76–100 %)

23 (70 %) 190 (86 %) 191 (84 %) 22 (81.5 %)

0.018 0.723

HAS3 in breast carcinoma cells

Weak

(0–25 %)

1 (3 %) 2 (1 %) 3 (1 %) 0 (0 %)

Moderate

(26–75 %)

21 (64 %) 93 (42 %) 105 (46 %) 9 (33 %)

Strong

(76–100 %)

11 (33 %) 126 (57 %) 119 (53 %) 18 (67 %)

0.029 0.339

HAS1 in stromal cells

Weak

(0–25 %)

23 (70 %) 110 (50 %) 122 (54 %) 11 (41 %)

Strong

(26–100 %)

10 (30 %) 111 (50 %) 105 (46 %) 16 (59 %)

0.033 0.201

HAS2 in stromal cells

Weak

(0–25 %)

12 (36 %) 32 (14.5 %) 42 (18.5 %) 2 (7 %)

Strong

(26–100 %)

21 (64 %) 189 (85.5 %) 185 (81.5 %) 25 (93 %)

0.002 0.150

HAS3 in stromal cells

Weak

(0–25 %)

22 (67 %) 88 (40 %) 104 (46 %) 6 (22 %)

Strong

(26–100 %)

11 (33 %) 133 (60 %) 123 (54 %) 21 (78 %)

0.004 0.019

HA in breast carcinoma cells

Weak

(0–50 %)

21 (64 %) 123 (56 %) 131 (58 %) 13 (48 %)

Strong

(51–100 %)

12 (36 %) 98 (44 %) 96 (42 %) 14 (52 %)

0.388 0.343

Stromal HA

Weak 17 (51.5 %) 72 (33 %) 83 (37 %) 6 (22 %)

Strong 16 (48.5 %) 149 (67 %) 144 (63 %) 21 (78 %)
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the Warburg effect causing increased glucose uptake

results in an enlarged pool of UDP-GlcNAc in tumor cells

and contributes to the accumulation of HA via increased O-

GlcNAcylation.

Interestingly, breast carcinoma cell O-GlcNAcylation

also correlated with the HAS contents within the stromal

cells, raising the question of whether the Warburg effect

takes place also in the surrounding stromal cells. However,

no sign of increased O-GlcNAcylation was found in the

stromal cells. On the other hand, cancer cells are known to

control the phenotype of the stromal cells in multiple ways,

including induction of genetic defects [36] and shedding of

microvesicles targeted at the stromal cells [37]. The latter

possibility is particularly attractive since elevated O-

GlcNAcylation can enhance melanoma cell secretion of

HAS-enriched microvesicles [28]. Further analyses will be

needed to clarify whether metabolic features corresponding

to aerobic glycolysis are a part of these control

mechanisms.

Obesity and type 2 diabetes, which is usually associated

with obesity, increase breast cancer risk and also impair the

outcome of breast cancer patients [31–33, 38]. The con-

nection between obesity and increased breast cancer risk,

as well as the effect of obesity on prognosis, has been

established especially among postmenopausal women.

More recently, it has been revealed that obesity also

impairs the outcome of premenopausal breast cancer

patients [32, 33]. Obesity correlates with high levels of HA

and HASs in breast cancer [10, 11]. In the present study,

we showed that high extent O-GlcNAcylation correlates

with stromal HA accumulation and with high levels of

HASs and also with obesity among premenopausal breast

cancer patients. The present results together with the pre-

vious data suggest that an oversupply of glucose due to

nutritional factors does not only provide building blocks

for rapid cell proliferation but also induces O-GlcNAcy-

lation and HA synthesis leading to a microenvironment

suitable for cancer progression.

In summary, this study reveals that a high extent of O-

GlcNAcylation in the primary tumor correlates with the

development of distant metastases and poor outcome in

human breast cancer, apparently conferring on cancer cells

a survival advantage and allowing them to metastasize. O-

GlcNAcylation seems to activate the HAS enzymes and

HA synthesis, leading to a HA-rich microenvironment

favorable for breast cancer progression.
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Table 3 continued

Low cytoplasmic O-

GlcNAc n (%)

High cytoplasmic O-

GlcNAc n (%)

P value Low nuclear O-

GlcNAc n (%)

High nuclear O-

GlcNAc n (%)

P value

0.033 0.140

Low cytoplasmic/nuclear O-GlcNAc representing a low extent of O-GlcNAcylation in the cytoplasm or in the nuclei, and high cytoplasmic/

nuclear O-GlcNAc representing a high extent of O-GlcNAcylation in the cytoplasm or in the nuclei

HAS hyaluronan synthase, HA hyaluronan

Table 4 The correlations between the extent of O-GlcNAcylation and obesity

Low cytoplasmic O-

GlcNAc n (%)

High cytoplasmic O-

GlcNAc n (%)

P value Low nuclear O-

GlcNAc n (%)

High nuclear O-

GlcNAc n (%)

P value

Premenopausal (n = 89)

BMI\ 30 10 (91 %) 65 (83 %) 69 (87 %) 6 (60 %)

BMI C 30 1 (9 %) 13 (17 %) 10 (13 %) 4 (40 %)

0.518 0.025

Postmenopausal (n = 165)

BMI\ 30 19 (86 %) 107 (75 %) 114 (77 %) 12 (71 %)

BMI C 30 3 (14 %) 36 (25 %) 34 (23 %) 5 (29 %)

0.236 0.554

Low cytoplasmic/nuclear O-GlcNAc representing a low extent of O-GlcNAcylation in the cytoplasm or in the nuclei, and high cytoplasmic/

nuclear O-GlcNAc representing a high extent of O-GlcNAcylation in the cytoplasm or in the nuclei

BMI body mass index
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