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Abstract 

Background Hypoxia-induced glycogen turnover is implicated in cancer proliferation and therapy resistance. Triple-
negative breast cancers (TNBCs), characterized by a hypoxic tumor microenvironment, respond poorly to therapy. We 
studied the expression of glycogen synthase 1 (GYS1), the key regulator of glycogenesis, and other glycogen-related 
enzymes in primary tumors of patients with breast cancer and evaluated the impact of GYS1 downregulation in pre-
clinical models.

Methods mRNA expression of GYS1 and other glycogen-related enzymes in primary breast tumors and the correla-
tion with patient survival were studied in the METABRIC dataset (n = 1904). Immunohistochemical staining of GYS1 
and glycogen was performed on a tissue microarray of primary breast cancers (n = 337). In four breast cancer cell lines 
and a mouse xenograft model of triple-negative breast cancer, GYS1 was downregulated using small-interfering or 
stably expressed short-hairpin RNAs to study the effect of downregulation on breast cancer cell proliferation, glyco-
gen content and sensitivity to various metabolically targeted drugs.

Results High GYS1 mRNA expression was associated with poor patient overall survival (HR 1.20, P = 0.009), espe-
cially in the TNBC subgroup (HR 1.52, P = 0.014). Immunohistochemical GYS1 expression in primary breast tumors 
was highest in TNBCs (median H-score 80, IQR 53–121) and other Ki67-high tumors (median H-score 85, IQR 57–124) 
(P < 0.0001). Knockdown of GYS1 impaired proliferation of breast cancer cells, depleted glycogen stores and delayed 
growth of MDA-MB-231 xenografts. Knockdown of GYS1 made breast cancer cells more vulnerable to inhibition of 
mitochondrial proteostasis.

Conclusions Our findings highlight GYS1 as potential therapeutic target in breast cancer, especially in TNBC and 
other highly proliferative subsets.
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Background
Triple-negative breast cancers (TNBCs), represent-
ing15-20% of all breast cancers, lack expression of both 
hormone receptors and lack overexpression of human 
epidermal growth factor receptor 2 (HER2) [1]. TNBC is 
an aggressive subtype, characterized by rapid prolifera-
tion, a high metastatic capacity and rapid resistance to 
chemotherapy [2]. This biology and lack of anchors for 
targeted therapy result in a worse prognosis for these 
patients compared to patients with an estrogen receptor 
(ER) and/or HER2 + breast tumor [3].

An hypoxic tumor microenvironment contributes to 
tumor progression, infiltration and therapy resistance, 
and is common in TNBCs [4, 5]. Essential metabolic 
pathways that are upregulated by hypoxia-induced fac-
tors are attractive as potential drug targets, especially 
since direct therapeutic targeting of tumor hypoxia is 
notoriously difficult [6]. Glycogen metabolism is one of 
the metabolic pathways that is upregulated in hypoxia. 
Glycogen contributes to the glucose supply required for 
glycolysis, the pentose phosphate pathway, and the tri-
carboxylic acid cycle [7]. Glycogen molecules consist of 
chains of glucose polymers that are attached to one cen-
tral core protein glycogenin [8, 9]. Individual glucose 
molecules modified by uridine diphosphate (UDP) are 
covalently bound through α-1,4-glycosidic bonds by acti-
vated glycogen synthase (GYS) to form polymers [7, 8, 
10] (Fig. 1a). GYS isoform 1 (GYS1), the fundamental reg-
ulator of glycogen synthesis in non-liver tissues [11], and 
glycogen breakdown enzymes (glycogen phosphorylases, 
PYG) are all HIF-regulated and upregulated in hypoxia 
[12–15]. Preclinically, cancer cells, including breast can-
cer cells, show elevated intracellular glycogen concentra-
tions which are further increased during hypoxia [12–14, 
16–19]. In addition, glycogen accumulation in breast 
cancer cells is induced by radiation and is associated 
with radioresistance [20, 21]. Metformin, which inhibits 
mitochondrial complex I, decreased intra-cellular glyco-
gen levels and reversed radioresistance [20]. Collectively, 
these data suggest that cancer cell glycogen metabolism 
contributes to cell survival in stressful or nutrient-lim-
iting conditions such as those induced by hypoxia, poor 
vascularization, high proliferation or therapy.

Glycogen metabolism may thus provide novel thera-
peutic targets in breast cancer. High tumor expression 
of glycogen-related enzymes is associated with worse 
patient outcomes in multiple other cancer types [23–27]. 
In human breast cancers, the expression of the key gly-
cogen synthesis enzyme GYS1, its correlation with tumor 
glycogen levels and the functional consequences of GYS1 
downregulation are unknown. Therefore, we evaluated 
GYS1 mRNA levels in publicly available breast cancer 
data and immunohistochemical expression of GYS1 and 

glycogen in primary human breast cancers. We subse-
quently investigated the impact of GYS1 knockdown on 
proliferation, glycogen content and sensitivity to mito-
chondrial targeting in a panel of breast cancer cell lines 
and in a xenograft model, focusing on TNBC.

Methods
Patient mRNA data and tissue‑microarray
Robust multiarray average (RMA)-normalized mRNA 
microarray expression data from the publicly available 
METABRIC dataset [22] and accompanying clinical data 
were downloaded on  7th November 2021 from cBioPortal 
(https:// www. cbiop ortal. org/ study/ summa ry? id= brca_ 
metab ric). Cases with missing GYS1 expression data were 
excluded from all analyses.

For the patient tissue-microarray (TMA), tissue of pri-
mary breast tumors obtained during primary surgery was 
retrieved from patients who were treated in the Univer-
sity Medical Centre Groningen (UMCG) between 2006 
– 2012. The tissue used is regarded as residual tissue., 
therefore need for informed consent was waived accord-
ing to institutional and national guidelines. Clinical 
data were derived from the electronic patient file, pseu-
donymized and stored on a secured server following local 
guidelines.

Immunohistochemistry
In the patient TMA, three cores containing viable tumor 
tissue were included from every resection specimen. In 
addition, cores from the following tissues were included 
in duplicate or triplicate on each TMA: non-malignant 
mamma tissue, liver, kidney, gall bladder, colon, pla-
centa. Paraffin sections of 3 µM thickness were applied to 
APES-coated slides (Starfrost, Braunschweig, Germany). 
Following heat-induced antigen retrieval and blockage of 
endogenous peroxidase (500 µl 30%  H2O2 / 50 ml PBS for 
30 min), slides were incubated with the indicated primary 
antibodies against GYS1, carbonic anhydrase 9 (CA9), 
glycogen [28, 29], cytokeratin 8/18 and Ki67 (see Suppl. 
Table  2 for buffer and antibody specifications). Stain-
ing was visualized after incubation with biotinylated or 
peroxidase-bound secondary antibodies using streptavi-
din–biotin/horseradish peroxidase complex (Dako, USA, 
1:100) and 3,3′-diaminobenzidine (Sigma Aldrich). For 
periodic acid-Schiff (PAS) staining, slides with and with-
out pretreatment with 0.8% a-amylase type VI-B (30 min, 
37  °C, Sigma Aldrich) were incubated with 1% periodic 
acid (10  min, VWR chemicals) followed by Schiff’s rea-
gent (15 min, Merck). Haematoxylin (Klinipath) was used 
as counterstain.

Stained slides were analyzed using Visiopharm soft-
ware (Visiopharm, Hørsholm, Denmark). Percentage of 
tumor area per core was determined using an in-house 

https://www.cbioportal.org/study/summary?id=brca_metabric
https://www.cbioportal.org/study/summary?id=brca_metabric
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tumor detection app, and manually adjusted if neces-
sary based on cytokeratin 8/18 staining of the same core. 
Cores with < 5% tumor tissue in the region-of-inter-
est, < 10% tumor tissue of the total core tissue and/or with 
major artefacts resulting in no evaluable tumor tissue 
were excluded from further analysis. Scores for GYS1, 
glycogen and Ki67 were derived by an in-house app that 
delineates areas of weak (intensity 1), intermediate (2) 

and strong (3) cytoplasmic staining using predefined con-
stant thresholds (see representative examples in Suppl. 
Figure 3c). Minimum and maximum thresholds, respec-
tively, were set based on positive and negative controls. 
As positive controls for GYS1 and glycogen, respectively, 
areas with striated muscle and liver cores were desig-
nated as ‘strong’. The final score for each staining was 
determined by multiplying the percentage of tumor area 

Fig. 1 Expression patterns of GYS1 and glycogen in breast cancer patients. a Schematic overview of glycogen metabolism and the role of GYS1, 
which catalyzes formation of the α-1,4-glycosidic bonds between UDP-glucose molecules. b Overall survival of respectively all (left panel) and 
triple-negative (right panel) breast cancer patients from the METABRIC cohort (n = 1904) with respectively high or low GYS1 mRNA expression 
in their primary tumor [22]. Curves are separated by the median GYS1 expression. c Representative examples of differing staining patterns in 
glycogen-rich and glycogen-poor primary breast tumor areas. 60 × magnification, scalebar represents 20 μm. d Tukey boxplots of staining scores of 
all primary breast tumors by clinical subtype. Displayed are median, interquartile range (boxes) and 1.5 × interquartile range (whiskers). e Scatterplot 
of GYS1 (x-axis) and glycogen H-scores (y-axis) and Ki67 proliferation index (dot size) of primary breast tumors, stratified by subtype (color). f Tukey 
boxplots of staining scores of primary breast tumors, stratified by Ki67 proliferation index. Displayed are median, interquartile range (boxes) and 
1.5 × interquartile range (whiskers). g Spearman correlations (lower left triangle) and corresponding P-values (upper right triangle) of staining scores 
with tumor size and Ki67 index. CI = confidence interval; GBE = glycogen branching enzyme; GYS = glycogen synthase; HR = hazard ratio; PYG = glycogen 
phosphorylase; UDP = uridine diphosphate 
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with a certain intensity, similar to the H-score, resulting 
in a final score between 0–300. Tumor Ki67 was scored 
using a previously validated Visiopharm app, and prolif-
eration index (%) was determined as (positive nuclei/total 
nuclei)*100[30]. For GYS1 and glycogen scores, the first 
60 consecutive cores were manually assessed and scored 
by a breast cancer pathologist (BvdV) to verify correct 
scoring by the app (data not shown). Additionally, glyco-
gen antibody staining scores were qualitatively compared 
to PAS ± diastase staining of the same core.

Cell culture and transfection with siRNA and shRNA
Breast cancer cell lines MDA-MB-231, MCF-7, HCC-
1806, SUM-159PT, BT474, SKBR3, MDA-MB-453, 
T47D, MDA-MB-436, CAL51 and MDA-MB-468 and 
the glioblastoma cell line U87 MG were obtained from 
ATCC. All cell lines were STR-profiled and regularly 
tested to be mycoplasma-free. Cells were maintained in 
a humidified atmosphere at 37 °C and 5%  CO2 in Dulbec-
co’s Modified Eagle Medium (DMEM) containing 25 mM 
glucose (#41,966–029, Gibco), supplemented with 10% 
fetal calf or bovine serum (Life Technologies, Waltham, 
MA, USA). Cell lines were passaged twice a week up to a 
maximum of 40 passages.

For acute GYS1 knockdown experiments, cells were 
transfected with pool or single sequence small inter-
fering RNAs targeted against GYS1 (Invitrogen) or a 
scrambled control (Dharmacon) (final concentration 
20  nM, sequences in Suppl. Table  2) in Lipofectamine 
RNAiMAX (ThermoFisher) and OptiMEM (Gibco) 
according to manufacturer’s instructions. MDA-MB-231 
and MDA-MB-231-Brain cell lines with stable GYS1 
knockdown were constructed by lentiviral transduction 
with MISSION® short hairpin RNA (shRNA) transduc-
tion particles (Sigma-Aldrich) targeted against GYS1 
or a non-targeting shRNA sequence (Suppl. Table  2). 
Cells were transduced with a multiplicity of infection 
of 3, in the presence of 6  mg/ml Polybrene (Sigma). 
Cells expressing the shRNA were selected in puromycin 
(Sigma)-containing medium (1  mg/ml). Subsequently, 
shGYS1 cell lines were maintained under selective pres-
sure in 25  mM DMEM + 10% FCS supplemented with 
0.01% puromycin.

Proliferation and viability assays
In short-term siRNA proliferation assays, 1 ×  105 cells 
were seeded in 3  ml 5.6  mM glucose DMEM + 10% 
fetal calf serum (FCS) in 6-wells plates. Medium was 
refreshed daily to mimic constant physiological glucose 
levels and at day 5, cells were harvested by trypsiniza-
tion, resuspended and counted. For hypoxic conditions, 
a Ruskinn hypoxic workstation was used for 0.1%  O2 con-
ditions and a Sanyo  CO2 incubator for 1%  O2 conditions. 

For spheroid formation, MDA-MB-231 or HCC1806 
cells were transfected with siGYS1 or scrambled con-
trol and harvested after 24  h by trypsinization. Cells 
were resuspended in complete DMEM containing 2.5% 
matrigel (Corning #354,230), seeded in 96-wells ultra-
low attachment round bottom plates (Corning #7007) 
at 5.000 cells/well and plates were centrifuged to initi-
ate spheroid formation (10  min, 1000  g, 4C). On day 3 
after seeding, 100μl of fresh medium was added. Every 
other day, pictures of every well were taken (EVOS Cell 
Imaging system, ThermoFisher). For clonogenic assays, 
MDA-MB-231 or HCC1806 cells were seeded 1 day after 
transfection with siCtrl or siGYS1. They were seeded in 
5.6 mM glucose complete DMEM + 3% agarose in 6-wells 
Petri dishes (2000 cells/well) that were precoated with 
complete medium + 3% agar.

For short-term inhibitor experiments, cells were seeded 
in 96-wells plates (2.000 cells/well, 10 mM glucose com-
plete DMEM), left to adhere overnight and treated with 
for 96  h with increasing concentrations of NBS-037 
(Novintum Bioscience, London, UK) [31], gamitrinib-
triphenylphosphonium (GTPP, kind gift from D. Altieri) 
or phenformin (Sigma Aldrich, P7045). 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5 diphenyltetrazolium methyl thiazolyl 
tetrazolium (MTT, Sigma Aldrich M2128) was added 
after 96  h (final concentration: 0.5  mg/ml) and cells 
were incubated for four additional h. After centrifuging 
(15 min, 900 rpm) and careful medium aspiration, 200 μl 
DMSO (Sigma) was added to dissolve formazan crystals 
and absorbance was measured at 520 nm with an iMark 
absorbance reader (BioRad). In several experiments, 
duplicate plates were fixed and stained with crystal violet 
to verify MTT results by a non-metabolic method (data 
not shown).

For long-term NBS-037 experiments, cells were seeded 
in 48-wells plates (3.000 cells/well) in complete DMEM 
containing resp. 1  mM or 5.6  mM glucose and left to 
adhere overnight. Half of the medium was aspirated 
every other day and supplemented with fresh complete 
medium containing either DMSO control or NBS-037 
(first week) or only fresh complete medium (second 
week) to ensure relatively stable glucose levels. Well con-
fluency was measured every 3 h using IncuCyte™ ZOOM 
(Essen BioScience, Essen, Germany).

Glycogen content
Cellular glycogen content was measured colorimetri-
cally using the Glycogen Colorimetric/Fluorometric 
Assay Kit (K646-100, BioVision Inc., Milpitas, Santa 
Clara, CA, USA). Cells were plated in 10-cm2 dishes 
(7 ×  105 cells/dish), left to seed overnight and placed in 
normoxia or 1% hypoxia. After 48  h, cells were washed 
twice with ice-cold PBS, scraped, and cell pellets were 
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collected and snap-frozen in liquid nitrogen. According 
to manufacturer’s instructions, cell pellets were homog-
enized in 200 μl sterile  H2O and homogenized using 25G 
syringes. Homogenates were boiled for 10 min to inacti-
vate enzymes and spun down, and the supernatant was 
assayed for glycogen content according to manufacturer’s 
instructions, including sample readings without amylo-
glucosidase addition to measure the glucose background. 
Glycogen content was normalized to protein content 
determined by Bradford assay.

Western blotting
Cell lysates were obtained by scraping cells in RIPA buffer 
(Thermo Scientific, Waltham, MA, USA), supplemented 
with respectively 1:100 protease and phosphatase inhibi-
tor (ThermoFisher). Protein concentration was estimated 
using Bradford assays. Per sample, 25  μg protein was 
loaded and separated by SDS-PAGE. Separated proteins 
were blotted onto PVDF membranes (Millipore, Burl-
ington, MA, USA). Membranes were blocked in 5% skim 
milk (Sigma, St. Lois, MO, USA) in 0.05% Tween20-TBS 
and incubated overnight at 4 °C with primary antibodies 
(see Suppl. File 2 for specifications). After washing, mem-
branes were incubated with appropriate HRP-conjugated 
secondary antibodies (DAKO, Santa Clara, CA, USA). 
Proteins were visualized using LumiLight (Roche, Basel, 
Switzerland) on a ChemiDoc MP imaging system (Bio-
Rad, USA).

Xenograft experiments
Female BALB/c SCID mice of 5–6  weeks old (weight 
20 gr) were used for this study. Under anesthesia, of 
 106 cells of MDA-MB-231 transfected with shCtrl or 
shGYS1, respectively, in 50 μl Serum Free Media mixed 
with Matrigel (1:1) of were subcutaneously injected into 
the mammary fat pad of each mouse. Tumor growth 
was monitored three times per week by measuring the 
length (L), width (W), and height (H) of each tumor 
using calipers. Volumes were calculated using the equa-
tion (LxWxH)1/3  (mm3). The experiment was terminated 
at day 58 when the first tumor reached the size of 12 mm. 
Mice were killed by cervical dislocation and tumors were 
resected, formalin-fixed and embedded in paraffin or 
snap-frozen for RNA extraction, respectively. 3–5  μm 
thick slices were stained by IHC for GYS1, Ki67 and by 
PAS ± diastase, and GYS1 and Ki67 were analyzed by 
Visiopharm with the same quantification apps as used in 
the patient TMA.

Data analysis
Spearman correlation coefficients were used for cor-
relations between mRNA expression levels. Kaplan–
Meier survival curves were separated by median GYS1 

expression of resp. the entire dataset or the indicated 
clinical subtypes and compared by log-rank tests. Non-
parametric Kruskal–Wallis tests followed by post-hoc 
Dunn tests, or proportion Z-tests with Holm’s correc-
tion for multiple testing were used to assess differences 
in GYS1 and glycogen expression between clinicopatho-
logical characteristics. Spearman’s correlation coeffi-
cients were used for correlations. Prior to unsupervised 
hierarchical clustering with (1-Spearman correlation) as 
distance measure and Ward.D2 as linkage method, GYS1, 
glycogen and Ki67 scores were square-root transformed 
to approach normal distributions followed by z-score 
normalization. Experimental data are derived from at 
least three independent experiments and displayed as 
mean or median ± SD unless mentioned otherwise. 
Conditions were compared using unpaired t-tests with 
Holm-Sidak’s correction for multiple comparisons and/
or ANOVA. Spheroid sizes were determined from micro-
scope images using the open-source MATLAB soft-
ware package SpheroidSizer. All statistical analyses and 
data visualization were performed in GraphPad Prism 
(v.8.4) and R (v.4.0.0 and Rstudio v.1.2.5042, packages: 
ggplot2 v.3.3.5, survival v.3.2, corrplot v.0.90, Complex-
Heatmap v2.11.1, rstatix v.0.7.0). A two-sided, adjusted 
P-value < 0.05 was considered statistically significant.

Results
GYS1 mRNA expression in primary breast cancers 
is associated with overall survival in triple‑negative breast 
cancer patients
We first explored the associations between patient sur-
vival and breast tumor mRNA expression of enzymes 
involved in glycogen metabolism in the publicly avail-
able METABRIC dataset. METABRIC contains well-
annotated mRNA microarray expression data from the 
primary breast tumors from two patient cohorts with 
long-term follow-up (n = 1904) [22]. Of the enzymes 
involved in glycogen synthesis, GYS1 and glycogen 
branching enzyme 1 (GBE1) were ubiquitously expressed 
whereas the isoform GYS2 was restricted to the liver and 
had low to no expression in non-liver tumors [32]. Only 
high GYS1 mRNA expression was associated with worse 
patient overall survival in the entire breast cancer cohort 
(Fig.  1b, hazard ratio [HR] 1.20 (95% confidence inter-
val [CI] 1.05–1.38), log-rank P = 0.009; Suppl. Figure 1a). 
None of the glycogen phosphorylase isoforms correlated 
with survival in this dataset. When the subtypes were 
analyzed separately, the worse overall survival for GYS1-
high patients was observed in TNBC but not in the other 
subtypes (Fig.  1b, Suppl. Figure  1b-c; HR 1.52 [95% CI 
1.09–2.14], P = 0.014). This association with worse over-
all survival for patients with GYS1-high TNBC remained 
present when correcting for tumor size, grade and 
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number of positive lymph nodes by using the Notting-
ham Prognostic Index, a clinically validated prognostic 
index [33] (Suppl. Figure 1d, HR 1.41 [95% CI 1.00–1.98], 
Wald’s P = 0.049). Correlations between GYS1 levels and 
mRNA levels of other key enzymes of glycogen metab-
olism, the well-established hypoxic marker carbonic 
anhydrase 9 (CA9) and the proliferation marker MKI67 
were poor to moderate, ranging from p = -0.26 for GBE1 
(P < 0.001) to 0.26 for MKI67; Suppl. Figure 2a, P < 0.001). 
Absolute GYS1 mRNA levels were highest in the ER-/
HER2 + subtype and in grade 3 tumors (Suppl. Figure 2b). 
There were no differences in GYS1 mRNA expression 
between tumors from different stages.

Immunohistochemical GYS1 expression is highest 
in triple‑negative primary breast tumors
High mRNA expression of GYS1, but not of the other 
glycogen synthesis or degradation enzymes, was associ-
ated with worse survival in breast cancer patients, espe-
cially in patients with TNBC. Therefore, we focused on 
GYS1 protein expression and its association with glyco-
gen content and clinicopathological characteristics in a 
tissue microarray (TMA) constructed with tissue from 
human breast tumors obtained during primary surgery 
(Suppl. Figure  3a). In total, 337 tumors were included, 
of which 217 were ER + (64%), 95 HER2 + (28%) and 93 
triple-negative (28%) (see Suppl. Table 1 for patient and 
tumor characteristics). GYS1- and glycogen-positivity 
were observed in the cell cytoplasm only. GYS1 staining 
was diffuse in the cytoplasm whereas glycogen staining 
showed a clear granular morphology (Fig.  1c). Notably, 
high glycogen was observed in both GYS1-negative and 
GYS1-positive areas (Fig. 1c). The glycogen patterns were 
confirmed by PAS ± diastase staining of the same area 
(Suppl. Figure 3b, c). Glycogen- and GYS1-positive areas 
did not consistently coincide with CA9-positivity in the 
same core, and multiple tumors with strong GYS1 and/or 
CA9 expression lacked glycogen (Suppl. Figure 3b).

GYS1 scores were highest in the TNBC subtype 
(median H-score 80, IQR 53–121), compared to 
ER + HER2- (used as reference group; median 56, IQR 
36–83), ER + HER2 + (median 47, IQR 25–85) and ER-
HER2 + (median 34, IQR 20–64)(P = 0.00054, Fig.  1d). 
Glycogen scores were lowest in ER + HER2 + tumors 
(median H-score 15, IQR 4–30) vs. ER + HER2- (median 
34, IQR 8–72), ER-HER2 + (median 24, IQR 6–61) 
and TNBC tumors (median 32, IQR 9–65) (P = 0.0064, 
Fig.  1d). When dividing tumors into quadrants defined 
by the median GYS1 and glycogen scores, the largest 
subset of both ER + HER2- and ER-HER2 + tumors was 
GYS1-low/glycogen-high (35% and 48%, respectively; 
Fig. 1e). Within ER + HER2 + tumors, the most prevalent 
combination was GYS1-high/glycogen-low (37%) and 

within TNBCs, this was GYS1-high/glycogen-high (37%; 
Fig. 1e).

Ki67‑high primary breast tumors have high GYS1 protein 
expression and low glycogen
Primary breast tumors with a high Ki67 proliferation 
index, using a cut-off of 20% according to ESMO Early 
breast cancer guidelines [34], had higher GYS1 expres-
sion than Ki67-low tumors (median H-score 85, IQR 
57–124 vs. 52, IQR 32–80; P < 0.0001; Fig.  1f, Suppl. 
Figure  3d). GYS1 did not differ between tumor grades 
(Suppl. Figure 3d). Glycogen levels were lowest in Ki67-
high tumors (median H-score 16, IQR 6–41 vs. 31, IQR 
8–70; P = 0.014) and grade 3 tumors (median H-score 
19, IQR 5–55; P = 0.021; Fig. 1f, Suppl. Figure 3d). Over-
all, higher GYS1 was moderately correlated with higher 
Ki67 (Spearman’s p = 0.29, P < 0.0001) and lower glyco-
gen scores (Fig. 1g; p = -0.26, P < 0.0001). Tumor size did 
not correlate with GYS1 or glycogen levels. To distin-
guish potential subgroups among breast tumors based on 
GYS1, glycogen and Ki67 scores, we performed unsuper-
vised hierarchical clustering. Of the three major clusters, 
cluster one contained predominantly Ki67-high, grade 3 
tumors with relatively high GYS1 and low glycogen lev-
els; cluster two contained Ki67-low tumors with lower 
GYS1 and higher glycogen expression than cluster one; 
and tumors in cluster three had relatively high glycogen, 
mixed Ki67-levels and the lowest GYS1 levels of all clus-
ters (Suppl. Figure 3e). Exploratory overall survival analy-
sis revealed no differences in survival when patients were 
stratified by GYS1 or glycogen scores (Suppl. Figure 3f ). 
In short, GYS1 is expressed in the majority of primary 
breast tumors, with the highest levels in TNBCs and 
other Ki67-high tumors.

GYS1 is heterogeneously expressed in breast cancer cell 
lines and knockdown impairs proliferation in normoxia 
and hypoxia
Next, we studied GYS1 expression and impact of GYS1 
downregulation in a panel of breast cancer cell lines. All 
cell lines expressed GYS1 protein (Fig.  2a, Suppl. Fig-
ure  4a). GYS1 knock-down inhibited growth of most 
breast cancer cell lines (Suppl. Figure 4b). Based on the 
association of tumor GYS1 mRNA expression with over-
all survival in patients with TNBC specifically and their 
high GYS1 protein expression, we selected three TNBC 
cell lines (HCC1806, MDA-MB-231, SUM159PT) and 
one ER + cell line (MCF7) for further analyses. GYS1 
expression increased after 24 h hypoxia, with the great-
est induction in MCF7 and SUM159PT cells and only 
marginal induction in MDA-MB-231 cells. Hypoxia 
increased phosphorylated GYS1 (pGYS1) in MCF7 but 
not in SUM159PT cells, suggesting the greatest activity 
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of glycogen synthesis of SUM159PT cells in response to 
hypoxia. Hypoxic induction was especially pronounced 
for GBE1 and CA9, unlike PYGL and PYGB (Fig. 2a).

The glycogen content was increased in all cell lines 
after 24 h hypoxia (0.1%  O2) (Fig. 2b). Hypoxic glycogen 
induction was more pronounced in TNBC cell lines com-
pared to the ER-positive cell line MCF-7, with mean fold 
changes in hypoxia ranging from 2.1 for MCF-7 to 48 for 
SUM159PT. In normoxia and hypoxia, siGYS1 decreased 
2D cell proliferation after 5 days of most cell lines, except 
for SUM159PT (Fig. 2c, Suppl. Figure 4b). There were no 
changes in degree of apoptosis (data not shown). Clo-
nogenic potential of MDA-MB-231 and HCC1806 were 
also reduced in GYS1 knockdown cells (Suppl. Figure 5b 
and 6a). To mimic 3D tumors with a hypoxic core, MDA-
MB-231 spheroids ± siGYS1 were generated. After 7 days, 
spheroid size was smaller in GYS1 knockdown cells com-
pared to controls (Fig.  2d), but the Ki67 proliferation 
index did not differ (data not shown). HCC1806 sphe-
roids ± siGYS1 were also generated. These spheroids were 
too small to quantify, but Ki67 proliferation index was 
lower in GYS1 knockdown spheroids (Suppl. Figure 6b). 
Taken together, our results show that acute downregula-
tion of GYS1 impairs breast cancer proliferation in vitro 
in 2D and 3D in both hypoxia and normoxia.

GYS1 knockdown depletes glycogen and impairs 
MDA‑MB‑231 xenograft growth
To evaluate tumor growth upon long-term vs. acute 
GYS1-knockdown and in an in  vivo setting, we con-
structed a short-hairpin GYS1-knockdown MDA-
MB-231 cell line. MDA-MB-231 shGYS1 cells were 
glycogen-depleted compared to shCtrl cells, while 
basal intracellular glucose levels did not differ between 
shCtrl and shGYS1 cells (Fig.  3a, Suppl. Figure  5c). 
MDA-MB-231 xenograft growth was impaired with 
GYS1-knockdown (Fig.  3b), especially in the first six 
weeks after engraftment, after which shGYS1 xenografts 
regained a similar growth rate to controls. Tumors har-
vested at termination of the experiment (day 58) were 
stained for GYS1, Ki67 and with PAS ± diastase stain-
ing. Cytoplasmic GYS1 staining was present in all shCtrl 
xenografts, with higher intensity in areas adjacent to the 
necrotic tumor core compared to the outer tumor border 

(Fig. 3c). GYS1 staining was absent, and strongly reduced 
GYS1 mRNA levels confirmed knockdown, in all but one 
of the shGYS1 xenografts (Suppl. Figure  7a, b). In this 
single xenograft #7, half of the tumor showed re-expres-
sion of GYS1 mRNA and protein whereas the other half 
was negative for GYS1. Ki67 proliferation index did not 
differ between shCtrl vs. shGYS1 tumors, reflecting the 
equal proliferation at towards the end of the experiment 
(Fig. 3c). PAS-staining showed little to no positivity and 
CA9-positive cells were scarce in both groups, corre-
sponding to a low glycogen content and the absence of 
CA9 in the Western blot analysis of MDA-MB-231 cells 
in  vitro (Fig.  2a, Suppl. Figure  7c). Thus, GYS1 down-
regulation caused intracellular glycogen depletion and 
delayed TNBC xenograft growth.

Stable GYS1 knockdown sensitizes triple‑negative breast 
cancer cells to mitochondrial inhibition
After an initial delay, the eventual growth rate of shGYS1 
xenografts matched that of shCtrls, which is in line with 
the observation that monolayer growth of shGYS1 cells 
did not differ from controls (Suppl. Figure 5d). This sug-
gests that, in contrast to GYS1 knockdown in an acute 
setting, cells adapt to chronic GYS1-knockdown without 
re-expression of GYS1. Blocking utilization of glycogen 
is known to increase dependency on mitochondrial res-
piration [13]. Moreover, patients with glycogen storage 
disease type 0b caused by congenital GYS1 deficiency 
show increased mitochondrial proliferation and mito-
chondrial abnormalities in their muscle biopsies [35, 36]. 
We hypothesized that the adaptations induced by sta-
ble GYS1 knockdown might convey sensitivity to mito-
chondrial targeting. We, therefore, investigated whether 
GYS1-knockdown cells were more sensitive to inhibitors 
of respectively mitochondrial complex I (phenformin), 
mitochondrial protein translation (compound NBS037, 
described in [31]) and the mitochondrial chaperone HSP-
90 (gamitrinib-triphenylphosphonium, GTPP) (Fig.  4a). 
ShGYS1 cells were more sensitive to apoptosis inflicted 
by NBS037 and GTPP but not phenformin in short-term 
assays for up to five days (Fig.  4b, c). To evaluate long-
term viability in a more clinical setting of long-term 
on–off drug schedules, shGYS1 cells were treated with 
NBS037 in fresh medium every other day for one week 

(See figure on next page.)
Fig. 2 GYS1 and glycogen are increased in hypoxia and acute GYS1 knockdown impairs breast cancer proliferation. a Protein expression of total 
GYS1, pGYS1(Ser641) (inactive form), the hypoxic markers HIF1 α and CA9, and other key enzymes in glycogen metabolism GBE1, PYGB and PYGL. 
Cells were cultured for 24 h in normoxia (N) or 1% hypoxia (H). b Glycogen levels after 24 h normoxia or 1% hypoxia, normalized by cell number 
(mean ± SD). c Breast cancer cell number after 5 days with siRNA-mediated GYS1 knockdown or scrambled control in normoxia (left) and 0.1% 
hypoxia (right) d Spheroid growth of MDA-MB-231 cells transfected with siRNA-mediated GYS1 knockdown or scrambled control. CA = carbonic 
anhydrase; GBE = glycogen branching enzyme; GYS = glycogen synthase; HIF = hypoxia-inducible factor; PYGB = brain glycogen phosphorylase; PYGL = liver 
glycogen phosphorylase; ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001 
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Fig. 2 (See legend on previous page.)
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followed by a week of medium refreshment only every 
other day. Also in this long-term setting, GYS1 knock-
down sensitized MDA-MB-231 cells to NBS037 treat-
ment (Fig.  4d). Of note, after three weeks of treatment 

with 2 µ M NBS037, regrowth of shCtrl cells was observed 
but not of shGYS1 cells. These results imply that long-
term inhibition of glycogen synthesis confers sensitivity to 
drugs that target mitochondrial proteostasis.

Fig. 3 Stable GYS1 knockdown depletes glycogen stores and diminishes growth of TNBC xenografts (a) Glycogen levels of MDA-MB-231 
cells ± shGYS1 after 48 h growth in 5.6 mM glucose DMEM in normoxia or 1% hypoxia, normalized by protein levels (mean ± SD). b Growth of 
subcutaneous MDA-MB-231 tumors with shGYS1 (n = 7 mice) or scrambled control (n = 6; one xenograft tumor did not engraft and was omitted 
from analyses) (mean ± SD). c Representative examples of HE and immunohistochemical GYS1 and Ki67 staining in shCtrl or shGYS1 xenografts. The 
100 × magnification inset shows that GYS1 was exclusively detected in the cytoplasm. GYS1 expression was quantified in the complete vital tumor 
area (overall) and in regions-of-interest adjacent to the necrotic tumor core (inner) or outer tumor border (outer) resp. Scalebars represent 1 mm for 
1 × magnification, 100 μm for 10 × and 10 μm for 100x. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. N = necrosis, T = vital tumor 
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Discussion
We demonstrate that the key glycogen synthesis enzyme 
GYS1 is expressed in most primary breast tumors, espe-
cially in triple-negative and Ki67-high tumors, and that 
knockdown of GYS1 impairs breast cancer proliferation 
in  vitro and in  vivo and enhances sensitivity to target-
ing of mitochondrial protein homeostasis. These obser-
vations support GYS1 as a potential therapeutic target, 
especially for patients with triple-negative and Ki67-high 
breast cancers.

Glycogen granules and GYS1 were detected across all 
breast cancer subtypes and grades. Previous case stud-
ies on glycogen metabolism in human breast tumors 
focused on the rare subtype of glycogen-rich clear 
cell carcinomas (GRCC) and reported an incidence of 
GRCC of only 0.01–2.8% [37–41]. These studies did not 
consistently describe GRCC definitions and/or glyco-
gen detection methods, whereas we here used a sensi-
tive glycogen antibody combined with semi-automatic 
quantification [28, 29]. This can explain the higher 
prevalence of glycogen-positive tumors in our study. 

GYS1 protein expression in breast cancer has not been 
previously described. The presence of the high GYS1/
low glycogen pattern specifically suggest that a high 
glycogen turnover is related to the high proliferation 
rate of these aggressive subsets. High GYS1/low glyco-
gen tumors were specifically observed in TNBCs and 
other Ki67-high tumors, which were captured in cluster 
one of an unsupervised cluster analysis. This could sug-
gest that GYS1-driven glycogen stores are depleted to 
feed these aggressive rapidly growing tumors, in con-
trast to cluster two and three that contained tumors 
with high glycogen stores, variable GYS1 levels and 
lower proliferation rates. The inhibitory phosphoryla-
tion status of tumors with high GYS1 in those latter 
clusters are of interest for further evaluation. ER-pos-
itivity did not clearly explain GYS1 expression levels, 
although recent studies in other cell types, e.g., endo-
metrial adenocarcinoma cells and rat astrocytes, dem-
onstrated that estradiol stimulates GYS1 expression 
[42, 43]. Possibly, circulating estrogen levels are too low 
to influence glycogen synthesis in humans, especially 

Fig. 4 shGYS1 breast cancer cells are more sensitive to inhibition of mitochondrial protein proteostasis (a) Schematic overview of the targets 
of respectively gamitrinib-triphenylphosphonium (GTPP) (i.e., targeting heat-shock protein 90), NBS-037 (the mitoribosome) and phenformin 
(mitochondrial complex I). b 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) conversion, normalized to DMSO-treated cells, of 
MDA-MB-231 cells ± shGYS1 or shCtrl after 5 days of treatment with GTPP, NBS037 or phenformin (mean ± SD). c Western blot of apoptotic markers 
after 48 h of treatment with NBS037 or GTPP. d Well confluency of MDA-MB-231-shCtrl and -shGYS1 cells treated with different concentrations 
of NBS-037, cultured in resp. 1 mM or 5.6 mM glucose complete DMEM, measured by Incucyte every 3 h. After one week of drug exposure with 
refreshment of dose every other day, medium was changed every other day during week two to maintain constant glucose concentrations, after 
which cells were left to grow out. Lines represent mean and shaded areas 95% CI. *Peak at 240 h in 1 mM DMEM condition caused by a plate lid 
artefact. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.005 
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since more than half of our study population was peri- 
or post-menopausal.

It is likely that local differences in nutrient availabil-
ity and oxygen levels are important in the regulation of 
GYS1 expression, GYS1 phosphorylation, i.e. inactiva-
tion, and its catalytic activity [44]. Here, we showed that 
expression of GYS1 protein and glycogen levels were 
indeed induced by hypoxia in all the breast cancer cell 
lines. Hypoxic GYS1 protein induction was lowest in the 
MDA-MB-231 cell line, in line with previous studies [19, 
45]. Our in vivo data suggest a similar effect of hypoxia, 
since GYS1 protein expression in control xenografts was 
highest adjacent to the necrotic tumor core. The role of 
glycogen as an essential back-up fuel in stress conditions 
was previously shown [13, 14, 45]. Hypoxic precondi-
tioning to induce glycogen stores increased the viability 
of breast cancer cells and hepatoma cells when the cells 
were subsequently cultured in glucose-depleted medium 
[12, 18]. However, we found that both GYS1 mRNA and 
protein expression were only moderately correlated with 
expression of the hypoxia marker CA9, and GYS1 expres-
sion was not limited to perinecrotic areas. Moreover, 
acute GYS1 knockdown reduced cell proliferation of 
breast cancer cells also in normoxia and with glucose lev-
els in the physiological range. This supports an essential 
role for glycogen synthesis and flux beyond that of sim-
ply a reserve energy pool only utilized during challenging 
conditions [7, 46]. Such a physiological function is seen 
in non-malignant brain cells and non-small cell lung can-
cer cells, where glycogen is involved in cell survival, pro-
tein glycosylation and epigenetic regulation by providing 
nuclear pyruvate for histone acetylation [47–49]. In neu-
rons, glycogen-derived lactate supports neurotransmis-
sion of neighboring cells [50]. It is tempting to speculate 
that a similar glycogen-shunt between specific subsets of 
tumor cells with each other or surrounding cells from the 
tumor microenvironment could underlie the observed 
mosaic-like pattern of GYS1 and glycogen IHC expres-
sion in primary breast tumors.

In the short-term setting, knockdown of GYS1 resulted 
in growth inhibition, but not in increased cell-death. The 
phenotype of growth inhibition was eventually lost in the 
longer-term in vitro and in vivo experiments. This phe-
nomenon could not be explained by GYS1 re-expression. 
This is in line with a previous study reporting that sta-
ble GYS1 knock-out did not impair the growth of gly-
cogen positive renal clear cell (RCC) cancer cells [51]. 
13C-isotope flux analyses in RCC cells revealed that mito-
chondrial one-carbon metabolism is fueled by glycogen-
derived glucose [51]. In addition, glycogen-debranching 
enzyme loss in bladder cancer increased reliance on 
interconversion of the one-carbon metabolites glycine 

and serine [27, 52]. These observations suggest that long-
term GYS1 downregulation may induce mitochondrial 
adaptations to overcome decreased flux through glyco-
gen. Here, we actually found that shGYS1 breast cancer 
cells were more sensitive to mitochondrial proteostasis 
inhibitors but not to the mitochondrial complex I inhibi-
tor phenformin. These findings may be applicable to 
other tumor types as well, as our results with U87 MG 
glioblastoma cell line model indicate (Suppl. Figure  6c). 
Taken together these results suggest that cancer cells that 
are deficient in glycogen synthesis may be especially vul-
nerable to mitochondrial targeting.

We used well-characterized cohorts of patients with 
breast cancer to study glycogen and GYS1 mRNA and 
protein levels. Nevertheless, the retrospective nature of 
these patient cohorts and the cohort used for the immu-
nohistochemical analyses is a limitation of our study. 
In addition, cohort used for IHC was underpowered to 
detect survival differences in the range of the hazard 
ratios as found in the METABRIC mRNA data. Further-
more, not all cell lines responded to GYS1 inhibition, 
such as SUM159PT despite having high GYS1 expres-
sion and glycogen stores. We were not able to pinpoint a 
specific determinant of sensitivity to GYS1 knockdown. 
Other components contributing to glycogen synthesis 
and utilization (e.g., activity of GBE1, glycogenin and 
phosphorylases) are likely to be involved in determining 
sensitivity. Glycogen particle structure also influences the 
ability to release and utilize glucose from glycogen chains 
as demonstrated in glycogen storage diseases models 
[53–55]. Combining protein expression data from tumor 
immunohistochemistry, 13C-isotope flux analyses and 
structural particle measurements by Raman spectroscopy 
will help to elucidate the kinetics of glycogen metabolism 
in patients. These insights—along with a deeper mecha-
nistic understanding of the long-term adaptations to 
GYS1 knockdown and induced sensitivity to mitochon-
drial inhibitors—will help to select breast tumors that 
are most susceptible to therapeutic targeting of glycogen 
metabolism.

Multiple potent inhibitors of glycogen phosphorylases 
have been developed [56–59]. However, knockdown 
of glycogen phosphorylase in cancer cells induces dif-
ferent phenotypes dependent on the targeted isoform. 
Early clinical trials that evaluated these inhibitors have 
not published results or were hampered by toxicity, 
thereby stalling clinical development [13, 19, 45, 56, 59]. 
GYS1 constitutes an attractive alternative target in gly-
cogen metabolism, due to its centrale role in glycogen 
synthesis. Inhibition of glycogen synthesis is currently 
being as a therapeutic strategy for glycogen storage dis-
eases with accumulation of (aberrant) glycogen particles, 
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including Pompe disease and adult polyglucosan body 
disease (APBD). The FDA-approved food additive guai-
acol, which inhibits UDP-binding to GYS1, decreased 
GYS1 activity and glycogen content, and improved the 
APBD phenotype in a mouse model [60]. Neverthe-
less, the pleiotropic effects of guaiacol make it less suit-
able for targeted therapies. The safety and maximum 
tolerated dose of a novel GYS1-specific inhibitor, which 
potently inhibits human GYS1 in cell lysates of non-can-
cerous cells, is currently recruiting patients in a phase I 
clinical trial (NCT05249621) [61]. Inborn homozygous 
GYS1 deficiency can lead to cardiomyopathy and cardiac 
arrest in some patients [36]. Nevertheless, side effects 
of drug-induced GYS1 inhibition might be tolerable for 
adults with normal cardiac function, as this inhibition is 
unlikely to be as complete as a complete GYS1 deficiency. 
Our findings on the widespread presence of GYS1 in pri-
mary breast tumors and the involvement of GYS1 in pro-
liferation make it of interest to extend development and 
evaluation of GYS1 inhibitors to breast cancer.

Conclusions
The key glycogen synthesis enzyme GYS1 is expressed in 
most primary breast tumors, especially in triple-negative 
and Ki67-high tumors. Knockdown of GYS1 impairs 
breast cancer cell proliferation and sensitizes to target-
ing of mitochondrial protein homeostasis. Our findings 
highlight GYS1 as potential therapeutic target in breast 
cancer, especially in TNBC and other highly proliferative 
subsets.
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transfected with siCtrl or siGYS1, cultured in 5.6 mM glucose complete 
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of HCC1806 cells transfected with siRNA-mediated GYS1 knockdown or 
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cells treated with different concentrations of GTPP, cultured in 5.6 mM 
glucose complete DMEM, was measured by Incucyte every 3h.

Additional file 9: Figure 7. Additional GYS1, PAS and CA9 xenograft stain-
ings. (a) Whole-slide overview of GYS1 IHC in all xenograft tumors. Black 
arrows indicate GYS1-positive striated muscle cells. The 20x magnifica-
tion of shGYS1 xenograft #7 shows re-expression of GYS1 in the bottom 
tumor half but not the upper part. (b) Xenograft qt-PCR GYS1 mRNA levels 
normalized to actin, confirming GYS1 knockdown in shGYS1 xenografts 
and the partial GYS1 regain in shGYS1 xenograft #7. (c) PAS staining +/- 
pretreatment with diastase and CA9 immunohistochemistry of xenograft 
tumor areas in Figure 3c. Magnification of GYS1 staining of the cor-
responding area in the shCtrl xenograft illustrates GYS1 expression was 
not restricted to CA9 positive areas (white arrows). Scalebars represent 
1 mm for 1x magnification, 500 μm for 2x and 50 μm for 20x/40x. CA9 
= carbonic anhydrase 9; GYS1 = glycogen synthase 1; PAS = periodic 
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