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José Alexandre Ferreira

Correspondence
jose.a.ferreira@ipoporto.min-saude.pt

In brief

Health sciences; Medicine; Medical

specialty; Internal medicine; Oncology;

Natural sciences; Biological sciences;

Systems biology; Cancer systems

biology; Cancer
.

ll

mailto:jose.a.ferreira@ipoporto.min-saude.pt
https://doi.org/10.1016/j.isci.2025.111758
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.111758&domain=pdf


OPEN ACCESS

iScience ll
Article

Multilevel plasticity and altered glycosylation
drive aggressiveness in hypoxic
and glucose-deprived bladder cancer cells
Andreia Peixoto,1,2,3 Dylan Ferreira,1,2,3,12 Andreia Miranda,1,2,3,12 Marta Relvas-Santos,1,2,3,4 Rui Freitas,1,2,3

Tim S. Veth,5,6 Andreia Brand~ao,1 Eduardo Ferreira,1 Paula Paulo,1 Marta Cardoso,1 Cristiana Gaiteiro,1,3 Sofia Cotton,1,3

Janine Soares,1,3,7 Luı́s Lima,1 Filipe Teixeira,8 Rita Ferreira,7 Carlos Palmeira,1,9,10 Albert J.R. Heck,5,6
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SUMMARY
Bladder tumors with aggressive characteristics often present microenvironmental niches marked by low ox-
ygen levels (hypoxia) and limited glucose supply due to inadequate vascularization. The molecular mecha-
nisms facilitating cellular adaptation to these stimuli remain largely elusive. Employing a multi-omics
approach, we discovered that hypoxic and glucose-deprived cancer cells enter a quiescent state supported
by mitophagy, fatty acid b-oxidation, and amino acid catabolism, concurrently enhancing their invasive ca-
pabilities. Reoxygenation and glucose restoration efficiently reversed cell quiescence without affecting
cellular viability, highlighting significant molecular plasticity in adapting to microenvironmental challenges.
Furthermore, cancer cells exhibited substantial perturbation of protein O-glycosylation, leading to simplified
glycophenotypeswith shorter glycosidic chains. Exploiting glycoengineered cell models, we established that
immature glycosylation contributes to reduced cell proliferation and increased invasion. Our findings collec-
tively indicate that hypoxia and glucose deprivation trigger cancer aggressiveness, reflecting an adaptive
escape mechanism underpinned by altered metabolism and protein glycosylation, providing grounds for
clinical intervention.
INTRODUCTION

Bladder cancer (BLCA) remains one of the deadliest malig-

nancies of the genitourinary tract due to high intra and inter-tu-

moral molecular heterogeneity.1 This has delayed a more

comprehensive understanding of tumor spatiotemporal status

and affected the efficiency of precise clinical interventions.

Although genetic alterations are considered primary causes of

cancer development, downstream phenotypic changes induced

by the tumor microenvironment are among the driving forces of

progression and dissemination. The generation of hypoxic
iScience 28, 111758, Febr
This is an open access article under the CC BY-NC-ND
niches characterized by decreased oxygen availability (%2%

O2) is a microenvironment hallmark of solid tumors.2 Not surpris-

ingly, the presence of hypoxic regions is a pivotal independent

poor prognosis factor in several cancers, including urothelial

carcinomas.3

Uncontrolled tumor cell proliferation supported by avid

glucose consumption and glycolysis in the presence of oxygen

and fully functioning mitochondria (the Warburg effect) is a com-

mon feature of solid tumors.4 Rapid proliferation is frequently

accompanied by flawed neoangiogenesis, resulting in subopti-

mal oxygen and nutrient supply to cancer cells in the periphery
uary 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of blood vessels. Poor vascularization and competition for nutri-

ents require constant metabolic remodeling and exploitation of

alternative survival strategies by cancer cells. Although many tu-

mor cells faced with suboptimal growth conditions undergo pro-

grammed cell death and necrosis, some subpopulations show

tremendous molecular plasticity to adapt to hypoxic and

nutrient-deprived microenvironments.5 Low oxygen levels

induce metabolic rewiring toward anaerobic glycolysis and

microenvironment acidification, while contributing to themainte-

nance of cancer stem cells and acquisition of epithelial-to-

mesenchymal transition (EMT) traits, decisively dictating tumor

fate.6,7 Moreover, slow-dividing cancer cells in hypoxic regions

can escapemany cytotoxic drugs targeting rapidly dividing cells,

also being sufficiently shielded from many other therapeutic

agents compared to the tumor bulk.8 Although the mechanisms

of cellular adaptation to hypoxia are already well known, few

studies have interrogated how cancer cells can also withstand

low levels of glucose. Furthermore, there is little knowledge of

the underlyingmolecular alterations occurring at the cell surface,

which dictate poor prognosis and may be easily targeted in ther-

agnostic interventions.

The cell surface is densely covered by a layer of complex gly-

cans (glycocalyx), which result from the concerted activity of a

wide variety of glycosyltransferases, glycosidases, and sugar

nucleotide transporters across the secretory pathways.9,10

Moreover, glycosylation reflects microenvironmental stimuli in

response to alterations in glycogenes expression and metabolic

imbalances.11,12 While aberrant glycosylation, manifested by O-

glycans shortening, is a common feature of most epithelial tu-

mors,13 there is still a significant gap in identifying the common

macroenvironmental drivers responsible for these molecular

changes in solid tumors. Nevertheless, seminal observations

have linked the Warburg effect with increased flux of glucose

and other nutrients into the hexosamine biosynthetic pathway

(HBP), resulting in higher mucin-type O-glycosylation and sialy-

lation in cancer cells, directly impacting on glycocalyx composi-

tion.14,15 These alterations influence the activation of oncogenic

signaling, inducing immune tolerance, migration, cell-cell, and

cell-matrix adhesion.11 Furthermore, they suggest that meta-
Figure 1. BLCA cells exhibit remarkable tolerance to hypoxia and low

behavior

(A) Hypoxia or low glucose (normoxia-Glc) significantly upregulates HIF-1a expre

Glc).

(B) BLCA cells cultured in hypoxia and low glucose produce residual levels of la

(C) Hypoxia and low glucose significantly suppress cell proliferation. Individually,

stressors further exacerbates this effect in all cell lines.

(D) BLCA cells maintain their viability under hypoxia and low glucose. The combi

impact the viability of 5637 and T24 cells. RT4 and HT1197 cells exhibit a 30%–4

capacity.

(E) BLCA cells display increased invasiveness under hypoxia or low glucose. Thi

(F) BLCA cells demonstrate remarkable adaptability to microenvironmental chan

does not affect cell viability, underscoring the high plasticity of these cells to end

(G) BLCA cells restore basal proliferation after 48 h of reoxygenation with glucos

stating proliferation after 48 h, highlighting their plasticity in responding to micro

(H) After 24 h of reoxygenation with glucose restoration, BLCA cells exhibit a sign

(I) Hypoxia and low glucose increase T24 cells’ resistance to cisplatin across a

unchanged. Error bars represent mean ± SD for three independent experiments.

Whitney test were used for statistical analysis. Results were considered statistic
bolic imbalances may play a role in supporting cancer progres-

sion by influencing glycocalyx remodeling. Expanding on these

findings, a prior explorative study from our group has provided

initial evidence that hypoxia augments the malignancy of BLCA

cells while concurrently inhibiting protein O-glycosylation exten-

sion.16 However, how hypoxia and glucose restriction shape the

cancer glycome and its underlying functional implications re-

mains mostly unaddressed.

In this study, we employed amulti-omics approach combining

transcriptomics, metabolomics, glycomics, and phosphopro-

teomics to characterize in-depth the molecular plasticity of

BLCA cells under hypoxia and low glucose and its contribution

to aggressiveness. Having observed significant glycome remod-

eling in response to these stressors, we have conducted func-

tional glycomics studies supported by well-characterized glyco-

engineered cell models to determine how altered glycosylation

impacts BLCA progression. Important insights were generated

to understand how BLCA adapts to oxygen and nutrient depriva-

tion, aiming to identify more aggressive BLCA subpopulations

envisaging future clinical interventions.

RESULTS

Hypoxia and low glucose induce BLCA aggressiveness
To better understand the molecular adaptability of BLCA cells to

hypoxia and low glucose, four BLCA cell models reflecting

different grades of the disease (RT4-grade 1, 5637-grade 2,

T24-grade 3, HT1197-grade 4) were cultured under low oxygen

(0.1% O2) and reduced glucose (%10%) levels. This was ex-

pected to mimic microenvironmental conditions encountered

by cells growing far apart from blood vessels.16 Cells responded

rapidly to these challenges, stabilizing the hypoxia-inducible fac-

tor HIF-1a, which became more pronounced in the absence of

glucose, supporting HIF-1a pivotal role in adaptive responses

to microenvironmental stress (Figure 1A). Notably, HIF-1a was

also increased in 5637 cells grown under atmospheric oxygen

tension but with very low glucose (normoxia-Glc), reinforcing

the existence of a non-canonical regulation of HIF-1a stabiliza-

tion regardless of oxygen availability.17 The exception was the
glucose, adopting a quasi-quiescent and more aggressive invasive

ssion in BLCA cell lines, which is further enhanced when combined (hypoxia-

ctate. Individually, these stressors induce the production of lactate.

low oxygen or low glucose inhibits cell proliferation. The combination of these

ned environmental stress from hypoxia and low glucose does not significantly

5% reduction in viability under these conditions, suggesting a limited adaptive

s is significantly potentiated when both stimuli are combined.

ges with minimal impact on cell viability. Restoring oxygen and glucose levels

ure drastic microenvironmental changes.

e restoration. Both 5637 and T24 cells regain proliferative capacity, fully rein-

environmental challenges.

ificant reduction in invasion, which is fully restored under normoxia after 48 h.

wide range of concentrations, including its IC50, whereas 5637 cells remain

One-way ANOVA followed by Tukey’s multiple comparison test and the Mann-

ally significant when p < 0.05.
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T24 cell line, which showed a modest HIF-1a increase under

stress, even though nuclear accumulation was notorious in sub-

sequent experiments. This was accompanied by an increase in

lactate levels, which were rapidly extruded to the extracellular

space under low oxygen (Hypoxia), suggesting the adoption of

anaerobic glycolysis as main bioenergetic pathway and capacity

to maintain intracellular homeostasis7 (Figure 1B). Low glucose

(normoxia-Glc) also increased lactate as a result of aerobic

glycolysis, except for HT1197 cells. However, it remained in

the intracellular compartment, suggesting that low oxygen may

be critical for activating extrusion mechanisms. Under these

conditions, lactate may be converted into pyruvate to fuel the

Krebs cycle. The combined effect of hypoxia and low glucose

(Hypoxia-Glc) lowered lactate close to vestigial levels, strongly

supporting the activation of an alternative energy-producing

pathway to glycolysis.

Concomitantly, we observed a striking decline in cell prolifer-

ation (approximately 1.5-fold) in all cell lines under hypoxia,

which was significantly enhanced upon glucose suppression

(Figure 1C). Cells were arrested in G2/M checkpoint, most likely

due to depletion of the substrates required for DNA synthesis, as

it was later confirmed by metabolomics (Figure S1). Notably, the

viability of 5637 and T24 cells was not affected after 24 h of

microenvironmental stress, as highlighted by little changes in

the percentage of apoptotic and pre-apoptotic cells in compar-

ison to normoxia (Figure 1D). Expanding this study, we found that

5637 and T24 were even able to withstand these stressors for at

least 72 h without loss of cell viability, demonstrating their signif-

icant adaptability. In contrast, RT4 and HT1197 cells viability was

decreased by approximately 30%–50% after 24 h. As such,

5637 and T24 cells were selected for more in-depth functional

and molecular studies. After 24 h, 5637 and T24 cells responded

to oxygen or glucose shortage by increasing invasion of Matrigel

in vitro (Figure 1E). Strikingly, their combination (hypoxia-Glc)

enhanced further invasion, highlighting the pivotal role played

by both stressors. Finally, reoxygenation and access to glucose

restored proliferation after 24 h and induced a massive drop in

invasion without inducing apoptosis, suggesting little oxidative

stress from drastic alterations in the microenvironment

(Figures 1F–1H). Collectively, this demonstrated that certain
Figure 2. BLCA cell lines under hypoxia and low glucose experience p

aggressive phenotypes, which is supported by the poor prognosis obs
(A) BLCA cell lines under hypoxia and low glucose display distinct transcriptomes b

reveals that PC1 (94% variance) primarily distinguishes differences between cell li

and stressed cells.

(B) The volcano plot showcases global transcriptional changes between norm

expression of 4,044 genes (1,722 upregulated, 2,322 downregulated), indicating

(C) Bi-clustering heatmap of the top 30 differentially expressed genes illustrates

death, and invasion. Heatmap plots log2 transformed expression values of gene

(D) Enrichment analysis of GO terms for differentially expressed genes reveals al

and resistance to cell death.

(E) Prognostic evaluation identifies a hypoxia and glucose-deprivation-linked fou

Cox regression analysis of the top 30 differentially expressed genes identifies se

gulated under hypoxia and low glucose, significantly correlate with poor OS, con

(F) Validation of the prognosis significance of the hypoxia-related four-gene sign

significantly worse clinical outcomes for patients displaying the stress-related ge

(G) Bi-clustering heatmap showing the association between the stress-related sig

of the four hypoxia-related differentially expressed genes, showing clear differen
BLCA cell subpopulations are well capable of accommodating

hypoxia-induced stress, while concomitantly acquiring more

aggressive and motile phenotypes. Overall, our results suggest

that oxygen and glucose levels act as an on-off switch for prolif-

eration and invasion. Interestingly, resistance to cancer cell

death, proliferation decline, and activation of invasion traits

have been closely linked to lactic acidosis as a result of either

hypoxia or glucose shortage.7 Our observations support the

adoption of similar behaviors in the absence of lactate. Finally,

we addressed 5637 and T24 tolerance to cisplatin, generally

used in the clinics against less proliferative tumor cells. Under

stress, BLCA cells significantly increased tolerance to cisplatin

as observed for T24 and 5637 cells (Figure 1I), suggesting the

adoption of cell chemoresistance mechanisms, which could be

directly related to decreased proliferative potential promoted

by stress conditions.

Stress-induced transcriptome rewiring supports cancer
aggressiveness and metabolic reprogramming
The 5637 and T24 BLCA cells showed markedly different tran-

scriptomes but common responses to hypoxia and glucose

shortage (Figure 2A). A total of 4,044 geneswere differentially ex-

pressed in response to stress (1,722 upregulated, 2,322 downre-

gulated; Figure 2B and Tables S1 and S2), thus supporting signif-

icant transcriptome remodeling. Under hypoxia and glucose

deprivation, cells activated stress-related genes driving more

undifferentiated (KRT17),18 poorly proliferative (PPP1R15A/

GADD3419), and cell-death-resistant (PPP1R15A/GADD34,20

DDIT4,21 PFKFB322) phenotypes (Figure 2C). Furthermore, upre-

gulation of DDIT4, HK2, PFKFB3, and PPP1R15A/GADD34 sup-

ported the activation of autophagic events.23–26 In particular,

PPP1R15A/GADD34 plays a key role in sustaining autophagy

during starvation, thus enabling lysosomal biogenesis and a sus-

tained autophagic flux,26 whereas DDIT4 has been linked to

adaptive survival mechanisms permitting cells to resist meta-

bolic stress.27 Finally, we observed significant downregulation

of genes linked to lipogenesis (ELOVL6),28 as well as both prolif-

eration and positive regulators of differentiation (FOSB,CSF3/G-

CSF).29–31 Furthermore, hypoxia and low glucose levels nega-

tively regulated tumor suppressors (EGR1)32 and activated
rofound transcriptome remodeling, linked to the acquisition of more

erved in TCGA-BLCA patients
ut share common responses to these conditions. PCA for transcriptomics data

nes, whereas PC2 (5% variance) highlightsmarked changes between normoxic

oxia and hypoxia plus low glucose. Exposure to these stressors alters the

significant transcriptome remodeling.

co-regulation under stress, supporting proliferation arrest, resistance to cell

s in samples.

terations in key pathways associated with cell-cell adhesion, cell proliferation,

r-gene signature (TAGLNhigh; SLC2A3high; TRIB3high; TMEM158high). Univariate

ven genes associated with OS. Higher expression levels of four genes, upre-

stituting a stress signature.

ature in BLCA patients from TCGA. Kaplan-Meier curves of OS and PFS show

ne signature compared to the remaining patients in the cohort.

nature and bladder tumors. Heatmap plots log2 transformed expression values

tiation between cancer and healthy bladder samples.
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genes linked to invasive/migratory capacity (ETS1,33 DDIT4,34

TAGLN,35 TMEM15836). Collectively, BLCA cells showed

remarkable transcriptomic adaptability to microenvironmental

stress, supporting increased cancer aggressiveness. Genes

involved in cell-cell adhesion, cell proliferation, programmed

cell death, DNA damage, metabolism reprogramming, and

oxidation-reduction processes (Figure 2D) were triggered, in

accordance with the observed functional alterations (Figure 1).

The transcriptome of bladder tumors (n > 400 cases) showed

significant correlation with hypoxia-related genes observed in

stressed cell lines (Figure S2). Moreover, a distinct hypoxic

phenotype (characterized by TAGLN, SLC2A3, TRIB3, and

TMEM158 upregulation) was identified in more aggressive tu-

mors and associated with a worse prognosis (Figures 2E and

2F). Importantly, this hypoxic phenotype was discriminative of

tumors compared to healthy tissues (Figure 2G).

Microenvironmental stress induces catabolic
metabolism
To gainmore insights into themetabolic reprogramming induced

by hypoxia and glucose deprivation, we performed a mass-

spectrometry-based untargeted metabolomics study on 5637

and T24 cells (Tables S3 and S4). As highlighted by Figure 3A,

T24 and 5637 cells present distinct metabolic fingerprints under

normoxia, in line with the different molecular backgrounds

observed at the transcriptome level (Figure 2). However, similar

responses were observed facing low oxygen and glucose, char-

acterized by a statistically significant reduction in the levels of 85

metabolites and increments in 8 species. Increased metabolites

included several fatty acid-carnitine derivatives, whereas nucle-

otide sugar donors (UDP-Glc and UDP-GalNAc), citric acid, and

gluconic acid were substantially decreased (Figures 3B and 3C).

High levels of fatty acid-carnitine derivatives (pentadecanoylcar-

nitine, L-palmitoylcarnitine, heptadecanoyl carnitine, stearoyl

carnitine, arachidyl carnitine; Figures 3B and 3C) support active

translocation of long-chain fatty acids across the inner mito-

chondrial membrane for subsequent b-oxidation. Interestingly,

increased levels of these metabolites have been observed in

the urine of advanced-stage BLCA patients,37,38 reinforcing the

close link between thismetabolic phenotype and cancer aggres-
Figure 3. Hypoxia and low glucose shift BLCA cell metabolism fromglyc

number of active mitochondria
(A–C) PLS-DA analysis reveals similar metabolic responses in 5637 and T24 cell

tabolome alterations in response to hypoxia and low glucose (B). Downregulate

whereas increased metabolites indicate active fatty acid transport and b-oxidation

Krebs cycle, and lipid metabolism was observed, consistent with catabolic met

transfer across the inner mitochondrial membrane for b-oxidation.

(D) Pathway enrichment analysis supports fatty acid b-oxidation as the primary

carnitine biosynthesis and lysine/methionine degradation, contribute to fatty acid

(E) Hypoxia and low glucose induce lysine and methionine degradation to suppo

(F) Joint pathway analysis incorporating transcriptomics and metabolomics stu

cleotides and sugars biosynthesis, including O-GalNAc glycans and protein O-g

(G and H) Hypoxia and low glucose increase AMP/ATP ratio (G) and activate AM

potential catabolic processes, including mitophagy.

(I) Citrate synthase activity decreases under hypoxia and low glucose, suggestin

(J) TEM analysis reveals major morphological changes, including compromised m

increased shedding of vesicles, indicating membrane activity changes under stre

Whitney test was used for statistical analysis. Results were considered statistica
siveness. In addition, stressed cells showed decreased amounts

of several lysophosphatidylcholines and lysophosphatidyletha-

nolamine, which is consistent with the mobilization of lipids for

mitochondrial b-oxidation39 (Figure 3C) and in perfect agreement

with the lipolytic phenotype highlighted by transcriptomics.

Interestingly, carnitine levels were also conserved to maintain

downstream lipid b-oxidation at the expenses of L-lysine and

L-methionine degradation (Figures 3C–3E). On the other hand,

stressed cells showed significant amounts of Krebs cycle inter-

mediates, namely citrate, but also oxoglutarate, oxaloacetate,

malate, and fumarate. Interestingly, lower citrate in cancer cells

has been described to favor resistance to apoptosis and cellular

dedifferentiation,40 thus in agreement with functional and tran-

scriptomics studies. Of note, we also observed amino acids con-

sumption (lysine, valine, leucine, isoleucine; Figure 3D) to sup-

port energy requirements. A joint pathway analysis, combining

transcriptomics, and metabolomics confirmed the molecular re-

wiring of challenged cells toward a catabolic state (Figure 3E). It

further highlighted changes in glycolysis and gluconeogenesis,

in agreement with the adoption of a lipolytic rather than a glyco-

lytic metabolism.

Not surprisingly, we found a higher AMP/ATP ratio in stressed

cells (Figure 3G), mainly driven by a significant decrease in ATP.

This was accompanied by higher 5-AMP-activated protein ki-

nase (AMPK) phosphorylation (Figure 3H), frequently observed

in more aggressive bladder tumors.41 These findings were both

consistent with the adoption of catabolic processes and sup-

ported the occurrence of mitophagy. Accordingly, microenviron-

ment-challenged cells displayed decreased citrate synthase

activity (Figure 3I) and higher number of autophagosomes (Fig-

ure S3A). Autophagy in hypoxic cells was confirmed by dedi-

cated immunoassays (Figure S3B). Mitophagy was also later

confirmed by TEM (Figure 3J). In fact, microscopy evidenced a

drastic decrease in the number of intact mitochondria, allied to

evident mitophagy events (Figures 3JI and II), translated by outer

mitochondrial-membrane-associated degradation and matrix

sectioning. Lipid-droplet (LD)-associated mitochondria, also

known as peridroplet mitochondria (PDM), were also observed

under hypoxic conditions (Figures 3JII). Vesicle shedding was

evident (Figures 3JIII and IV), highlighting cellular communication
olytic to lipolytic, increasing lipid droplet formation and reducing the

s under microenvironmental stress (A). Volcano plot highlights significant me-

d metabolites include UDP-Glc, UDP-GalNAc, gluconic acid, and citric acid,

(C). Significant reduction in key metabolites linked to nucleotide, amino acids,

abolism. An exception is the accumulation of long fatty acid acylcarnitine for

bioenergetic pathway in stressed cells. Key metabolic pathways, including

b-oxidation.

rt acylcarnitine biosynthesis and lipid b-oxidation.

dies supports changes from glycolytic to lipolytic metabolism, impacting nu-

lycosylation.

PK by phosphorylation (H), indicating impaired oxidative phosphorylation and

g a reduction in functional mitochondria.

itochondria, lipid droplets, peridroplet mitochondria, membrane vesicles, and

ss. Error bars represent mean ± SD for three independent experiments. Mann-

lly significant when p < 0.05.
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Figure 4. Hypoxia and low glucose induce major cell signaling rewiring, promoting aggressiveness via cell-cycle arrest, quiescence,

apoptosis resistance, glycolytic metabolism blockage, and autophagy

(A) Despite cell-related differences, common features in oncogenic signaling are elicited by hypoxia and glucose deprivation, as shown by PCA analysis of

phosphoproteome signatures. PC1 (27% variance) distinguishes cell-dependent differences, whereas PC2 (17% variance) relates to marked signaling changes

linked to hypoxia and glucose deprivation.

(legend continued on next page)
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events that should be carefully investigated in future studies.

Finally, stressed cells showed considerably short and disorga-

nized endoplasmic reticulum (ER) cisternae, contrasting with

typically longer ER sections presented by cancer cells in nor-

moxia (Figures 3JV and VI), demonstrating prominent disorgani-

zation of secretory pathways where glycosylation occurs (Fig-

ure S4). Overall, cellular ultrastructure was significantly altered

in ways that are consistent with catabolic responses leading to

lipid droplets accumulation and disorganization of major organ-

elles linked to glycosylation. Therefore, we further investigated

alterations in the ER and Golgi apparatus (GA) proteomes under

hypoxia and glucose restriction (Figures S5A and S5B). ER-

related proteins FKBP2, HYOU1, HSP90B1, ERO1A, and

HSPA5 were significantly increased, and SDF4 was decreased

in both cell lines (Figure S5A). This highlights common unfolded

protein responses intricately linked to ER stress, including

organelle fragmentation and functional impairment.42–45

Regarding the Golgi, we found that GOLM1 was also decreased

in both cell lines (Figure S5B). GOLM1 plays a pivotal role assist-

ing in the transportation of protein cargo through the Golgi appa-

ratus.46 Overall, ER and GA proteome remodeling supports the

adoption of stress-counteracting responses and negative regu-

lation of apoptosis, as evidenced by the functional network in

Figure S5C. Collectively, proteomic findings reinforce TEM evi-

dence of impairment in secreting organelles.

Cellular signaling rewiring under stress supports
aggressiveness
Cellular signaling rewiring was assessed by phosphoproteomics

(Tables S5 and S6). Under stress, 5637 and T24 BLCA cells re-

sponded similarly (Figure 4A), exhibiting major alterations in rele-

vant serine/threonine kinases and substrates linked to high

motility and reduced cell adhesion, reduced cell proliferation,

cell senescence, and mitochondrial reorganization (Figures 4B

and 4C; Tables S5 and S6). Moreover, cells exhibit clear survival

adaptations translated by induction of autophagy, apoptosis

evasion, cell-cycle arrest, Krebs cycle inhibition, and cell survival

(Figure 4), in full agreement with functional, transcriptome, and

metabolome reprogramming. Increased endocytosis was also

a relevant feature of these cells, supporting major plasma mem-

brane remodeling observed by TEM. Notably, the most signifi-

cant alterations in phosphorylation (>2-fold change to normoxia)

occurred in proteins involved in the AMPK, insulin, HIF-1a, EGFR

tyrosine kinase, and autophagy signaling pathways (Figure 4E).

Themain altered phosphorylation sites under hypoxic conditions

are AKT1 S473, AKT3 S472, PFKFB3 S461, CAMKK2 S511,

PDHA1 S232, BAD S118, and PRKAB1 S108 (Figure 4D;

Tables S5 and S6). AKT1 S473 and AKT3 S472 act synergically
(B) Kinase-substrate enrichment analysis scores each kinase based on substrate

significantly activated kinases, whereas blue indicates significantly inhibited one

(C) KEGG pathway enrichment analysis of phosphoproteomics data shows sig

senescence, and autophagy under stress.

(D) Volcano plot showcases global cell signaling rewiring between normoxia an

phosphorylated proteins and precise annotation of main phosphorylation sites.

(E) AMPK, insulin signaling, HIF-1a signaling, EGFR-TKI resistance, and autoph

signaling pathways with 2-fold change in stressed cells are presented, highlight

phosphorylation sites, along with main associated cellular functions.
to protect cells from microenvironmental and cisplatin-induced

apoptosis by phosphorylating downstream molecules as

mTOR and glycogen synthase kinase-3. Notably, under stress,

the preferable PRKCZ substrate is AKT3 whose activity was

found significantly increased (Figure 4E). PRKCZ has been impli-

cated in maintaining high motility and reduced cell adhesion of

metastatic cancer cells,47 in cell-cycle regulation,48 and in mito-

chondrial reprogramming in senescent cells toward cell survival.

Also, BAD apoptotic activity is attenuated by phosphorylation at

S118, precluding binding to other Bcl-2 family members to

evade apoptosis.49 Furthermore, phosphorylated PDHA1 at

S232 inactivates pyruvate dehydrogenase complex,50 redirect-

ing cells toward alternative energy pathways to Krebs cycle.

Together with elevated phospho-PRKAB1 S108, this is consis-

tent with the adoption of catabolic processes such as fatty

acid b-oxidation and potential mitophagy51 sustained by

AMPK activation (Figures 4D and 4E). A significant decrease in

several forms of RPS6 (S240, S235, S244), RAF1 S621,

ELAVL1 S202, and EIF4EBP1 T70 is also compatible with

impaired cancer cell proliferation observed under stress.52–55

These alterations are consistent with the adoption of more

aggressive phenotypes by microenvironment-challenged cells.

Stress induces an immature glycocalyx
The generalized disorganization of secretory organelles on

stressed cells strongly suggests implications for the cells’ glyco-

calyx. In addition, Figure 3 supportsmajor alterations in glycosyl-

ation pathways driven by changes in metabolites linked to glyco-

sylation. This includes UDP-GalNAc, a key sugar nucleotide for

the initiation of protein O-GalNAc glycosylation and Neu5Ac, a

sialic acid capping different glycoconjugates (Figures 3C and

S4). Data also suggest low flux through the hexosamine

pathway, which impacts UDP-GlcNAc biosynthesis required

for glycosylation, even though this metabolite could not be de-

tected by our approach. We further observed decreased UDP-

Glc, which is a key precursor of UDP-Gal and UDP-GlcA needed

for glycoproteins, proteoglycans, and glycolipids glycosylation.

Finally, lower levels of gluconic acid and D-ribulose 5-phosphate

as well as AMP, UMP, GMP, and GDP demonstrate alterations in

the pentose phosphate pathway (Figures 3C and 3D) required to

generate nucleotides for nucleic acid synthesis but also glyco-

sylation. Major inhibition of mucin-type O-GalNAc glycans

biosynthesis as well as fructose and mannose metabolism

required for glycosylation was also evident in the joint pathway

analysis (Figure 3E). In addition, downregulation of several glyco-

genes encoding polypeptide N-acetylgalactosaminyltrans-

ferases responsible for protein O-glycosylation initiation (Table

S7) was evident from transcriptome analysis. Downregulation
phosphorylation, highlighting major alterations in stressed cells. Red indicates

s (Z score R2 or %2).

nificant alterations in cell signaling pathways supporting cell motility, cellular

d hypoxia plus low glucose, indicating the most significantly hyper- or hypo-

agy are the most significantly altered pathways in stressed cells. Top-ranked

ing the most significant hyper- or hypo-phosphorylated proteins and precise
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of C1GALT1C1, encoding an essential chaperone for core 1 O-

glycan T-synthase activity and further O-glycans elongation,

was also observed. Interestingly, stressed cells also presented

downregulation of key glycosyltransferases for early N-glycans

processing in the ER but also N- and O-glycans elongation in

the Golgi. Finally, we observed downregulation of several glyco-

genes linked to proteoglycans biosynthesis (Table S7). In sum-

mary, the disorganization of secretory organelles and decreased

sugar nucleotides, accompanied by a net downregulation of key

glycogenes linked to glycosylation initiation and elongation,

drive an immature glycophenotype.

Building on our previous studies linking immature glycosyla-

tion with BLCA aggressiveness, we devoted to the precise char-

acterization of theO-GalNAc glycome of stressed cells. This was

performed by exploiting the Tn mimetic benzyl-a-GalNAc as a

scaffold for furtherO-chain elongation, providing a good assess-

ment of O-glycosylation pathways fitness (Figures 5 and S4;

Table S8). According to Figure 5A, low oxygen and glucose

significantly reduced O-glycans synthesis in both cell lines (Fig-

ure S6 and Table S8). More detailed glycomic characterization in

Figure 5C showed that both cell lines abundantly express fuco-

sylated (m/z 746.40; H1N1F1; type 3 H-antigen) and sialylated T

(m/z 933.48; H1N1S1) antigens, also exhibiting several extended

core 2O-glycans of variable lengths and degrees of fucosylation

and sialylation. Low amounts of shorter O-glycans such as core

3 (m/z 613.33; N2) and STn (m/z 729.38; N1S1) antigens could

also be observed. Complementary flow cytometry analysis using

lectins (VVA for Tn; VVA after NeuAse for STn; PNA for T; PNA af-

ter NeuAse for STn; and GSL II after PNGAse F for terminal

GlcNAc) was employed to gather semi-quantitative data on

most relevant glycan structures (Figure 5B). This was particularly

relevant for estimating the Tn antigen, which could not be directly

assessed by the adopted MS methodology. Accordingly, 60%–

80% of the cells originally expressed Tn, whereas only 15%–

30% expressed STn. The reduction of oxygen and glucose

significantly impacted the glycome of cells, inducing a more ho-

mogeneous simple cell glycophenotype characterized by few

short-chain O-glycans without chain extension beyond core 2,

mainly mono- (m/z 933.48; H1N1S1) and, to less extent, di-sialy-

lated (m/z 1294.65; H1N1S2) T antigens and core 3 (N2)

(Figures 5A–5C). Under hypoxia and glucose deprivation, STn

(N1S1) expression remained negligible as few cells express
Figure 5. Hypoxia and low glucose impair O-glycans extension in BLC

(A) BLCA cells exposed to hypoxia and low glucose exhibit less abundant, simple

MS/MS analysis shows that this glycophenotype is characterized by sialylated T a

treated cells, stabilizing HIF-1a, show no significant alterations in the glycome, s

(B) Lectin affinity studies show significant upregulation of Tn and sialylated T anti

stress, in accordance with MS-based glycomics. Notably, core 3O-glycans (evalu

that cellular stress primarily suppresses core 1/2 O-glycans, rather than increasi

(C) Glucose suppression is the primary driver of glycome remodeling, which can

(D) Glycogene remodeling is primarily driven by the combined effects of hypoxi

beyond core 1. C1GALT1C1, necessary for core 1 biosynthesis, is downregula

antigens and inhibiting core 2 formation. Downregulation of GCNT4 also contribu

counterbalance core 2 suppression.

(E) Quantification of key enzymes involved in O-glycan elongation (C1GalT1; Cos

stressed cells, consistent with transcriptomics. The others remain unchanged, ind

these conditions. Bold circles and triangles represent statistically significant chan

three independent experiments. Mann-Whitney Test was used for statistical ana
this glycan (>10% of the cells) (Figure 5B). Interestingly, no

extension of pre-existing core 3 was observed, reinforcing the

inexorable expression of shorter structures by stressed cells.

Furthermore, we found that the main driver for the lack of glycan

extension was the reduction in glucose (Figure 5C). Notably,

BLCA cells regained the capacity to extend glycans after reoxy-

genation and reintroduction of glucose (Figure 5C), demon-

strating significant plasticity and that microenvironmental

stressors act as an on-off switch for O-glycosylation. Comple-

mentary flow cytometry studies showed that the percentage of

cells expressing T antigen decreased under hypoxia and glucose

deprivation in comparison to normoxia, whereas the abundance

of sialylated T antigens was significantly increased (Figure 5B).

Also, the percentage of Tn-expressing cells increased under

stress, whereas STn levels remained residual, as most Tn anti-

gen is maintained in its non-sialylated form. Overall, these find-

ings highlight that O-glycosylation extension is antagonized un-

der hypoxia and glucose deprivation, leading to more

homogeneous glycophenotypes with accumulation of shorter

O-glycans. Interestingly, we found similar patterns in a wider

panel of cell lines, including RT4 and HT1197, but also esopha-

geal, gastric, and colorectal cancer cells and human mono-

cyte-derived macrophages (Figure S7 and Table S9), suggesting

common response patterns to stress by cancer cells and normal

immune cells. Notably, in these cells, core 2 was significantly

decreased but not completely lost. Finally, we exposed BLCA

cells to deferoxamine (DFX), an ion chelator known to stabilize

HIF-1a expression, and confirmed nuclear accumulation of

HIF-1a (Figure 5A). Upon exposure to DFX, both cell lines ex-

hibited a significant decrease in the expression of C1GALT1C1,

a crucial glycosyltransferase responsible for O-chain elongation

beyond the Tn antigen. Additionally, in 5637 cells,GCNT1, which

regulates core 2 biosynthesis, is downregulated, whereas T24

cells upregulate ST3GAL1 (Figure S8). These alterations could

potentially contribute to a premature stop in glycans elongation.

Interestingly, DFX did not induce significant changes in the

glycosylation of both cell lines, indicating that the HIF-1a tran-

scription factor might not exert a major influence on glycome re-

modeling, despite its role in regulating crucial O-glycogenes

expression. Our observations also highlight the need for careful

interpretation of the glycome based on glycogenes expression.

Finally, seeking deeper insights on the relation between
A, originating a simple cancer cell glycophenotype

r, and shorter glycomes, lacking extensions beyond core 1 structures. nanoLC-

ntigens and core 3, likely due to decreased typical core 1 and 2 structures. DFX-

uggesting that changes observed in stressed cells are not driven by HIF-1a.

gens (recognized by PNA lectin after Neuraminidase [NeuAse] digestion) under

ated by GSL II lectin after PNGase F digestion) remain unchanged, highlighting

ng core 3 O-glycans.

be reversed by reoxygenation and restoration of glucose.

a and glucose deprivation and leads to a premature halt in glycans extension

ted, whereas ST3GAL1, 3, and 4 are overexpressed, increasing sialylated T

tes to core 2 inhibition. Interestingly, elevated GCNT1 and GCNT3 potentially

mc; BGnT-6; C2GNT; ST3Gal-I) shows significant upregulation of ST3Gal-1 in

icating distinct regulation between glycogenes and glycosyltransferases under

ges in T24 and 5637 cell lines, respectively. Error bars represent mean ± SD for

lysis. Results were considered statistically significant when p < 0.05.
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glycogenes expression and the glycophenotype, we re-analyzed

by RT-PCR the expression of a wide array of glycosyltrans-

ferases involved in the initial steps of O-glycans biosynthesis

(Figure 5D). Glucose suppression impacted more significantly

glycogenes expression than hypoxia, inducing significant over-

expression of glycosyltransferases linked to O-glycans elonga-

tion, namely C1GALT1, C1GALT1C1 (for T24 cells), GCNT1,

and B3GNT6, but also extension and termination by fucosylation

and/or sialylation (Figure 5D). ST3GAL1 overexpression was

observed and may contribute to a premature stop in core 1

extension by O-3 sialylation, decreasing core 1 fucosylation.

Interestingly, the combination of both hypoxia with low glucose

impacted less on glycogenes remodeling than glucose

suppression alone (normoxia-Glc). Notably, B3GNT6 and

ST3GAL1 remained overexpressed (Figure 5D). Downregulation

of C1GALT1 and C1GALT1C1 was also observed (Figure 5D),

which may contribute to reduced core 1 synthesis and further

elongation to core 2, impacting negatively on glycans extension.

However, western blot analysis showed that, despite changes in

glycogenes expressions, ST3Gal-I was the only main glycosyl-

transferase gatekeeper of O-glycans extension found elevated

in stressed cells. (Figure 5E). Also, while the focus was set on

O-GalNAc glycosylation, we also characterized the N-glycome.

Despite changes in N-glycogenes expression (Table S7), no ma-

jor alterations could be observed in relation to the main types of

N-glycans (oligomannose, paucimannose, complex; Table S10).

Hypoxic bladder tumors share common molecular
features with stressed cell lines
We then assessed the translational character of our observations

in patient samples. A cohort of BLCA surgical tissue sections

without prior history of adjuvant treatments (n = 70), compre-

hending non-muscle (NMIBC; n = 30) and muscle invasive

(MIBC; n = 40) tumors spanning all stages of the disease (Ta,

T1, T2, T3, T4), was elected for this study. The tumors were

screened for nuclear expression of HIF-1a and expression of

the proliferation marker Ki-67 (HIF-1a+ Ki-67low; hypoxic pheno-

type). HIF-1a was detected in 10% of MIBC tumors, showing
Figure 6. Hypoxic BLCA, characterized by high nuclear HIF-1a express

hypoxic and glucose-deprived cells in vitro, including simple glycophe

(A and B) Roughly 10% of MIBC tumors display a hypoxic fingerprint (HIF-1apo

1anegative/Ki-67high), indicating a potential link to aggressiveness.

(C) Hypoxic tumors display significantly higher AMPK phosphorylation compared

(D) Hypoxic tumors show distinct cellular signaling pathway activation compared

(58% variance) primarily separates hypoxic from proliferative tumors, whereas P

(E) Kinase-Substrate enrichment analysis supports major cell rewiring in hypoxic

significantly inactivated.

(F) Hypoxic tumors share common kinase activation patterns with stressed BLC

(G) KEGG pathway enrichment analysis indicates significant alterations in cell sign

hypoxic tumors as found in stressed cells in vitro.

(H) Hypoxic tumors present simple O-glycophenotypes compared to proliferativ

tumors with scarce core 2 glycans. We represent the most abundant structures a

relation to all identified glycan species.

(I) Hypoxic tumors N-glycome is enriched for oligomannose N-glycans, whereas

(J and K) Hypoxic tumors show higher levels of Tn and sialylated T antigens and l

tumors, reinforcing the primary suppression of O-glycan extension. NeuAse mea

(L) In hypoxic tumors, Tn and sialylated T antigens co-localize with high HIF-1a.

antigens and no Tn antigens. Healthy urothelium from non-cancerous individua

expression. Unpaired t test and Mann-Whitney test were used for statistical ana
heterogeneous expression ranging from 20% to 60% of the tu-

mor area (Figure 6A). HIF-1a was not found in superficial lesions

(Figure 6A). Notably, 59% of studied MIBC were poorly prolifer-

ative, including the four hypoxic tumors, whereas only 15% of

NMIBC presented a Ki-67 low phenotype. Also, HIF-1a-positive

tumor areas did not express Ki-67, in agreement with the acqui-

sition of quiescent phenotypes by hypoxic cells (Figure 6B).

However, no associations between the hypoxic phenotype and

prognosis were found, as these were already highly aggressive

lesions.

We then elected for downstream molecular studies of tumors

showing diffuse and intense nuclear HIF-1a expressions (>50%

of the tumor area). These tumors showed increased AMPK phos-

phorylation and pAMPK/AMPK ratios in comparison to highly

proliferative lesions (Figure 6C), consistent with a catabolic state.

Subsequent phosphoproteomics highlighted marked differ-

ences between hypoxic and non-hypoxic tumors and striking

similarities between hypoxic tumors and cell lines in terms of ki-

nase activation (Figures 6D and 6F; Tables S5 and S6). Namely,

we found increased PRKCZ and BRAF phosphorylation, con-

trasting with significantly lower SRC, CDK1, MTOR, CDK2,

RPS6KA1, and MAPK3 activation (Figures 6E and 6F). Likewise,

altered pathways were also common, with emphasis on endocy-

tosis, cell-cycle arrest, senescence, autophagy, and invasion/

cell motility (Figure 6G). Furthermore, hypoxic tumors exhibited

elevated expression of hypoxia-associated poor-prognosis

markers TMEM and SLC2A3 (Figures 2F and S9). Moreover,

75% of hypoxic tumors co-overexpress at least two out of four

hypoxia-linked genes with prognostic significance (Figure 2F),

in contrast to 33% under normoxia, underscoring their molecular

resemblance to stressed cells in vitro.

The glycome of hypoxic tumors was subsequently character-

ized by mass spectrometry, revealing the sialyl-T antigen as the

predominant glycan and lower levels of core 2 O-glycans

compared to other shorter glycans (Figure 6H; Table S11),

resembling stressed cell lines. The major difference was the

absence of core 3 as well as fucosylated T antigens, invariably

present in cell models. Trace amounts of STnwere also detected
ion and low proliferation, shares malignant molecular features with

notypes
sitive/Ki-67low) that was not observed in NMIBC and most MIBC tumors (HIF-

to proliferative cases, denoting a catabolic state.

to proliferative tumors. PCA for phosphoproteomics data indicates that PC1

C2 (15% variance) highlights marked differences among hypoxic tumors.

tumors. Kinases color-coded in red are significantly activated, whereas blue is

A cells in vitro.

aling pathways, promoting cell motility, cellular senescence, and autophagy in

e tumors. nanoLC-MS/MS reveals more homogeneous O-glycome in hypoxic

lso found in cell lines, keeping reference to their original relative abundance in

proliferative tumors are enriched for complex N-glycans.

ower levels of sialylated Lewis antigens in O-glycans compared to proliferative

ns sialidase neuraminidase.

Normoxic, proliferative tumors lack HIF-1a and show low levels of sialylated T

ls served as a negative control for HIF-1a, low Tn, and sialylated T antigens

lysis. Results were considered statistically significant when p < 0.05.
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(Table S11). Contrastingly, HIF-1anegative/Ki-67high tumors were

more heterogeneous, with some tumors showing hypoxic-like

glycopatterns, whereas others exhibited a high percentage of

core 2 elongations and lower sialyl-T expressions (Figure 6H),

suggesting that other factors may also drive altered glycosyla-

tion. Semi-quantitative assessment of major glycans linked to

hypoxia by lectin immunohistochemistry further reinforced the

adoption of a shorter glycophenotype by hypoxic tumors

(Figures 6J and 6K). Specifically, hypoxic tumors exhibited

significantly elevated expressions of Tn and sialyl-T antigens

compared to HIF-1anegative/Ki-67high tumors (Figures 6J and

6K). Concurrently, these tumors exhibited decreased levels of

sialylated Lewis antigens following PNGase F digestion, indi-

cating a loss of O-glycans complexity as observed in hypoxic

cell lines in vitro. Double immunofluorescence confirmed higher

levels of Tn and sialylated T antigens in hypoxic tumor areas (Fig-

ure 6L), In addition, we performed a broad characterization of the

N-glycome. Despite significant structural diversity, hypoxic tu-

mors were enriched for oligomannose N-glycans (Figure 6I;

Table S12), which were not evident in vitro. Collectively, these

observations highlight fundamental microenvironment-driven

molecular grounds shared by cell models and tumors, including

the adoption of an immature O-glycocalyx and potentially

N-glycosylation, which warrants deeper investigation.

Stress-induced glycome alterations contribute to
cancer aggressiveness
T24 cells were glycoengineered (Figures S10 and S11) to display

distinct simpleO-glycophenotypes and gain more knowledge on

the biological role played by altered glycosylation in BLCA.

Notably, we also tried to edit 5637 cells without success. We

started by overexpressing ST3GAL1 (Figure S12), which

decreased the T antigen and core 1 fucosylation but not core

2-derived glycans, thus not reflecting the hypoxic phenotype

(Table S13). Therefore, we glycoengineered cells to hamper

O-glycan extension beyond core 1 and core 2 by suppressing

C1GALT1 (Figure S10) and GCNT1 (Figure S11), respectively,

using validated gRNAs56 through CRISPR-Cas9 technology.

Considering immunoassays using lectins (Figures 7A and S13)
Figure 7. Hypoxia and low-glucose-induced simple glycophenotypes d

(A and B) T24 C1GALT1 KOs show complete abrogation ofO-glycans extension b

Glycoengineered cells homogeneously express the Tn antigen and show low leve

(C) C1GALT1 KOs display reduced proliferation compared to controls under n

compared to hypoxia and glucose deprivation.

(D) Under normoxia and hypoxia with glucose deprivation,C1GALT1 KOs glycoen

of C1GALT1 in modulating invasive behavior under stress.

(E and F) C1GALT1 KOs demonstrate higher resistance to cisplatin (E) and anoik

(G and H) In CAMs, C1GALT1 KOs give rise to smaller tumors (G), in agreement w

patterns compared to control (H).

(I and J) T24GCNT1 KOs exhibit complete abrogation ofO-glycans extension bey

result, glycoengineered cells express high levels of sialylated T antigens, namely s

closely resembles T24 wild-type cells.

(K and L) GCNT1 KOs display reduced proliferation compared to controls (K) an

invasion is also observed under hypoxia-Glc.

(M and N) GCNT1 KOs demonstrate similar resistance to cisplatin (M) but higher

(O and P) In CAMs,GCNT1KOs give rise to smaller (O) andmore invasive tumors c

experiments. Unpaired t test, two-way ANOVA followed by Tukey’s multiple com

considered statistically significant when p < 0.05.
and MS analysis (Figure 7B), we observed a significant increase

in Tn antigen levels in C1GALT1 knockouts. Notably, the reduced

diversity of O-glycans, due to the inability to detect the Tn anti-

gen by MS, led to spectra dominated by core 3 structures,

despite complementary flow cytometry indicating their mostly

residual presence (Figure S13). Interestingly, we also observed

marginal expression of STn in these cell lines (Figure S13).

Collectively, this demonstrated reduced levels of O-6 GalNAc

sialylation and core 3 biosynthesis, despite losing capacity to

produce core 1 structures (Figures 7A, 7B, and S13). As a result,

we have established a suitable and glyco-homogeneous model

for investigating the role of the Tn antigen, which is enriched in

stressed cells (Figure 5) as well as hypoxic tumors (Figure 7).

GCNT1 KOs exhibited a glycome enriched for monosialylated

T antigens and a complete absence of core-2-derived glycans

(Figures 7I, 7J, and S13; Table S13). Additionally, low levels of

core 3 were also observed, whereas Tn and STn levels were

low. While presenting a more heterogeneous nature in compar-

ison to C1GALT1 KOs, this model provides an opportunity to

address the functional role of the ST antigen in a context

deprived of more elongated glycans, which constitutes the

main structural feature of stressed cells and hypoxic tumors.

Interestingly, ST3GAL1 overexpression on T24 wild-type cells

decreased core 1 and fucosyl-core 1, increasing the percentage

of sialylated core 2 glycans, whereas for GCNT1 KO cells it

increased T antigen di-sialylation (Table S13). These observa-

tions strongly suggest that ST3GAL1 elevation alone cannot ac-

count for the stress-associated glycome.

C1GALT1 and GCNT1 KO cells, resembling relevant glyco-

phenotypic signatures of hypoxic cells, were further used to

interrogate the role played by glycosylation in decisive aspects

of the disease, namely capacity to proliferate, invade, grow

without anchorage, potentially metastasize, and tolerate chemo-

therapy agents (Figure 7). Both were less proliferative in vitro un-

der normoxia aswell as hypoxia and low glucose (Figures 7C and

7K). A higher capacity to grow in an anchorage-independent

manner and resist anoikis was also observed, supporting

increased metastatic potential (Figures 7F and 7N). C1GALT1

KO cells were more resistant to cisplatin over a wide range of
rive relevant cancer-associated hallmarks

eyond the Tn antigen, mirroring a major alteration observed in hypoxic tumors.

ls of core 3. Mock controls’ glycosylation closely resembles T24 wild-type cells.

ormoxia. Collectively, altered glycosylation impacts proliferation more when

gineered cells display significantly enhanced invasion, suggesting a critical role

is compared to mock controls (F).

ith proliferation studies in vitro (C), showing less cohesive features and invasive

ond core 1, mirroring another major alteration observed in hypoxic tumors. As a

ialyl-T, but do not present core 2-derived glycans. Mock controls’ glycosylation

d increased invasion (L) under normoxia, resembling C1GALT1 KOs. A higher

resistance to anoikis compared to mock controls (N).

ompared to controls (P). Error bars represent mean ± SD for three independent

parison test, and Wilcoxon test were used for statistical analysis. Results were
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drug concentrations and presented higher IC50 than its control

(Figure 7E). Increased invasion was also observed under nor-

moxia andmicroenvironmental stress (Figure 7D). These findings

substantiate a role for the Tn antigen in urothelial cancer cells

analogous to the one found for other simple cell models from

various solid tumors, such as C1GALT1 (T-synthase) knock-

outs57,58 and C1GALT1C1 (COSMC) knockouts.59–61 This rein-

forces the notion of a pan-carcinomic function of Tn antigen

driving disease progression. Complementary phosphoproteome

characterization confirmed enrichment for pathways consistent

with these functional alterations (Figures S14A and S14B), asso-

ciated to activation of relevant tyrosine kinases also found in

hypoxic cells and tumors (Figure S14C), suggesting common

molecular grounds supported by immature glycosylation. Inter-

estingly, much less understood GCNT1 KOs also presented

low proliferation and higher invasion capacity in normoxia and

hypoxia plus low glucose (Figure 7L) but not increased resis-

tance to cisplatin (Figure 7M). However, the molecular pathways

governing glycan-linked functional alterations differ significantly

from those in Tn-overexpressing cells (Figures S14D–S14F), thus

emphasizing the crucial role of glycosylation in fine-tuning mo-

lecular functions.

Finally, we explored the in ovo chick chorioallantoic mem-

brane (CAM) assay to assess the biological role of glycans in vivo.

Notably, T24 CAM models have been previously developed and

proven to reflect many histological and molecular features of hu-

man bladder tumors,62 providing relevant platforms for func-

tional studies. C1GALT1 and GCNT1 KO CAMmodels exhibited

significantly smaller tumors when compared to controls,

which was consistent with observations in vitro (Figures 7G

and 7O). Interestingly, despite displaying much smaller lesions,

C1GALT1 KO tumors invaded similarly to controls and exhibited

a less cohesive phenotype characterized by a higher number of

isolated tumor niches, suggesting higher motility (Figure 7H).

GCNT1 KO models invaded more, reaching the lower allantoid

epithelium (endoderm) and, in some cases, even expanding

beyond that (Figure 7P). In summary, we have highlighted the

different contributions of distinct glycosylation patterns associ-

ated with hypoxia and glucose suppression to cancer progres-

sion and potentially dissemination. Our findings suggest that

the loss of glycan heterogeneity and glycan shortening, regard-

less of the specific nature of involved glycans, leads to

decreased cell proliferation while enhancing invasion, metas-

tasis potential, and resistance to chemotherapy. This suggests

a role in promoting hypoxia-related aggressiveness.

DISCUSSION AND CONCLUDING REMARKS

Hypoxia and glucose deprivation are relevant features of solid

tumors, arising from sustained proliferative signaling and defec-

tive neo-angiogenesis, which decisively shape the molecular

and functional phenotypes of tumor cells. The contribution of

hypoxia to disease severity, even though extensively studied

and rather well known, has been addressed without considering

the concomitant influence of low glucose. Acknowledging the

complex microenvironmental challenges experienced by cells

striving to survive in poorly vascularized tumor areas, the present

study is devoted to understanding cells’ plasticity and adapt-
16 iScience 28, 111758, February 21, 2025
ability to these selective pressures, providing the means for

more educated and precise interventions. We have comprehen-

sively addressed the impact of microenvironmental stressors

(hypoxia and low glucose) at the transcriptome, metabolome,

and phosphoproteome levels, which ultimately led us to interro-

gate the glycome and its biological implications in disease.

Strikingly, BLCA models of distinct genetic and molecular back-

grounds responded similarly to microenvironmental challenges,

denoting common biological grounds facing stress. Cells toler-

ated low levels of oxygen and glucose, maintaining viability,

and avoiding apoptosis, while dramatically decreasing prolifera-

tion. Concomitantly, cells became more invasive, denoting an

active strategy to escape suboptimal growth conditions. Stress

also increased cells’ capacity to tolerate the chemotherapy

drug cisplatin, possibly explaining the resilient nature of poorly

vascularized bladder tumors.63,64 Interestingly, this aggressive

behavior was completely reverted by re-oxygenation and

glucose restoration without compromising cell viability. This

further highlighted relevant molecular plasticity accommodating

microenvironmental challenges. Under stress, despite the low

levels of oxygen, cancer cells adopted mitochondrial fatty acid

b-oxidation and oxidative phosphorylation rather than anaerobic

glycolysis as the main bioenergetic pathway, explaining the

tremendous decrease in lactate production by these cells.

Similar observations were made for prostate cancer, where fatty

acid oxidation is a dominant bioenergetic pathway rather than

glycolysis, showing potential to be the basis of imaging diag-

nosis and targeted treatment.65 To some extent, this also chal-

lenges the pivotal role attributed to lactate in the aggressiveness

of hypoxic cancer cells in many studies.66 We have also found

strong indications of mitochondrial autophagy, which has been

previously described as a survival mechanism of cancer cells un-

der nutrient deprivation, driving invasion, immune escape, and

metastasis.11 Notably, most of the stress-induced molecular al-

terations found in vitro were observed in highly hypoxic and

aggressive bladder tumors, providing a basis for patient stratifi-

cation and targeted interventions.

Finally, we have shown that both stressed BLCA and hypoxic

tumors exhibit immature glycophenotypes, characterized by the

incapacity to display extended and heterogeneousO-glycans. In

previous studies, we have linked short glycoforms to advanced

stages and poor prognosis,16,67–69 without providing a clear

rationale for their overexpression in BLCA. Here, we demon-

strate that glycocalyx remodeling is an integral component of

the adaptive responses of cancer cells to hypoxia and glucose

deprivation driving disease aggressiveness. We show that

microenvironmental stress induces major metabolic changes

that have direct impact on key sugar nucleotides required to sup-

port O-glycosylation. Namely, we found lower UDP-GalNAc,

Neu5Ac, and UDP-Glc, which may ultimately compromise

O-GalNAc glycosylation initiation, elongation, and capping.

Decreased gluconic acid and D-ribulose 5-phosphate as well

as AMP, UMP, GMP, and GDP also evidenced alterations in

the pentose phosphate pathway required to generate sugar

nucleotide precursors of glycosylation. In addition, we found

profound disorganization of secretory organelles, which have

been previously linked to major alterations in O-glycosylation.

We have further observed major downregulation of multiple
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polypeptide GalNAc-Ts responsible for O-glycosylation initia-

tion, dictating glycosites distribution and density. These events

likely contribute to the decreased O-GalNAc glycosylation

observed in stressed cells, as well as the reduced structural di-

versity. Finally, we observed increased expression of ST3Gal-I,

which perfectly aligns with the over-sialylation of T antigen

observed in stressed cells, ultimately resulting in a premature

termination ofO-glycans extension.We believe that these events

may act synergistically to drive glycocalyx remodeling. Changes

in protein O-glycosylation may be part of a wide array of re-

sponses that make BLCA cells more capable of resisting micro-

environmental stress. Specifically, these enabled cells to halt

proliferation, resist anoikis, and tolerate chemotherapy. Shorter

and more homogeneous O-glycosylation also provides a stress

escape mechanism by promoting less cohesive and invasive

traits. These observations are in perfect agreement with other re-

ports from simple cell cancer models of different origins, high-

lighting their pan-carcinomic nature.59,60,70 These are seminal

findings that offer new insights into understanding the drivers

of cancer-associated glycosylation, which have so far been

linked to functional mutations in COSMC71 and, more recently,

pro-inflammatory immune responses.72 Future studies must

now focus on conducting an in-depth characterization of the

hypoxia-related glycoproteome. This will serve as a starting

point for better understanding themolecular mechanisms under-

lying glycan-triggered aggressiveness, which will be crucial for

precise cancer targeting. We also argue that the functional impli-

cations arising from stress-induced glycan-remodeling may

extend beyond those reported in this study, also serving as a

mechanism for evading the immune system. Namely, the Tn an-

tigen found in hypoxic cells is considered a key mechanism

of cancer immunosuppression, impairing the maturation of

macrophages and dendritic cells by interacting with immune

system lectins.73 Investigations on the hypoxia-glycome-im-

mune response axis will likely offer novel insights into the capac-

ity of cells to thrive under stress conditions.

In summary, this study offers a comprehensive exploration of

the molecular and functional adaptations undergone by bladder

cancer cells when confronted with hypoxia and glucose depriva-

tion, two microenvironmental features that are rarely analyzed

together despite their physiological coexistence in tumors.

Furthermore, we have addressed a relatively unexplored dimen-

sion of molecular adaptation to microenvironmental stress,

focusing on glycocalyx remodeling and its underlying functional

consequences for cancer cells. Our study offers insights into the

context of immature glycosylation in BLCA, a factor consistently

associated with unfavorable prognosis. It contributes to our un-

derstanding of the mechanisms driving BLCA invasion and

dissemination, with potential implications for precision therapeu-

tics. Furthermore, it offers seminal observations to better

comprehend glycocalyx remodeling beyond genetic drivers,

underscoring the necessity for a more structured understanding

of the physiological dimension of glycosylation.

Limitations of the study
The present study provides an in-depth multi-omics character-

ization of major cellular molecular rewiring in response to hypox-

ia and glucose deprivation stressors, emphasizing the impact on
the glycocalyx and associating these changes with cancer

aggressiveness. However, it does not provide causal connec-

tions or molecular clarification of the underlying mechanisms

behind how hypoxia and metabolic changes drive glycan alter-

ations toward more aggressive cancer phenotypes. Another

key limitation is its sole reliance on in vitro cell models to simulate

the complex tumor microenvironment, which may not fully cap-

ture the heterogeneity and complexity of human tumors, limiting

the direct translational potential of the findings.
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Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP Thermo Fisher Scientific 31460

Monoclonal Mouse Anti-Human Ki-67 [MIB-1] Agilent M724029-2

Mouse IgG1 [MOPC-21] isotype control Abcam ab18443

Mouse monoclonal [CA19-9-203] to CA19-9 Abcam ab116024

Mouse monoclonal anti-tag-72 antibody [B72.3 + CC49] Abcam ab199002

Peroxidase AffiniPure Goat anti-Mouse IgG (H+L) Jackson ImmunoResearch 115-035-003

Polyclonal rabbit anti-mouse immunoglobulins/FITC DAKO F0313

Purified anti-human Sialyl Lewis X (dimeric), clone FH6 BioLegend 368102

Rabbit monoclonal [EP1215Y] to HIF-1 alpha Abcam ab51608

Rabbit polyclonal to AMPK alpha 1

(phospho T183) + AMPK alpha 2 (phospho T172)

Abcam ab23875

Chemicals, peptides, and recombinant proteins

0.05% Trypsin-EDTA Gibco 25300-062

4’,6-Diamidino-2-phenylindole dihydrochloride Thermo Fisher Scientific 62247

5,5’-dithiobis-(2-nitrobenzoic acid) Sigma-Aldrich 69-78-3

Accutase - Enzyme Cell Detachment Medium ThermoFisher Scientific 00-4555-56

Acetic acid Sigma-Aldrich A6283

Acetonitrile Merk 14261-2L

Acetyl coenzyme A trisodium salt Sigma-Aldrich A2056

Ammonium acetate,BioXtra, R98% Sigma-Aldrich A7330

Antigen Unmasking Solution, Citrate-Based Vector Laboratories H-3300-250

Cisplatin 1mg/ml concentrate solution for infusion Accord Healthcare, S.L.U

Crystal Violet Sigma-Aldrich 61135

Deferoxamine mesylate salt Sigma-Aldrich D9533

Dimethyl sulfoxide Sigma-Aldrich D26650

DL-Dithiothreitol Sigma-Aldrich D9779

Formaldehyde/Glutaraldehyde 2.5%

in Sodium Cacodylate Buffer, 7.4 pH 10 ML

Electron Microscopy Sciences 15949

Formalin solution, neutral buffered, 10% Sigma-Aldrich HT501128

Formic acid Merk 5.33002.0050

GeneArtTM Platinum Cas9 Nuclease Thermo Fisher Scientific B25640

Glicerol for molecular biology, R99.0% Sigma-Aldrich G5516

Guanidine hydrochloride Sigma-Aldrich G4505

HaltTM Protease and Phosphatase Inhibitor Cocktail Thermo Fisher Scientific 78440

(Continued on next page)
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Hydrochloric acid, 36.5-38.0%, BioReagent,

for molecular biology

Sigma-Aldrich H1758

jetPRIME� transfection reagent PolyPlus Transfection 114-01

Lead citrate Electron Microscopy Sciences 22410

Magnesium chloride anhydrous Sigma-Aldrich M8266

Methanol Merck 34860-1L-R

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,

5-Diphenyltetrazolium Bromide)

ThermoFisher Scientific M6494

Neuraminidase from Clostridium perfringens Sigma-Aldrich N5631

NONIDETTM P 40 Substitute Bioextra, mix Sigma-Aldrich 74385

Osmium tetroxide Electron Microscopy Sciences 20816-12-0

Oxaloacetic acid Sigma-Aldrich 328-42-7

Paraformaldehyde Sigma-Aldrich 158127

PNGase F Glycosidase from

Elizabethkingia miricola

Promega PROMV4831

Ponceau S anionic dye Sigma-Aldrich P3504

Potassium hydroxide Sigma-Aldrich 306568

Puromycin, Dihydrochloride EMD Millipore 540222

SeaPlaque� Agarose Lonza 50101

Sodium borohydride Honeywell FlukaTM 7132

Sodium chloride Sigma-Aldrich 7647-14-5

TritonTM-X Sigma-Aldrich T8787

Trizma� base Sigma-Aldrich T6066

Trypan Blue Stain (0.4%) Gibco 15250-061

UAR-EMS Uranyl Acetate Replacement Stain Electron Microscopy Science 22405

Biotinylated Peanut Agglutinin (PNA) Vector Laboratories B-1075-5

Biotinylated Vicia Villosa Lectin (VVA) Vector Laboratories B-1235

Griffonia (Bandeiraea) Simplicifolia Lectin II

(GSL II, BSL II), Fluorescein

Vector Laboratories FL-1211-2

Peanut Agglutinin (PNA), Fluorescein Vector Laboratories FL-1071

Vicia Villosa Lectin (VVL, VVA), Fluorescein Vector Laboratories FL-1231-2

Critical commercial assays

Autophagy Assay Kit Sigma-Aldrich MAK138

Cell Proliferation ELISA, BrdU Roche 11647229001

Dead Cell Apoptosis Kits with Annexin

V for Flow Cytometry

ThermoFisher Scientific V13242

Fluorometric ATP assay kit Abcam ab83355

HIF-1 Alpha ELISA Kit InvitrogenTM EHIF1A

L-Lactate Assay Kit Abcam ab65331

RNeasy Plus Mini Kit Qiagen 74134

TAAB 812 (Epon) Premix Kit Medium TAAB T031

Deposited data

Glycomics data [Database]: GlycoPost (https://glycopost.glycosmos.org/) GPST000517.0

Metabolomics data [Database]: Metabolomics Workbench

(https://www.metabolomicsworkbench.org)

ST003639

Phosphoproteomics data [Database]: PRIDE (https://www.ebi.ac.uk/pride/) PXD045777

Transcriptomics data [Database]: GEO (https://www.ncbi.nlm.nih.gov/geo/) GSE284635

Experimental models: Cell lines

Human BLCA cell line 5637 (white male patient) ATCC HTB-9TM

Human BLCA cell line HT1197 (white male patient) ATCC CRL-1473 TM

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human BLCA cell line RT4 (white male patient) ATCC HTB-2 TM

Human BLCA cell line T24 (white female patient) ATCC HTB-4TM

Recombinant DNA

pRP[Exp]-Puro EF1A>hST6GALNAC1

[NM_018414.5] vector

VectorBuilder VB190819-1167uwn

pRP[Exp]-Puro-EF1A>(Stuffer_300bp) vector VectorBuilder VB191025-4255jjz

Software and algorithms

CXP Software Beckman Coulter Version 2.2

Excalibur Qual Browser ThermoFisher Scientific V2.2.44

Fiji on GitHub GPLv3+

MaxQuant Max-Planck-Institute of Biochemistry Version 1.6.17.0

Peak ScannerTM Software ThermoFisher Scientific Version 1.0

Phosphomatics Bio21 Molecular Science

and Biotechnology Institute

N/A

Prism software GraphPad Version 10

R R Project for Statistical Computing Version 4.2.1

Other

AG 50W-X8 Resin Bio-Rad 1431441

BioCoatTM Matrigel� 24 well plates Corning� CLS354480

Corning� Matrigel� Matrix Corning� 356237

CycloscopeTM Cytognos CYT-CS-R-50

Mini-PROTEAN TGX Stain-Free Precast

Gels 4-20%, 10 well comb, 50ul/well

Bio-Rad 456-8094

MultiScreen-IP Filter Plate, 0.45 mm, clear, sterile Millipore MAIPS4510
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Human BLCA cell lines RT4 (white male patient, HTB-2 TM), 5637 (white male patient, HTB-9TM), T24 (white female patient, HTB-4TM),

and HT1197 (white male patient, CRL-1473 TM) were purchased from American Type Culture Collection (ATCC). RT4, 5637, and T24

cells weremaintained with complete RPMI 1640GlutaMAXTMmedium (Gibco) and HT1197 with DMEMGlutaMAXTMmedium (Gibco)

supplemented with 10% FBS (Gibco, 10500-064). Cells were routinely checked for mycoplasma contamination by PCR.74 Cell lines

were authenticated by the Genomics Scientific Platform at i3s (University of Porto) using the Maxwell 16 Systemwith Maxwell� RSC

DNA FFPE Kit (Promega Corporation) for genomic DNA extraction and PowerPlex 16 HS System (Promega Corporation) for STR

amplification. Detection of the amplified fragments was made with automated capillary electrophoresis using 3500 Genetic Analyzer

(Applied Biosystems) and the assignment of genotypes was performed in GeneMapper software v5.0 (Applied Biosystems). Cello-

saurus STR similarity search tool was used to compare obtained STR profiles with those available in the Cellosaurus cell line knowl-

edge resource (https://web.expasy.org/cellosaurus-str-search/). Cells were kept at 37�C in a 5% CO2 humidified atmosphere (Nor-

moxia). Cells were also grown for 24h under hypoxia and nutrient deprivation (Hypoxia -Glc) at 37�C in a 5%CO2, 99.9%N2 and 0.1%

O2 atmosphere, using a BINDER C-150 incubator (BINDER GmbH), and complete RPMI 1640 or DMEM media without glucose

(Gibco). A 24h exposure to 500 mMdeferoxaminemesylate salt (DFX, Sigma-Aldrich, D9533) in completemediumwas used as a pos-

itive control for HIF-1a stabilisation. For re-oxygenation experiments, cells under oxygen and glucose deprivation were restored to

standard culture conditions 24 h prior to analysis.

Chicken embryos
The chicken embryo chorioallantoic membrane (CAM) assay was used to assess the in vivo establishment of tumour aggregates

derived from glycoengineered cell models. On embryonic development day (EDD) 3, a squared window was opened in the eggshell

of fertilised chicken (gallus gallus) eggs, and 2–2.5 mL of albumen was removed to allow detachment of the developing CAM. The

window was then sealed with adhesive tape and the eggs were incubated horizontally at 37.8�C in a humidified atmosphere. On

EDD9, 1x106 cells derived from each developed cell model were re-suspended in 10ml of Corning� Matrigel� Matrix (Corning,

356237) and placed in a 3 mm silicone ring attached to the growing CAM. Control cells and respective glycoengineered models

were inoculated in the same egg. At least 10 viable embryos were used per experimental pair. The eggs were re-sealed and returned
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to the incubator for one week. On EDD16, the CAMwas excised from the embryos, photographed ex-ovo under a stereoscope at 20x

magnification (Olympus, SZX16 coupled with a DP71 camera), and images were analysed to determine tumour size. CAM attached

tumours were then formalin fixed and paraffin embedded and stained with haematoxylin and eosin.

Glycoengineered cell models
A recombinant Streptococcus pyogenes Cas9 (GeneArtTM Platinum Cas9 Nuclease, Thermo Fisher Scientific, B25640) and single-

guided RNA (GTAAAGCAGGGCTACATGAG, sgRNA, Synthego) were used to generate site-specific double-strand breaks in the

C1GALT1 gene in T24 cells in vitro. In parallel, two sgRNAs were used for GCNT1 gene knock-out (KO) (gRNA1:

TAGTCGTCAGGTGTCCACCG, gRNA2: AAGCGGTATGAGGTCGTTAA, Stnthego). LipofectamineTM CRISPRMAXTM Transfection

Reagent (Thermo Fisher Scientific, CMAX00001) was used according to the manufacturer’s instructions. Complexes were made

in serum-free media (Opti-MEMTM I Reduced SerumMedium, Gibco, 31985-047) and added directly to cells in culture medium. Sin-

gle clones were obtained by serial dilution in 96-well plates and KO clones were identified by Indel Detection by Amplicon Analysis

(IDAA) using ABI PRISMTM 3010Genetic Analyzer (Thermo Fisher Scientific) and Sanger sequencing. Three clones with distinct out of

frame indel formation were selected. Single clones with silent mutations provided phenotypic control cell lines. IDAA results were

analysed using Peak Scanner Software V1.0 (Thermo Fisher Scientific). Human ST6GALNAC1 (hST6GALNAC1 [NM_018414.5],

VectorBuilder) knock-in (KI) was performed in C1GALT1 KO cells and human ST3GAL1 (hST3Gal1 [NM_173344.3], Vectorbuilder,

VB190819-1167uwn) KI was performed in wild-type and GCNT1 KO cells by conventional mammalian gene expression vector trans-

fection, using jetPRIME� transfection reagent (PolyPlus Transfection, 114-01), according to manufacturer’s instructions. Positively

transfected cells were selected based on puromycin (2 mg/mL, EMD Millipore, 540222) resistance. In parallel, a mock system con-

taining a 300 bp stuffer ORF (VectorBuilder, VB191025-4255jjz) was established.

Patient samples and ethics
A retrospective series of 70 formalin-fixed paraffin-embedded bladder tumours (FFPE; 30 NMIBC; 40 MIBC) from the IPO-Porto bio-

bank was used for this study after patient’s informed consent (ethics project reference: CES 86/017). The mean age of patients was

67± 7 years old, with 94% of cases belonging to male patients and 6% female.

METHOD DETAILS

HIF-1a expression
HIF-1awas evaluated using aHIF-1 Alpha ELISAKit (InvitrogenTM).75 Procedure stepswere followed according to themanufacturer’s

instructions and results weremonitored at 450 nm using amicroplate reader (iMARKTM, Bio-Rad). The results were normalized to cell

proliferation rates.

Proliferation assay
Cell proliferation was determined using a colorimetric Cell Proliferation ELISA (Roche) kit.76 Procedure stepswere followed according

to the manufacturer’s instructions and results were monitored at 450 nm using a microplate reader (iMARKTM, Bio-Rad).

Lactate assay
A colorimetric Assay Kit (Abcam) was used to detect L(+)-Lactate in deproteinized cultured cell lysates and conditioned medium.77

Procedure steps were followed according to the manufacturer’s instructions and results were monitored at 450 nm using a micro-

plate reader (iMARKTM, Bio-Rad). The results were normalised to cell proliferation rates.

Invasion assay
Invasion assays were performed using BioCoatTM Matrigel� Invasion Chambers with 8.0 mm PET Membrane (Corning�, 356237),

according with the manufacturer instructions. Briefly, prior to each experiment, filters were rehydrated in serum-free RPMI 1640

GlutaMAXTM medium (Gibco) medium for 2 h at 37�C. Subconfluent cells were detached using 0.05% Trypsin-EDTA (Gibco,

25300-062,) suspended in culture medium supplemented with 10% inactivated FBS (Gibco, 10500-064), counted, and seeded on

the upper side of Matrigel-coated filters at a density of 5 3 104 cells/well. After 24 h of incubation at 37�C, filters were fixed in 4%

paraformaldehyde (Sigma-Aldrich, 158127). Non-invading cells on the upper filter surfacewere completely removed to facilitate anal-

ysis. Cells that invaded through the filter weremounted in Vectashield with 40,6-diamidino-2-phenylindole (DAPI, Vector Laboratories,

H-1200) and visualized using a Zeiss Axiovert 200M fluorescence microscope.

Invasive cells were quantified by scoring DAPI-counterstained nuclei that passed through the filter pores across at least 12 micro-

scopic fields using a 203 objective. Invasion counts were normalized to cell proliferation rates, and cells were seeded in quintupli-

cates for each experiment.

Anchorage-independent growth
Anchorage-independent growth wasmeasured using the soft agar colony formation assay.78 A 0.5% lowmelting point agarose (Sea-

Plaque�, Lonza, 50101) solution in complete medium was used as the bottom layer in 6-well flat bottom plates. A top layer of 0.3%
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agarose containing 1x104 cells was then plated and covered with culture medium. Cells were maintained in standard growth condi-

tions for one month. Colonies were then fixed with 10% neutral buffered formalin solution (Sigma-Aldrich, HT501128) and stained

with 0.01% (w/v) crystal violet (Sigma-Aldrich, 61135). Colonies were photographed using a stereomicroscope (Olympus, SZX16

coupled with a DP71 camera) and automatically counted using the open-source software ImageJ (Fiji package). Only colonies con-

taining more than 50 cells were considered.

Cell viability assay
Cell viability was determined through the Trypan Blue Exclusion Test of Cell Viability79 using Trypan Blue Stain (0.4%) (Gibco, 15250-

061). For specific apoptosis stage assessment, cells were detached using Accutase enzyme cell detachmentmedium (Thermo Fisher

Scientific, 00-4555-56) and apoptosis was determined using the Cell Apoptosis Kit with FITC annexin V and propidium iodide for flow

cytometry (Thermo Fisher Scientific, V13242), according to the manufacturer’s instructions. Data analysis was performed through

CXP Software in a FC500 Beckman Coulter flow cytometer.

Cell cycle analysis
Cells were harvested by trypsinisation (0.05% Trypsin-EDTA, Gibco, 25300-062) following fixation and labelling with DNA labelling

solution (CycloscopeTM , Cytognos, CYT-CS-R-50) for 10min at RT in obscurity. Data analysis was performed through CXP Software

in a FC500 Beckman Coulter flow cytometer.

Cisplatin resistance
BLCA cells were plated into 96-well plates, following a 24h exposure to crescent concentrations of cisplatin (Accord Healthcare).

Positive and negative controls of cell death were set, consisting of cell incubation with complete medium with and without 1% Tri-

tonTM-X (Sigma-Aldrich, T8787), respectively. After cisplatin incubation, cells were incubated with 1.2mM 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT, Thermo Fisher Scientific, M6494) solution. Formazan crystals were solubilized with

dimethyl sulfoxide (Sigma-Aldrich, D26650), following absorbance measurement at 540 nm using a microplate reader (iMARKTM,

Bio-Rad). The percentage of cell viability was calculated as follows:

Cell viability ð%Þ =
Absorbance of treated cells

Absorbance of negative control
x100

Cell viability was normalized to cell proliferative rates.

Transcriptomics
Total RNA was pooled from five biological replicates of T24 and 5637 cells exposed to normoxia or hypoxia plus glucose restriction

using the Qiagen RNeasy Plus Mini kit (Qiagen, 74134). RNA samples were quantified using Qubit 2.0 Fluorometer (Thermo Fisher

Scientific) and RNA integrity was checked with Agilent TapeStation (Agilent Technologies). RNA sequencing library were prepared

using the NEBNext Ultra RNA Library Prep Kit for Illumina following manufacturer’s recommendations. Briefly, mRNA was first en-

riched with Oligo (dT) beads. Enriched mRNAs were fragmented for 15 min at 94�C. First strand and second strand cDNA were sub-

sequently synthesized. cDNA fragments were end-repaired and adenylated at 3’ends, and universal adapters were ligated to cDNA

fragments, followed by index addition and library enrichment with limited cycle PCR. The sequencing libraries were validated on the

Agilent TapeStation (Agilent Technologies), and quantified using a Qubit 2.0 Fluorometer (Invitrogen) and qPCR (KAPA Biosystems).

The sequencing libraries were clustered on one lane of a flow cell, loaded on a Illumina HiSeq 4000 instrument and sequenced using a

2 3 150 Paired End configuration. Image analysis and base calling were conducted using HiSeq Control Software. One mismatch

was allowed for index sequence identification. Garbage reads were trimmed from raw data and BAM files were generated. Unique

gene hit counts were calculated using feature Counts from the Subread package v.1.5.2. Only unique reads that fell within exon re-

gions were counted. Since a strand specific library preparation was performed, the reads were strand-specifically counted. After

extraction of gene hit counts, the gene hit counts table was used for downstream differential expression analysis. A SNP/INDEL anal-

ysis was performed using mpileup within the Samtools v.1.3.1 program followed by VarScan v.2.3.9. The parameters for variant call-

ing wereminimum frequency of the alternate allele 25%, p-value less than 0.05, minimum coverage of 10, minimum read count of 7. A

gene fusion analysis was performed using STAR Fusion v.1.1.0.80 Differentially expressed genes between hypoxia and normoxia

conditions were assessed using the R-package ‘‘DEseq2’’, and the p-values adjusted using False Discovery Rate (FDR) correction.

DEGs with a minimum 1-fold change (|log〗2-fold change| > 1) and with an FDR-adjusted p-value lower than 0.05 were selected for

downstream analysis. Altered pathways in hypoxia were evaluated using the R-package ‘‘gprofiler’’, with the use of four datasets:

gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), WorldPress (WP), and Reactome. Pathways with an

FDR-adjusted p-value < 0.05 were considered statistically significant.

Metabolomics
Cells were dispersed in 80%methanol (Merck, 34860-1L-R), sonicated for 30min at 4�C and kept at -20�C for 1 h. Samples were then

centrifuged, and the supernatant was analysed by UHPLC-ESI-MS/MS in positive and negative mode. Metabolite analysis was per-

formed using anUltimate 3000 LC combinedwith QExactivemass spectrometer (Thermo Fisher Scientific). Eluent Awas 0.1% formic
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acid (Merk, 5.33002.0050) in water and eluent B was acetonitrile (Merk, 14261-2L). Metabolite separation occurred using the

following gradient elution (0-1.5 min, 95-70% A; 1.5-9.5 min, 70-5% A; 9.5-14.5 min, 5% A; 14.5-14.6 min, 5-95% A; 14.6-

18.0 min, 95% A). The flow rate of the mobile phase was 0.3 mL/min. The column (Acquity UPLC HSS T3; 100 Å, 1.8 mm,

2.1 mm 3 150 mm) temperature was maintained at 40�C, and the sample manager temperature was set at 4�C. Metabolites were

identified by retention time and corresponding MS/MS spectra. For metabolomics data pre-processing and analysis, raw data

matrices were blank subtracted (a mean blank value was calculated per metabolite) and normalised to the number of cells for

each condition. The resulting matrices were then imported to Metaboanalyst 4.0 and log-transformed to reduce heteroscedasticity

and Pareto-scaled to adjust for differences in fold changes between metabolites.

Metabolome and metabolome/transcriptome joint pathway analysis
Multivariate and univariate analyses were performed to identify metabolites that discriminate normoxia from hypoxia with low

glucose. Unsupervised principal components analysis (PCA) was applied to unravel data structure, following a supervised method,

namely partial-least-squares discriminant analysis (PLS-DA) to identify which metabolites were useful to predict group membership.

Metabolites with discriminative power were ranked based on Variable Importance in Projection values >1 and PLS-DA models were

validated based on the ‘‘prediction accuracy during training’’ test statistic with 1000 permutations (p<0.05 for significance). Heat

maps with hierarchical clustering of metabolites were constructed based on: i) distance measure: Pearson correlation (similarity

of expression profiles), ii) clustering algorithm: complete linkage (forms compact clusters), iii) feature auto scale. Hierarchical clus-

tering of samples was carried out based on: i) distance measured: Euclidean distance (sensitive to magnitude differences), ii) clus-

tering algorithm: Ward (minimises within-cluster variance). Differences in metabolites between groups were further evaluated using a

one-way analysis of variance (ANOVA) with a False Discovery Rate (FDR) cut-off set at 0.05 for significance. Tukey’s post hoc was

applied to check which groups differed. Significant metabolites unravelled by ANOVAwere then used for pathway analysis to identify

the most relevant pathways that are involved in the adaptation of cells from normoxia to hypoxia with low glucose. Pathway analysis

was carried out based on: i) functional enrichment, which was assessed using a hypergeometric test for over-representation analysis

(p<0.05 for significance) and ii) pathway topology analysis, which was implemented using the relative betweenness centrality.

Pathway impact was considered relevant if >0.1. The joint pathway analysis was carried out using transcriptomic and metabolomic

data, based on a gene and metabolite list with associated fold changes. The human pathway library was chosen using the pathway

database ‘‘all pathways (integrated)’’. The enrichment analysis was based on the hypergeometric statistic test, while degree central-

ity was used as a topology measure. The integration method was based on a combination of queries.

ATP quantification assay
A fluorometric ATP assay kit (Abcam, ab83355) was used according to the manufacturer’s instructions to determine ATP levels in

deproteinized whole-cell lysates. Fluorometric products were quantified at Ex/Em 535/587 nm using a microplate reader (iMARKTM,

Bio-Rad). The results were normalised to cell proliferation.

Western blot
Whole protein extracts were collected fromBLCA cells using a 25mMTris-HCl pH 7.2 (Sigma-Aldrich, T6066 &H1758), 150mMNaCl

(Sigma-Aldrich, 7647-14-5), 5 mMMgCl2 (Sigma-Aldrich, M8266), 1%NONIDETTM (Sigma-Aldrich, 74385), and 5% glycerol (Sigma-

Aldrich, G5516) lysis buffer, supplemented with HaltTM Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific,

78440). Isolated proteins were run on 4–20% precast SDS-PAGE gels (Bio-Rad, 456-8094), and screened for AMPK (Abcam,

ab80039), phosphorylated AMPK (Abcam, ab23875), and a panel of glycosyltransferases [C1GalT1 (Novus Biologicals, NBP1-

88477), Cosmc (Sigma-Aldrich, HPA015632), B3GnT6 (Invitrogen, PA5-90159), C2GnT (Abcam, ab102665), ST3Gal-I (Abcam,

ab96129). The antibodies and experimental conditions are detailed in Table S14. The total protein stain was assessed using Ponceau

S anionic dye (Sigma-Aldrich, P3504).

Citrate synthase assay
Citrate synthase activity was measured in whole cell protein lysates using the method proposed by Coore et al.81 In brief, the coen-

zyme A released from the reaction of acetyl-CoA (Sigma-Aldrich, A2056) with oxaloacetate (Sigma-Aldrich, 328-42-7) was deter-

mined by its reaction with 5,5’-dithiobis-(2-nitrobenzoic acid) (Sigma-Aldrich, 69-78-3) at 412 nm (ε=13.6mM�1cm�1), using amicro-

plate reader (iMARKTM, Bio-Rad). The results were normalized to cell proliferation.

Autophagy assay
Cells were cultured in 96 well plates and submitted to microenvironmental challenges of hypoxia and glucose deprivation. Non-chal-

lenged cells were used as control. The presence of autophagy was determined based on the detection of a proprietary fluorescent

autophagosome marker using an Autophagy Assay Kit (Sigma-Aldrich, MAK138) according to the manufacturer’s instructions. The

fluorescence intensity was measured using a fluorescence microscope (Leica DMI6000 FFW).
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Transmission electron microscopy
For electron microscopy, T24 and 5637 cells were fixed in 2.5% glutaraldehyde with 2.5% formaldehyde in 0.1 M sodium cacodylate

buffer (pH 7.4) (ElectronMicroscopy Sciences, 15949). Cells were post-fixed in 1%osmium tetroxide (ElectronMicroscopy Sciences,

20816-12-0) diluted in 0.1 M sodium cacodylate buffer. Samples were then dehydrated and embedded in Epon resin (TAAB, T031).

Ultra-thin 50 nm sections were cut on an RMC Ultramicrotome (PowerTome) using Diatome diamond knives, mounted on 200-mesh

copper grids (Electron Microscopy Sciences), and stained with uranyl acetate substitute (Electron Microscopy Sciences, 22405) and

lead citrate (Electron Microscopy Sciences, 22410). Sections were then examined under a JEOL JEM 1400 transmission electron

microscope (JEOL), and images were digitally recorded using a CCD digital camera Orius 1100W.

Phosphoproteomics and data analysis
The preparation of samples for phosphoproteomics was performed according to Veth, T. S. et al.82 Then, samples were suspended in

2% formic acid (Merk, 5.33002.0050) and analysed on an Exploris (Thermo Scientific) coupled to an UltiMate 3000 (Thermo Scien-

tific), fitted with a m-precolumn (C18 PepMap100, 5mm, 100 Å, 5mm3 300 mm; Thermo Scientific), and an analytical column (120 EC-

C18, 2.7mm, 50 cm3 75 mm; Agilent Poroshell). Peptides were loaded in 9%Buffer A (0.1% FA) for 1 min and separated using 9-36%

buffer B (80%ACN, 0.1%FA) in 97 min at 300 nL/min, followed by a 6 min column wash with 99% buffer B at 300 nL/min, and a

10-minute column equilibration at 9% B. The MS was operated in DDA mode, with the MS1 scans in a range of 375-1600 m/z ac-

quired at 60k, using an automatically set AGC target. MS2 scans were acquired with a 16s dynamic exclusion at a 30k resolution,

28% normalised collision energy, and an isolation window of 1.4 m/z. Raw files were processed via MaxQuant version 1.6.17.0 using

the verified human proteome fromUniprotKB (release 09-2019) containing 20,369 proteins.83 Amaximum of 5 modifications and two

missed cleavages were set, using fixed carbamidomethyl modification, and the variable modifications oxidised methionine, protein

N-terminal acetylation, and serine/threonine/tyrosine phosphorylation. The protein and peptide FDR were set to <0.01 and conduct-

ed with match between runs enabled. Using the Perseus framework, only class 1 phosphosites were included (>0.75), and with mini-

mally two detections in at least one group for subsequent analysis. Missing values were replaced using the normal distribution and a

downshift of 1.8. The data was subsequently explored using Phosphomatics.84

Glycomics
TheO-glycome of BLCA cells challenged bymicroenvironmental stressors as well as glycoengineered cell models was characterized

through the CellularO-glycomeReporter/Amplification method,85 using the protocol detailed in Fernandes, E. et al.86 TheO-glycome

of oesophageal, gastric, and colorectal cancer cells as well as human monocyte-derived macrophages was also characterised

following the same protocol. Regarding bladder tumours, N- and O-glycomics were performed as previously described.87 Briefly,

FFPE tissues were deparaffinized, rehydrated, and subjected to heat-induced antigen retrieval using a citrate-based solution (Vector

Laboratories, H-3300-250). Then, proteins were denatured and reduced by incubation with 150 ml denaturation mix [145 ml of 8 M

GuHCl (Sigma-Aldrich, G4505) and 5 ml of 200 mM DTT (Sigma-Aldrich, D9779) at 60�C for 30 min. N-glycan release was achieved

after digestion with PNGase F (1 U/10 mg protein at 37�C overnight; Promega, PROMV4831). Released N-glycans were hydrolysed

with 25 ml of 100 mM ammonium acetate (Sigma-Aldrich, A7330) at pH 5 (1 h at RT), removing the glycosylamine form of the non-

reducing terminus, and subsequently reduced with 20 ml of 1 M NaBH4 (Honeywell FlukaTM, 71321) in 50 mM KOH [3 h at 50�C,
Sigma-Aldrich, 306568]. The reaction was quenched by adding glacial acetic acid (Sigma-Aldrich, A6283). O-glycans were released

by reductive b-elimination (1 M NaBH4 in 50 mM KOH overnight at 50�C). Finally, reduced N- and O-glycan samples were desalted

using a cation exchange resin (Bio-Rad, AG 50W-X8). N-glycomics of BLCA cell lines was performed similarly after immobilisation of

membrane protein extracts in a hydrophobic PVDFmembrane (Millipore, MAIPS4510). All glycans were permethylated and analysed

by reverse phase nanoLC-ESI-MS/MS as previously described by us,86 using a 3000 Ultimate nano-LC coupled to either an LTQ-

Orbitrap XL or QExactive mass spectrometer (Thermo Fisher Scientific). Glycan structures were identified considering previous

knowledge of glycosylation, chromatography retention times,m/z identification, and corresponding product ion spectra. The relative

abundance resulted from the sum of the extracted ion chromatogram areas for each glycan structure (singly, doubly, and/or triply

charged ions) in relation to the sum of chromatographic areas of all identified glycans using Excalibur Qual Browser V2.2.44

(ThermoFisher Scientific).

Flow cytometry for glycans detection
BLCA cells were screened for Tn, STn, T, and ST antigens as well as for N-acetylglucosamine residues by flow cytometry. Briefly,

adherent cells were detached using the non-enzymatic cell dissociation reagent Versene (Gibco, LTI 15040-066) and fixed in 2%

paraformaldehyde (Sigma-Aldrich, 158127),80 following lectin staining. Lectins and experimental conditions are detailed in

Table S14. Comparison of Tn and STn expressions was performed using VVA lectin before and after Neuraminidase (Sigma-

Aldrich, N5631) treatment, after ensuring complete desialylation. Neuraminidase treatments have been optimised to ensure full de-

sialylation, as confirmed byMS analysis. Regarding GSL II lectin detection, PNGaseF enzymatic digestion was performed to exclude

N-glycan-associated N-acetylglucosamine residues contribution. Data analysis was performed through CXP Software in a FC500

Beckman Coulter flow cytometer.
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Immunocytochemistry and immunohistochemistry
Immunofluorescence (IF) was performed to evaluate Tn, STn, T and sialyl-T antigens in T24 glycoengineered cell models using the

same lectins and strategies employed in flow cytometry. Cells were cultured at low density and fixed with 4% paraformaldehyde

(Sigma-Aldrich, 158127). After antigen staining (Table S14), cells were marked with 2,3x10�3 mg/mL 4’,6-Diamidino-2-phenylindole

dihydrochloride (DAPI, Thermo Fisher Scientific, 62247) for 10 min at RT in the dark. Sialylated glycoforms were evaluated in parallel

with samples digested with 50 mU/mL neuraminidase (Sigma-Aldrich, N5631) overnight at 37�C. Tumours were also screened by

immunofluorescence envisaging Tn, ST, and HIF-1a co-detection. All images were acquired on a Leica DMI6000 FFW microscope

using Las X software (Leica). Furthermore, BLCA FFPE tissue sections were screened for Tn, STn, T, ST, SLeA, SLeX, HIF-1a, and KI-

67 antigens by immunohistochemistry (IHC) using the streptavidin/biotin peroxidase method. Briefly, 3 mm sections were deparaffi-

nized with xylene (Sigma Aldrich, 33817), rehydrated with graded ethanol (EMD Millipore, 1.00983.2511) series, microwaved for

15 min in boiling antigen unmasking solution (Vector Laboratories, H-3300), and exposed to 3% hydrogen peroxide in methanol

for 20 min. Antibodies and experimental conditions used for immunoassays are detailed in Table S14. Antigens were identified

with VECTASTAIN� Elite� ABC HRP Reagent (Vector Laboratories, PK-7100) followed by incubation with ImmPACT� DAB Sub-

strate (Vector Laboratories, SK-4105). Finally, the slides were counterstained with haematoxylin for 1 min.

Immuno-reactive sections were blindly assessed using light microscopy by two independent observers and validated by an expe-

rienced pathologist.

RT-PCR for glycogenes expression
C1GALT1,C1GALT1C1,B3GNT6,GCNT1,GCNT2,GCNT3,GCNT4, B3GNT3, FUT1, FUT2, FUT3, FUT4, FUT5, FUT6, FUT7, FUT9,

ST3GAL1, ST3GAL3, ST3GAL4, ST6GANAC1, ST6GALNAC2, ST6GALNAC3, and ST6GALNAC4 gene expression was assessed by

quantitative polymerase chain reaction. Briefly, total RNA from cultured cells was isolated using TriPure Isolation Reagent (Roche,

11667165001), according to the manufacturer instructions.88 RNA conversion and gene expression analysis were performed using

TaqManTM Gene Expression Assays (Applied BiosystemsTM). The mRNA levels were normalised to the expressions of B2M and

HPRT housekeeping genes.89 Taqman probes used for the glycogenes screening are detailed in Table S15.

QUANTIFICATION AND STATISTICAL ANALYSIS

Public gene expression and clinical data statistical analysis
Normalised gene expression data and the corresponding clinical data, including survival information, for 407 bladder cancer patients

were obtained from The Cancer Genome Atlas (TCGA) database using the Xena browser. In addition, normalised gene expression

data from healthy bladder tissue samples (n=9) from the Genotype-Tissue Expression (GTEx) project was also retrieved. Univariable

Cox regression analysis was used to analyse and identify a survival-associated hypoxia gene signature. Hazard ratios (HRs) and cor-

responding 95% confidence intervals (CIs) were estimated for the 30most differentially expressed genes in hypoxia and low glucose

conditions using the ‘‘finalfit’’ R package. Kaplan-Meier (KM) analysis and log-rank test were performed to evaluate the survival out-

comes in the patients with the hypoxia gene signature identified. The optimal cutoffs to categorise the expression of each gene in

‘‘high’’ or ‘‘low’’ were determined by the ‘‘surv_cutpoint’’ algorithm of the ‘‘survival’’ R package. Heatmaps were constructed using

the ‘‘ComplexHeatmap’’ R package, to assess gene expression profile between conditions, hypoxia versus normoxia. p-value <0.05

was considered statistically significant. All statistical analyses were performed using R (version 4.2.1).

Statistical analysis
Statistical analyses were performed using the GraphPad Prism software. One-way ANOVA followed by Tukey’s multiple compari-

sons test was used in evaluation of HIF-1a, lactate, proliferation, invasion, and the autophagy experiment. The Mann-Whitney test

was used in the analysis of cisplatin IC50, L-carnitine and citrate levels, glycosyltransferases expression, AMP/ATP ratio, glycans

expression data from flow cytometry assay, and relative abundance of O- and N-glycans extension in tumours. The Mann-

Whitney test was also used in the evaluation of AMPK expression and the Two-way ANOVA followed by Tukey’s multiple compar-

isons test was used for glycoengineered cells’ proliferation and invasion. Finally, an unpaired t-test was used in the analysis of the

percentage of HIF-1a-positive tumour area and for colony-forming assays. CAM assay results were analysed using a Wilcoxon test.

Statistical analysis of phosphoproteomics data was performed in Phosphomatics software.84 Differences were considered signifi-

cant for p<0.05. All experiments were performed in triplicates and three replicates were conducted for each independent experiment.

The results are presented as the average and standard deviation of these independent assays. The statistical details of experiments

can also be found in the figure legends.
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