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Altered cell-surface glycans are established cancer biomarkers, yet no oncogenes have 
been identified within glycan biosynthesis machinery. This represents a critical gap, as 
defining a gene as a true oncogene, rather than merely a component of an oncogenic 
pathway, reveals targetable dependencies that can improve clinical decisions. To date, 
no gain-of-function mutations have been detected in glycogenes, and the search for 
such mutations is largely saturated. To address this gap, we developed a bioinformatic– 
experimental pipeline to identify copy number alteration (CNA)-based driver genes, 
overcoming noise from passenger genes. The approach recovered known oncogenes 
and tumor suppressors, while revealing novel candidates, including glyco-oncogenes. 
Focusing on the glycosphingolipid (GSL) biosynthetic pathway, we validated B4GALT5 
as a bona fide glyco-oncogene whose genomic amplification drives proliferation, onco-
gene addiction, and poor prognosis, effects that can be reversed by targeted pathway 
inhibition. Mechanistic studies show that B4GALT5 promotes cancer cell survival via 
integrin-Src signaling under anchorage-independent conditions. Collectively, these 
findings establish glycosylation enzymes as a druggable oncogene class and provide a 
resource of high-confidence CNA-based cancer regulatory genes. 

oncogenes | glycosphingolipids | copy-number alterations | golgi 

Carcinogenesis leads to changes in the cell-surface glycome, resulting in the display of 
several glycans that promote cancer (1–3). Since the 1960 s, aberrant glycans have been 
recognized as cancer biomarkers (4, 5), and accumulating evidence shows that glycan 
alterations are not only highly frequent but also contribute to cancer initiation, progres-
sion, and immune evasion. However, it is not sufficient for a gene to be “overexpressed” 
or “tumor-promoting” to make it a cause of tumorigenesis. Gene expression is a fluctuating 
parameter, influenced by the microenvironment, sample quality, and transient regulatory 
events. Relying solely on “high levels” for diagnosis creates a gray zone of false positives 
(tumors that express the gene but are not tumorigenic because of it). By contrast, an 
oncogene represents a stable alteration in the tumor’s DNA. Its identification shifts diag-
nosis from general statistical correlations to a causal molecular mechanism and provides 
a much stronger rational justification for therapeutic intervention. 

In this study, we sought to determine whether bona fide oncogenes might exist within 
the glycosylation machinery. To date, no glycogene is listed as a cancer driver in the 
COSMIC Cancer Gene Census. This absence represents a critical gap in cancer biology: 
Historically, the identification of genetically defined driver genes has transformed our 
understanding of tumorigenesis and reshaped diagnostic classification and therapeutic 
decision-making. The lack of confirmed cancer drivers arising from glycosylation pathways 
limits our mechanistic insight into how aberrant glycosylation contributes to malignant 
progression and restricts opportunities to develop targeted therapeutic strategies against 
this essential biosynthetic network. 

The classification of a gene as a bona fide oncogene requires the demonstration of at 
least three defining features. First, the gene must harbor a recurrent, statistically significant 
genetic alteration in patient tumors, such as an activating mutation, focal copy-number 
gain, or oncogenic fusion. Second, this alteration must result in a demonstrable increase 
in the activity of the encoded gene product. Third, the resulting gain of activity must be 
functionally linked to cellular transformation, survival, and growth. These criteria establish 
a causal relationship between a specific genomic alteration and a malignant phenotype, 
distinguishing true oncogenic drivers from genes whose expression changes merely accom-
pany or facilitate tumor progression. Applying these principles to the glycosylation network 
allows reassessment of whether glycosylation genes occupy a central, genetically defined 
role in cancer biology. 

Significance 

In this study, we reveal that 
cancer can be driven by genomic 
amplification of glycogenes, 
expanding the repertoire of 
druggable oncogenes. Using our 
pipeline, we identified B4GALT5 , 
encoding a key enzyme of the 
glycosphingolipid (GSL) pathway, 
as an oncogene whose activity 
enables more precise patient 
stratification, both by copy 
number alterations (CNA) in 
glycosylation genes and by 
dependencies on downstream 
regulatory kinases such as c-Src. 
These findings introduce 
glycosylation enzymes as a new, 
targetable class of cancer drivers, 
opening new opportunities for 
cancer therapy. 
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The mutational landscape of cancer has been extensively charted 
over the past decade and is now considered largely saturated for 
common tumor types (6). Yet this exhaustive effort has not 
revealed any recurrent, activating point mutations in genes encod-
ing the glycosylation machinery. However, major alternative 
mechanisms, such as genomic amplification, for generating onco-
genes have not been extensively explored despite whole-genome 
sequencing advancements. Guided by recent technological 
advancements, focal amplifications have been exploited to identify 
and validate classical signaling oncogenes, such as receptor tyrosine 
kinases, cyclins, and transcriptional regulators. Instead, metabolic 
and glycosylation genes have been comparatively understudied 
despite their potential as druggable drivers, leaving a vast space 
for identification of novel oncogenes. 

A notable exception is GOLPH3. A decade ago, this Golgi- 
localized protein was shown to acquire oncogenic properties when 
genomically amplified in human cancers (7). Subsequent studies 
established that GOLPH3’s oncogenic activity depends on two 
distinct but potentially integrated functions. First, GOLPH3 pro-
motes secretion by facilitating cargo exit from the trans-Golgi 
network (8). Second, as shown by our group (9) and others (10), 
GOLPH3 regulates the sorting of specific glycosylation enzymes 
into COPI-coated vesicles (9–11). Through this mechanism, ele-
vated GOLPH3 levels remodel the composition of cell-surface 
glycans, particularly glycosphingolipids (GSLs), in ways that 
enhance cell growth and survival (9). Following GOLPH3, several 
other Golgi-localized proteins have been identified as oncogenes 
(12–14), although whether they exert their effects through the 
regulation of glycosylation remains unclear. 

Motivated by the above considerations, we systematically 
searched for cancer-regulatory genes among glycogenes, focusing 
on genomic copy number alteration (CNA). We developed a 
CNA-based prioritization pipeline that identifies candidate onco-
genes and tumor suppressor genes within amplified or deleted 
regions. This approach not only correctly recovered known cancer 
drivers, validating its robustness but also revealed several previ-
ously unappreciated candidates. These include multiple glycosyl-
ation enzymes belonging to different glycosylation pathways. 

We then focused on genes encoding components of the GSL 
biosynthetic pathway, which emerged prominently from our anal-
ysis, and validated them as potential oncogenic regulators with 
clinical relevance. Among the seven GSL-associated oncogenes 
identified, B4GALT5  serves as an illustrative example. Although 
B4GALT5   had been previously implicated in tumor progression, 
it had never been demonstrated to function as a bona fide onco-
gene, partly limiting the attention it received in mechanistic and 
translational studies. Using a combination of genetic, biochemical, 
and phenotypic assays, we demonstrate that B4GALT5  fulfills all 
key criteria of an oncogene and acts through the integrin–Src 
signaling axis, establishing a direct mechanistic link between GSL 
biosynthesis, Golgi function, and oncogenic signaling. 

Results 

Identification of Potential Cancer Regulatory Genes Based on CNA. 
To identify potential oncogenes/TSGs from among the multiple genes 
present in the CNA segment, we developed a pipeline based on a 
method described by Santarius and colleagues (15) (Fig. 1A). For 
this analysis, we used The Cancer Genome Atlas dataset provided 
by cBioportal (www.cbioportal.org) (16). The dataset consisted of 
genomic, transcriptomic, and clinical data of 10,845 patients covering 
32 cancer types (SI Appendix, Table S1). For each cancer type, the copy 

number data for 24,776 genes were obtained as GISTIC (Genomic 
Identification of Significant Targets in Cancer) scores (17). 

To identify the CNA segments of a chromosome, we focused 
only on those genes that showed true amplification (copy number 
> 4) or homodeletion (both copies deleted). The frequency of gene(s) 
CNA was plotted along the chromosomal length. A background 
threshold was calculated to identify genes with statistically signifi-
cant CNA (Fig. 1A and SI Appendix, Methods). Only the CNA 
segments of length of 1 kb to 100 Mb (19) were considered for 
further analysis to concentrate on focal CNAs (fCNAs). This 
resulted in 6,920 copy number altered segments–2,413 amplified 
and 4,507 deleted—across the cancer types. In 18 cancer types, 
where published data were available, we identified a median of 76% 
of the published amplified segments and 64% of the published 
deleted segments in our study (SI Appendix, Fig. S1B). The median 
frequency of patients showing copy number amplifications was 
3.3% and those with copy number deletions was 2.2%. Nearly 99% 
of the identified CNAs were present in less than 15% of the patients 
in each cancer type (SI Appendix, Fig. S1D). These numbers in gen-
eral reflect earlier published frequencies of CNAs in cancer (19). 

Next, we identified those genes that also have a statistically 
significant change in expression levels (P  < 0.05 in a Wilcoxon– 
Mann–Whitney test with Benjamini–Hochberg correction) and 
in the appropriate direction i.e., an increase in case of gene ampli-
fications and a decrease in case of gene deletions. This resulted in 
the 7,722 Class IV oncogenes and 4,865 Class IV TSGs (see 
above) being selected across all the cancer types (Fig. 1B and 
SI Appendix, Fig. S1C).  

Prioritization of Potential Cancer Regulatory Genes. Next, to 
prioritize the Class IV cancer regulatory genes, we analyzed the 
following characteristics of these genes: 

Clinical:  1. Correlation of CNA with patient survival. 
Bioinformatic:  2. Sole identified gene in the CNA segment; 3. 

CNA and mutations are mutually exclusive; 4. Documented evi-
dence for inherited mutation in the gene leading to cancer (based 
on OMIM); 5. Alteration or mutations of other genes in the same 
pathway (based on Reactome). 

Biological:  6. Overexpression of the gene of interest promotes 
cell growth in vitro (20) (for amplification); 7. Downregulation 
of a Class IV gene in a cell line where it has CNA alters cell growth/ 
viability (data from DepMap database); 8. Transposon-mediated 
deletion/inactivation promotes carcinogenesis in animals (based 
on candidate cancer gene database; for deletion). 

Each of these characteristics was assigned a point and those 
Class IV genes that acquire 1 or 2 points were classified as Class 
III cancer regulatory genes and those that get 3 or more points 
were classified as Class II cancer regulatory genes. Classification 
as Class I oncogene depends on clinical drug targeting (15) and 
we did not study this aspect. 

We used a Kaplan–Meier analysis to compute univariate survival 
curves, and a log-ratio test was performed. Only those genes that 
show CNA in at least five patients were considered for analysis 
which was done in a cancer-stage matched manner (when data were 
available). Altogether, based on the points scored we were able to 
classify 2,493 genes as Class III oncogenes and 39 as Class II onco-
genes. As for TSGs, 1,547 were found to be Class III TSGs and 
147 were found to be Class II TSGs (Fig. 1B and Dataset S1; for 
more, see https://frusso.shinyapps.io/CNA_database/). The source 
code of the prioritization pipeline can be found here: https://github. 
com/franruss/Prioritization-of-driver-genes-based-on-CNA/ 
tree/main.  
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Novel Cancer Regulatory Genes. Among the previously identified 
88 known amplification-based oncogenes, 50 were identified as 
Class II/III genes in our analysis while of the 41 known CNA- 
based tumor suppressors, 19 were identified as Class II/III genes 
(Fig. 1C and Dataset S2). While the prioritized list of genes was 
enriched in several known cancer regulatory genes, we wanted to 
know if this list also includes novel cancer regulatory genes. To 
do this, we compared our list of prioritized oncogenes with two 
other lists of likely oncogenes. One contained direct interactors 
of the known oncogenes that are expected to be enriched in 
novel oncogenic regulators (18) and the other consisted of a list 
of published potential oncogenes characterized by their similarity 
to established oncogenes (21). 

We downloaded human protein interaction data of the 723 
COSMIC cancer census genes from the STRING database (from 
https://version-11-0.string-db.org) (threshold at 0.4 with experi-
mental interaction only). There were 4.722 interactors of the cancer 

census genes. Among these interactors, we found 795 of the prior-
itized oncogenes and 553 of the prioritized TSGs identified by our 
algorithm. This overlap was statistically significant (Fisher Exact 
Test; P-value < 10−16) (SI Appendix, Fig. S1E). Given that the pri-
oritized list of oncogenes is divided into different classes based on 
points, we sought to analyze if there was a correlation between the 
points acquired by a gene and the probability that it is present in 
one of the lists of potential oncogenes that we used. We noted that 
higher the points acquired by a gene it is more likely to be present 
in these lists (Fig. 1D). Genes with 4 or 5 points had a probability 
of 1 i.e.,  they were present in the list. The genes with 1 point had a 
probability of 0.25. Genes with 3 and 2 points had probabilities of 
roughly 0.7 and 0.5, respectively. Given that most of the genes had 
a score of 1 we think at least 1/4th of the oncogenes and TSGs 
identified in Dataset S2 will be potential true positives. 

Based on these probability scores and overlap with the other 
two datasets of cancer regulatory genes we made a high confidence 
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Fig. 1. Pipeline to identify significant cancer regulatory glycogenes based on CNA. (A) Pipeline to identify and prioritize genes with significant CNA in the cancer 
genomes. Made using the Bio Render graphical tool. (B) Venn diagrams showing the relationship between total number of genes analyzed and the indicated 
class of genes that were identified. (C) Venn diagrams of the total number of Class II/III cancer regulatory genes identified with respect to the known CNA-based 
cancer regulatory genes. (D) The fraction of prioritized cancer regulatory genes (Upper panel: Class II/III oncogenes; Lower panel: Class II/III TSGs) of indicated 
points presented in the list of cancer census genes interactors or predicted oncogenes (18) was analyzed and plotted here as probabilities. (E) Classification of 
glycogenes analyzed in the study. (F) Venn diagrams showing the relationship between total number of glycogenes analyzed, the number of identified Class II/ 
III glyco-oncogenes or glyco-TSGs. 
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list of cancer regulatory genes that were predicted by our method 
as well as the two other methods mentioned earlier. This resulted 
in a list of 68 novel high-confidence oncogenes and 143 novel 
high-confidence TSGs based on CNA (>50% probability; 
Dataset S3). Given that nearly 10,000 genes or half the genome 
showed statistically significant CNA this result of about 100 onco-
genes/TSGs shows nearly 100-fold enrichment for potential can-
cer regulatory genes. Thus, we conclude that the prioritized 
CNA-based oncogene/TSG list is enriched in several novel cancer 
regulatory genes.  

Glyco-Oncogenes and Glyco-TSGs. To identify glycan-based cancer 
regulatory genes from the list of prioritized cancer regulatory genes, 
we first built a dataset of 479 glycogenes from literature search and 
manual curation (Fig. 1E and Dataset S4). The genomic distribution 
of these genes showed no specific chromosomal enrichment 
(SI Appendix, Fig. S1 F and G). We intersected this list with that of 
the prioritized cancer regulatory genes and found 80 Class III glyco- 
oncogenes (of which 28 were glycosylation enzymes) and 52 Class 
III glyco-TSGs (of which 26 were glycosylation enzymes) (Fig. 1F). 
As a fraction of all Class III cancer regulatory genes identified, glyco- 
oncogenes were enriched (>5% of the identified genes) in ACC, 
COAD, and PAAD, while glyco-TSGs were enriched in THYM, 
UCS, PRAD, and UCEC (SI Appendix, Fig. S1H). 

To understand which glycosylation pathways are embedded in 
the prioritized glyco-oncogenes/TSGs, we analyzed their enrich-
ment in Kyoto encyclopedia of genes and genomes pathways. 
Among the glyco-oncogenes the enriched pathways included, 
lysosome biogenesis, GSL biosynthesis (lacto/neolacto and ganglio 
series), glycosaminoglycan (GAG) biosynthesis (chondroitin sul-
fate /dermatan sulfate and heparan sulfate/heparin), glycosylphos-
phatidylinositol (GPI) anchor biosynthesis, other types of 
O-glycan biosynthesis and mucin type O-glycan biosynthesis 
(SI Appendix, Fig. S1I). While glyco-TSGs were enriched in 
N-glycan biosynthesis, various types of N-glycan biosynthesis, 
GAG biosynthesis (heparan sulfate/heparin), and GPI anchor 
biosynthesis (SI Appendix, Fig. S1I). We analyzed further the GSL 
biosynthetic pathway since it was the top enriched glycosylation 
pathway among glyco-oncogenes.  

GSL Biosynthetic Pathway Is an Oncogenic Pathway. The genes 
of the GSL pathway that were classified as potential oncogenes 
include B3GNT2, B3GNT3, B3GNT5, and FUT4 involved in 
the biosynthesis of lacto-neolacto series GSLs and B4GALNT1, 
ST6GALNAC6, and SLC33A1 involved in the biosynthesis of 
ganglio series GSLs (Fig. 2A). In addition, in the list were also 
present: i) B4GALT5 encoding for lactosylceramide synthase; 
ii) GOLPH3 encoding a recently identified proteostatic 
regulator of B4GALT5 (9); iii) ORMDL3 encoding a regulator 
of sphingolipid biosynthesis (22). Published evidence indicates 
that many of these genes have oncogenic properties SI Appendix, 
Table  S2. We tested whether these genes could drive cellular 
transformation using the classic NIH3T3 cell assay (hereinafter 
3T3 cells). For this, we generated 3T3 cell lines stably transfected 
with V5 or HA-tagged versions of the GSL pathway oncogenes. 
We were unable to get stable clones expressing FUT4 and 
SLC33A1, so they were not included in further analysis. The 3T3 
cells showed a stable expression of glycogenes as demonstrated 
by immunofluorescence analysis, where we also observed that 
tagged versions of these proteins localized to the Golgi except 
ORMDL3 and B3GNT5 which had significant ER localization 
(SI Appendix, Fig. S2A). To test for the oncogenic property of 
these cells, we used either anchorage-independent growth assay 
or cell migration (wound healing) assay. We found that cells 

expressing the following genes- B3GNT2, B3GNT3, B4GALT5, 
B4GALNT1, and ST6GALNAC6 showed an increased ability to 
proliferate and form colonies in anchorage-independent growth 
assay (Fig. 2 B and C), while cells expressing ST6GALNAC6, 
ORMDL3, B3GNT5, and B4GALNT1 showed an increased 
propensity to migrate in the wound-healing assay (Fig.  2D). 
Finally, to validate if these oncogenes indeed acted through GSL 
biosynthetic pathway, we selected the cell lines overexpressing 
B4GALNT1 and B3GNT2 that showed strong effects in 
anchorage-independent assay and tested their growth in the 
presence of Miglustat, a well-known inhibitor of GSL production. 
As shown in Fig. 2E, anchorage-independent growth of these cells 
was inhibited upon Miglustat treatment suggesting that their 
oncogenic activity is mediated through the GSL biosynthetic 
pathway. These data indicated that GSL pathway genes identified 
in our in-silico screening indeed are oncogenes and the GSL 
pathway is a potential oncogenic pathway. 

Characterization of B4GALT5 as a Glyco-Oncogene. Next, we 
sought to better characterize B4GALT5 for known properties of 
an oncogene since we recently showed that oncoprotein GOLPH3 
promotes oncogenesis through B4GALT5 (9). 
B4GALT5 promotes growth in cell lines. We first measured the rate 
of proliferation of cells expressing B4GALT5. 3T3 cells expressing 
B4GALT5 proliferated faster compared to control cells as measured 
by Carboxyfluorescein succinimidyl ester (CFSE) assay (Fig. 3A). 
3T3 cells expressing B4GALT5 showed more colonies in soft agar 
assay compared to empty vector transfected control cells and at 
levels comparable to that observed following GOLPH3 or RASVal12 

overexpression (Fig.  3B). In a similar fashion, cells expressing 
B4GALT5 also showed increased number of foci compared to 
Green fluorescent protein transfected control cells and again at levels 
comparable to that observed with cells overexpressing GOLPH3 or 
RASVal12 mutant (Fig. 3C). Further, 3T3 cell lines overexpressing 
B4GALT5 also showed increased activation of the Akt signaling 
pathway, a key signaling pathway regulating cell growth and 
proliferation (Fig. 3D). Thus, increased expression of B4GALT5 
confers oncogenic properties including activation of cell growth 
signaling pathways, increased rate of proliferation, less dependence 
on anchorage for growth and reduced contact inhibition of growth. 
B4GALT5 promotes addiction. The cytoband 20q13.13 containing 
the B4GALT5 gene is reported to be frequently amplified in several 
cancers (23–25). We also find that the B4GALT5 locus shows 
significant amplification and a corresponding increase in mRNA 
levels in six cancer types—BRCA, COAD, ESCA, LIHC, STAD, 
and UCS. In LIHC, B4GALT5 gets classified as a Class III glyco- 
oncogene. Further, increased GSL production has been shown to 
be essential for hepatocellular carcinoma development (26). So, 
we first studied the contribution of B4GALT5 to oncogenesis in 
hepatocellular carcinoma models. 

B4GALT5  expression was silenced in hepatocellular carcinoma 
cell lines HepG2 (with B4GALT5 amplification; Fig. 3E) and 
Hep3B cells (diploid for B4GALT5)   using siRNAs (nontargeting 
siRNA as control) and their survival was monitored by colony- 
forming assays. HepG2 showed an increased sensitivity to reduc-
tion in B4GALT5 levels compared to Hep3B cells (Fig. 3F). We 
also tested the effects of B4GALT5-KD  on isogenic 3T3 cell lines 
with or without stable overexpression of hB4GALT5. 3T3 cells 
stably overexpressing B4GALT5 showed increased sensitivity to 
reduction in B4GALT5 levels as measured by cell proliferation 
assay (Fig. 3G) and spheroid formation assay (SI Appendix, Fig. S2 
B and C). B4GALT5  is amplified in several cancer types, with 
ovarian and colon cancers among the prominent ones (SI Appendix, 
Fig. S2D). Again, when tested in colony formation assays, ovarian D
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and colon cancer cell lines with amplification of B4GALT5 
(SI Appendix, Fig. S2E) were more sensitive to KD of B4GALT5 
reiterating the earlier findings in hepatocellular carcinoma cell 
lines (SI Appendix, Fig. S2 F–I). Thus, cell lines with B4GALT5 
amplification are addicted to B4GALT5 for their increased growth. 
Inhibition of B4GALT5 activity reduces cancer cell growth. 
B4GALT5 transfers galactose onto the glucosylceramide to 
form lactosylceramide, which serves as the precursor for other 
complex GSLs. GSLs produced in the cell lines used above were 
monitored using H3-Sphingosine pulse–chase (en rule) assay (27). 
Both B4GALT5 overexpressing 3T3 cells and HepG2 showed 
high amounts of GSL synthesis compared to parental 3T3 and 
Hep3B, respectively (SI Appendix, Fig. S3 A and B). Next, we 
treated HepG2, Hep3B, and 3T3 cell lines with GSL inhibitor 
Miglustat, and monitored cell proliferation. While Hep3B and 
3T3 parental cell lines were nearly insensitive to the treatment, 
HepG2 cells and B4GALT5 overexpressing 3T3 cells showed a 
concentration-dependent reduction in cell growth (Fig. 3 H–J). 

Similar inhibitory effects were also observed in colon cell line 
HCT116 bearing B4GALT5 amplification, while diploid RKO 
cell line was insensitive to Miglustat (SI Appendix, Fig. S3 C and 
D) suggesting that GSL biosynthesis is essential for the growth 
of cell lines with increased B4GALT5 expression. We then 
created a catalytically inactive mutant of B4GALT5 by mutating 
a conserved tryptophan residue, located within the pocket that 
binds Uridine Diphosphate-Galactose donor (28), to alanine 
(B4GALT5W296A) (SI Appendix, Fig. S3E). B4GALT5-KO HeLa 
cells (29) analyzed by H3-Sphingosine pulse chase assay showed 
lower amounts of complex GSLs and increased precursor lipid, 
GlcCer compared to control cells (SI Appendix, Fig. S3F). When 
expressed in these cells, B4GALT5WT rescued GSL biosynthesis 
while B4GALT5W296A did not (Fig. 3K). Thus, B4GALT5W296A 

mutant is indeed catalytically inactive. Next, when tested in soft 
agar assay B4GALT5-KO cells formed low number of colonies and 
expression of B4GALT5WT in these cells increased the number of 
colonies nearly 10-fold, while expression B4GALT5W296A did not 
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A C 

D E F 

G H 

B 

I 

J K L 

Fig. 3. B4GALT5 promotes oncogenic growth via GSL biosynthesis. (A) CFSE proliferation assay in NIH3T3 cells overexpressing B4GALT5 or GOLPH3; histogram 
(Left) and normalized mean fluorescence intensity (Right). (B) Soft agar and (C) foci formation assays in NIH3T3 cells overexpressing B4GALT5 or GOLPH3 with 
RASVal12 . (D) Immunoblots of p-AKT (Ser473) and p-P70S6K (Thr389) in serum-starved B4GALT5-overexpressing cells. (E) B4GALT5 protein levels in amplified (red) 
vs. diploid (blue) liver cancer lines. (F) Clonogenic and (G) proliferation assays in Hep3B and HepG2 cells treated with siB4GALT5. (H and I) Colony formation in 
Hep3B and HepG2 cells treated with Miglustat. (J) Cell proliferation assay in NIH3T3 cells treated with Miglustat. (K) HPTLC sphingolipid analysis [H3-Sphingosine 
pulse–chase (en rule)] in B4GALT5-KO cells expressing WT or B4GALT5W296A mutant. (L) Soft agar images (Top) and colony counts (Bottom) for B4GALT5-KO cells 
expressing WT or B4GALT5W296A mutant. Data are mean ± SEM (n = 3); two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <0.0001. 
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show a change in the number of colonies (Fig. 3L). Collectively, 
these findings suggest that enzymatic activity of B4GALT5 was 
required for its oncogenic property. 
Increased B4GALT5 expression worsens patient survival. We next 
compared the survival in cancer patients who displayed high 
B4GALT5 expression with those who did not. LIHC patients 
with increased expression of B4GALT5 showed a worse overall 
survival and disease-free survival compared to those with no 
B4GALT5 upregulation (Fig.  4 A and B). Similar results were 
also demonstrated by others using other cancer-specific cohorts 
(30). Furthermore, LIHC patients with high levels of B4GALT5 
amplification showed a reduced overall survival (Fig. 4 C and D). 
This suggests that the B4GALT5-induced oncogenic aggressiveness 
has a potential impact on the clinical outcome. 

   From these studies, we observed B4GALT5  amplification results 
in increased levels of its activity and product, which contributes 
to oncogenic properties in both laboratory studies (promotion of 
anchorage-independent growth, oncogenic addiction) and clinical 
evaluation (worsened survival). Thus, B4GALT5  demonstrates all 
key features that define an oncogene.   

B4GALT5 Acts Mainly Through the Ganglioside Biosynthetic 
Pathway. B4GALT5 lies at a branch point in the GSL biosynthetic 
pathway leading to ganglioside and lacto/neolacto GSL synthesis, 
both enriched among glyco-oncogenes. To identify which pathway 

acts downstream, colon cancer cell lines RKO (B4GALT5 diploid) 
and HCT116 (B4GALT5 amplified) were treated with siRNAs 
targeting pathway enzymes, and growth was assessed by colony 
formation. Targets included B3GNT2, B3GNT3, B3GNT5, 
B4GALNT1, and ST6GALNAC6, with knockdown confirmed by 
qPCR (SI Appendix, Fig. S3G). B4GALNT1 and ST6GALNAC6 
function in ganglioside synthesis, others in lacto/neolacto 
synthesis. ST6GALNAC6 knockdown showed modest effect in 
both lines (Fig. 4 E and F), indicating B4GALT5-independent 
effects. In contrast, B4GALNT1 knockdown strongly inhibited 
HCT116 growth (Fig.  4 E and F), suggesting B4GALT5 acts 
mainly through ganglioside synthesis leading to GD2. Of note, 
GD2 has earlier been implicated in carcinogenesis (31, 32). Lacto/ 
neolacto enzymes also affected growth, especially B3GNT5, 
but less than B4GALNT1 (Fig.  4 E and F). Thus, B4GALT5 
influences both pathways, with ganglioside GD2 likely providing 
the dominant growth contribution. This was validated in 3T3 
cells overexpressing B4GALT5: Parental cells were insensitive to 
B4GALNT1 knockdown, whereas B4GALT5-overexpressing cells 
were strongly inhibited (Fig. 4 G and H), thus confirming action 
through ganglioside biosynthesis. 

We next tested whether B4GALT5 synergizes with other GSL 
enzymes in 3T3 cells. As expected, coexpression with GOLPH3 
showed no synergy (Fig. 4 I and J and SI Appendix, Fig. S3 H and 
I), since both act at the same step. Strong additivity was observed 
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between B4GALT5 and B4GALNT1 (Fig. 4 I and J), consistent 
with their roles at different steps of the same pathway. Knocking 
down B3GNT5 and ST6GALNAC6 had modest individual 
effects and did not enhance B4GALT5-driven growth (Fig. 4 I 
and J). B3GNT3 alone promoted growth similarly to B4GALT5, 
but coexpression showed no additivity despite acting at different 
pathway levels (Fig. 4 I and J), possibly due to shared effects on 
ceramide reduction rather than complex GSL production. Overall, 
these findings indicate that B4GALT5 primarily promotes cell 
growth through the ganglioside biosynthetic pathway. 

B4GALT5 Activates the Integrin-Src Signaling Pathway to 
Promote Anchorage-independent Growth. Next, we analyzed 
signaling pathways modulated by B4GALT5 overexpression using a 
phosphoproteomic antibody microarray. B4GALT5-KO HeLa cells 
were transfected with B4GALT5WT and assessed for phosphorylation 
changes under suspension conditions mimicking detachment. The 
most prominent alterations centered on integrin signaling (Fig. 5A), 
a key mediator of anoikis resistance (33). Src phosphorylation at 
Tyr418 was strongly increased (Fig. 5A and Dataset S5), along with 
FAK, CTNNB1, RAF1, ROCK2, FYN, ACTN1, and AKT1—core 

components of focal adhesion survival pathways (Fig. 5A). These 
experiments were performed in suspension, where loss of integrin- 
ECM engagement typically suppresses signaling and induces 
apoptosis. However, B4GALT5-expressing cells retained integrin- 
Src activation, suggesting restoration of signaling in detachment. 

Western blotting confirmed increased phospho-Src (Tyr418), 
which was abolished by the Src inhibitor PP2 (Fig. 5 B and C). 
Immunofluorescence showed elevated phospho-tyrosine staining, 
again suppressed by PP2 (Fig. 5 D and E). Src normally activates 
PI3K/Akt and Ras/Raf pathways downstream of integrin engagement. 
Consistently, phospho-Akt (Ser473) and phospho-S6 kinase (Thr389) 
were elevated in B4GALT5-overexpressing cells (Fig. 5B and 
SI Appendix, Fig. S4A), and PP2 reduced both phospho-Src and 
phospho-Akt, indicating Src-dependent activation. Src activation 
required B4GALT5 catalytic activity, as the inactive B4GALT5W296A   
mutant failed to elevate phospho-tyrosine signals (SI Appendix, 
Fig. S4 B–D). Functionally, Src was essential as knockdown of SRC 
abolished B4GALT5-driven anchorage-independent growth in soft 
agar (Fig. 5 F and G). Together, these results show that B4GALT5 
maintains integrin-Src signaling in the absence of adhesion, prevent-
ing anoikis. 
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Fig. 5. B4GALT5 activates Src kinase and promotes survival and growth upon adherence loss. (A) Gene ontology enrichment of hyperphosphorylated proteins 
in B4GALT5WT overexpression vs. B4GALT5-KO HeLa cells; phosphorylation of the focal adhesion pathway (Top hits) is plotted as percent change from control. 
(B and C) Immunoblot and quantification of Src activation in B4GALT5WT overexpressing B4GALT5-KO cells; PP2 (Src inhibitor) served as a control. (D and E) 
Immunofluorescence and quantification of p-Tyr signals in B4GALT5WT overexpressing cells. (F and G) Soft agar colony images and counts for B4GALT5WT 

expressing B4GALT5-KO cells with or without siSRC. (H) Schematic model of B4GALT5-mediated onco-GSL levels and adherence-independent growth; increased 
GSLs in amplified tumors enhance integrin clustering to activate Src/FAK and the downstream PI3K/Akt/mTOR pathway. Data are mean ± SEM (n = 3); one-way 
ANOVA with Tukey’s multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <0.0001. 
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Based on the role of GSLs in integrin signaling, we propose 
that elevated GSLs in B4GALT5-overexpressing cells promote 
glycolipid-enriched membrane domains, facilitating integrin clus-
tering and activation (Fig. 5H) (34, 35). This activates Src and 
Akt pathways (SI Appendix, Fig. S4 E and F), supporting 
adhesion-independent survival and growth.   

Discussion 

Oncogenes and TSGs arise from normal protogenes that acquire 
genetic alterations leading to constitutive changes in protein activ-
ity and downstream signaling that drive tumor growth (36). These 
three features- genetic alteration, altered product activity, and 
signaling rewiring- together define a cancer regulatory gene and 
create therapeutically relevant dependencies. This study demon-
strates all three characteristics among genes in the GSL biosyn-
thetic pathway, consolidating their role in cancer development 
(37, 38) and identifying a new class of enzymatic drug targets. 

The identified glyco-oncogenes were enriched in lacto/neolacto 
and ganglio-series GSL biosynthesis and O-glycan biosynthesis, 
whereas glyco-TSGs were enriched in N-glycan biosynthesis. The 
O-glycan group mainly involved O-mannosylation enzymes linked 
to oncogenesis via NOTCH signaling (39, 40). In contrast, the 
tumor-suppressive association of N-glycan genes-largely early secre-
tory pathway enzymes (Endoplasmic Reticulum and cis-Golgi) was 
unexpected. Although N-glycan branching is often linked to tumor 
promotion, several observations support a TSG role for early 
N-glycosylation: increased pausimannose in tumors (41), its asso-
ciation with aggressive gastric cancer (42), and oncogenic effects of 
metabolic stress from impaired N-glycan biosynthesis (43). 
Additionally, TUSC3 has been proposed as a tumor suppressor (44), 
supporting our conclusions. 

We previously showed that the oncogene GOLPH3 stabilizes 
B4GALT5 (9); here we show that B4GALT5  itself functions as an 
oncogene. It promotes growth in glioma, breast, and hepatocellular 
cancers and is a potential colorectal cancer target (30, 45–48). Its 
oncogenicity depends on catalytic activity and operates in hepato-
cellular, colorectal, and ovarian cancers. B4GALT5 increases com-
plex GSLs while reducing ceramide (9), and our data suggest GD2 
may act downstream. Notably, B3GNT3 and B4GALT5 act at the 
same level in progrowth signaling despite different pathway posi-
tions, likely through shared effects on ceramide consumption. 

A key finding here is that B4GALT5 overexpression preserves 
integrin-mediated signaling under nonadherent conditions, pre-
venting anoikis. Sustained Src activation and phospho-tyrosine 
signaling in suspension enable anchorage-independent survival, a 
critical step in metastatic dissemination (33). 

GSLs support tumor growth by enhancing lipid raft formation and 
by acting as bioactive ligands for receptors such as c-Met, epidermal 
growth factor receptor, and integrins (38, 49–51). Increased GSLs likely 
promote membrane domains that cluster and activate integrins without 
matrix attachment, sustaining Src and downstream PI3K/Akt/mTOR 
survival pathways (52, 53). Src inhibition abolishes B4GALT5-driven 
growth in suspension, identifying it as a key effector. Thus, B4GALT5-
mediated integrin-Src signaling provides a mechanism of anoikis resist-
ance that may enhance metastatic potential. Further work should define 
the integrin subtypes involved and test whether targeting B4GALT5 or 
Src impairs metastatic colonization in vivo. 

Materials and Methods 

Cell Lines and Culture Conditions. See SI Appendix for details and SI Appendix, 
Table S3. 

Stable Cell Line Generation. 3T3 cells were either transfected with pLX304 
plasmids (kind gift from Giovanni D’Angelo, EPFL Switzerland) or transduced 
with lentivirus particles with polybrene (2.5 µg/mL) at a suboptimal confluency 
for 24 h followed by antibiotic (20 µM blasticidin) selection. Resistant clones 
were thereafter maintained in DMEM containing 5% fetal bovine serum (FBS), 
2 mM L-Glutamine, and 100U/ml penicillin and streptomycin. Overexpression 
of the respective glycogene was confirmed by either V5-  or HA-tag expression by 
immunofluorescence. All the plasmid vectors are enlisted in SI Appendix, Table S4. 

Transfection and RNAi. DNA transfection was done with either MIRUS or 
Lipofectamine LTX and siRNAs were transfected using Oligofectamine as per the 
manufacturer’s instructions. For a list of siRNAs, see SI Appendix, Table S5. 

Functional Assays. Anchorage-independent growth: 1X104 cells were sus-
pended in 0.3% agarose over a 0.6% agarose base and incubated for 30 d under 
physiological conditions. 

Clonogenic and Foci Formation: For clonogenic assays, siRNA-transfected cells 
(100/well) were grown in low serum for 14 d. For foci formation, plasmid-transfected 
cells were maintained at high confluency in 2.5% serum for 15 to 20 d.All colonies/ 
foci were fixed, stained with 0.1% crystal violet, and quantified via ImageJ. 

3D Spheroids: Cells (1000/well) were seeded in ultralow attachment U-bottom 
plates. Spheroids were treated with drugs for 15 d, imaged using Opera Phenix, 
and analyzed with Harmony software. 

Migration assay: Cells were plated optimally to attain high confluency the fol-
lowing day. A scratch at the center of each well was made using a sterile microtip. 
Images at 20X magnification were acquired every 6 h using Zeiss Apotome III 
microscope. Quantification was performed using the ImageJ plugin. 

Flow Cytometry Analysis. CFSE proliferation assay: Cells were labeled with 
CFSE dye for 10 min at 37 °C, quenched with complete media, and plated at 
50,000 cells/well. Following overnight incubation, proliferation was analyzed 
using a FACS ARIA III cell sorter. 

Immunoblotting and Phosphoproteomics. Cells were washed twice with PBS 
and lysed in RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% deoxycholic acid, 
0.1% SDS, and 20 mM Tris-HCl, pH 7.4), supplemented with protease and phos-
phatase cocktail inhibitor (Roche). For signaling experiments, cells were serum 
starved overnight and stimulated with 10% serum at different time points before 
lysing. The lysates were clarified by centrifugation at high rpm for 5 min and 
quantified using a BCA Protein Assay kit (Pierce). Proteins were resolved on a 12% 
denaturing polyacrylamide gel and immunoblotted with respective primary anti-
bodies followed by second antibodies conjugated with HRP and then developed 
using the chemiluminescence kit (Pierce). 

To assess the global phosphorylation changes, cells were maintained in 1% FBS 
containing media overnight. Cells were harvested by trypsinization, washed twice 
with cold PBS, and cell pellets were shipped to Kinexus (KAM-1300P; System 
proteomic company, Vancouver, Canada). Changes ≥ 50% Changes from control 
and Z ratio ≥ +1.00 (hyperphosphorylation) or ≤ −1.00 (dephosphorylation) 
were considered as real significant changes. 

Immunofluorescence. Cells were fixed in 4% paraformaldehyde, permeabilized 
with 0.2% saponin, and incubated with primary antibodies (SI Appendix, Table S6) 
followed by Alexa Fluor-conjugated secondaries. Coverslips were mounted with 
Mowiol/Glycerol containing Hoechst and imaged using confocal microscopy 
(LSM980, Carl Zeiss). 

3H-Sphingosine Pulse–Chase (en rule) and HPTLC. Briefly, cells were pulse- 
labeled with 0.1 μCi/ml (~5 nM) 3H-D-erythro-Sphingosine for 2 h and chased 
for 24 h. Subsequently, cells were harvested and lipids extracted using an extrac-
tion buffer (200 μL of 200 mM KCL, 500 μL methanol, 250 μL chloroform, and 
250 μL KCL). Finally, lipids were spotted on silica gel high performance–TLC plates 
(Merck, Germany) and resolved using a mixture of chloroform: methanol: water 
(65: 25: 4 v/v/v) in a closed glass chamber. After separation, radiolabeled lipids 
were analyzed using a RITA TLC Analyzer (Raytest, Germany) and quantified using 
GINA (Raytest, Germany) software. 

Real-Time qPCR and mRNA Analysis. Total RNA was isolated (Rneasy kit, 
Qiagen), reverse transcribed, and analyzed via qPCR using SYBR Green on a 
LightCycler® 480 II detection system (Roche). Expression was calculated using 
the ∆∆Ct method normalized to HPRT1 (SI Appendix, Table S5). D
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Statistical Analyses. Graph values are expressed as mean ±SEM of at least 
three independent biological replicates and normalized to respective controls. 
The nonparametric test was applied to data which did not follow normal distribu-
tion. Test statistics were performed using GraphPad Prism 10, and P-values were 
determined either by Student’s t test or multiple comparisons using one-way 
ANOVA (Türkiye’s test). 

Data, Materials, and Software Availability. Bioinformatics Pipeline data have 
been deposited in Github (31). All study data are included in the article and/or 
supporting information. 
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