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ABSTRACT

Glycosylation, a key post-translational modification, regulates protein function in many contexts. 
Epidermal growth factor-like repeats undergo domain-specific O-glycosylation such as O-glucosylation, 
O-fucosylation, and O-GlcNAc’ylation. O-Glucose glycans are attached to specific serine residues by the 
action of protein O-glucosyltransferase 1 (POGLUT1) and can be elongated with two xylose residues by 
glucoside α1-3xylosyltransferase 1 (GXYLT1) or glucoside α1-3xylosyltransferase 2 (GXYLT2) and xylo-
side α1-3xylosyltransferase 1 (XXYLT1) in mammals. The xylosyl elongation of O-glucose as a negative 
regulator of Notch in Drosophila has recently been reported, but its role in mammalian Notch signaling 
remains elusive. Here, we investigated the impact of terminal xylosylation by XXYLT1 on NOTCH1 
signaling in Jurkat cells, a T-cell acute lymphoblastic leukemia cell line with cell-autonomous NOTCH1 
activation due to the juxtamembrane expansion mutation. Mass spectrometry analysis of NOTCH1 fragments 
overexpressed in Jurkat cells demonstrated that the O-glucose site on NOTCH1 EGF10 was modified with 
various elongating patterns of O-glucose. Genetic deletion of XXYLT1 in Jurkat cells led to enhanced 
activation of NOTCH1, suggesting that XXYLT1 inhibited NOTCH1 activation in Jurkat cells, whereas the 
cell surface expression of NOTCH1 was not altered. Unexpectedly, the proliferation of Jurkat cells was 
impaired in XXYLT1 knockout cells, with accompanying MYC downregulation, a Notch target gene. Our 
results revealed for the first time that mammalian Notch activation is fine-tuned by xylosylation in Jurkat 
cells, thus highlighting the potential of Notch agonism by the inhibition of xylosylation. Additionally, our 
findings regarding cell proliferation underscore the notion that there are possibly substrates other than 
NOTCH1 that XXYLT1 modifies, thereby regulating their functions in Jurkat cells.
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INTRODUCTION

Significant roles for post-translational modifications, including glycosylation, have been de-
scribed in many contexts, including the modulation of signal transduction.1-4 The Notch signaling 
pathway is an evolutionarily conserved cell-to-cell communication pathway that plays critical roles 
in cell fate decisions in metazoans. The roles of epidermal growth factor-like (EGF) domain-
specific O-linked glycans in the extracellular domain of Notch receptors have been described for 
more than two decades.5-8 O-Glucose (Glc), O-fucose (Fuc), and O-N-acetylglucosamine (GlcNAc) 
glycans are added to Notch EGF repeats as monosaccharides and can be further elongated with 
other sugar residues. Both O-Fuc and O-Glc are essential for Notch activation.9-13 Additionally, 
recent extensive analyses have demonstrated that elongation of O-Fuc modulates Notch-ligand 
interactions, thereby affecting Notch activation.14-17 However, the impact of the extension of O-Glc 
glycans remains elusive. In mammals, the classical O-Glc glycans are added by the action of 
protein O-glucosyltransferase 1 (POGLUT1, rumi in Drosophila) and extended with two xylose 
(Xyl) residues to a linear trisaccharide form (Xyl-α1,3-Xyl-α1,3-Glc-β1-O-Ser) by the sequential 
action of glucoside α1-3xylosyltransferase 1 or 2 (GXYLT1 or GXYLT2, shams in Drosophila) 
and xyloside α1-3xylosyltransferase 1 (XXYLT1, xxylt in Drosophila).11,12,18-21 In flies, xylosyl 
elongation negatively regulates Notch activation by modulating Notch-Delta interactions in a 
specific context.22-24 Recently, we reported that XXYLT1 in HEK293T cells promotes the cell 
surface presentation of NOTCH1 and NOTCH2 when overexpressed.25 However, whether Notch 
xylosylation alters mammalian Notch activation remains unclear.

The aberrant activation or inactivation of Notch leads to various diseases, including cancers.26 
T-cell acute lymphoblastic leukemia (T-ALL) is closely related to NOTCH1, as over 60% of 
T-ALL cases possess activation mutations in NOTCH1.27 Several classes of NOTCH1-activating 
mutations have been proposed.28 Mutations in the heterodimerization domain (HD) or muta-
tions that expand the juxtamembrane region of the extracellular domain of NOTCH1 result in 
autonomous exposure of site-2 (S2) where cleavage by extracellular metalloproteases such as 
ADAM10 or ADAM17 occurs, ultimately leading to site-3 (S3) cleavage by gamma-secretase 
that provokes ligand-independent and constitutive activation of NOTCH1.29,30

As previous studies have indicated that POGLUT1/Rumi is required for S2/S3 cleavages of 
Notch,11,12 T-ALL appears to be a suitable context to clarify whether XXYLT1 acts in an opposite 
manner to POGLUT1 in the context of NOTCH1 signaling. Here, we investigated the contribu-
tion of XXYLT1 in Jurkat cells, a T-ALL cell line with a juxtamembrane expansion mutation on 
NOTCH1 that exhibits ligand-independent NOTCH1 activation31 and report that XXYLT1 inhibits 
NOTCH1 activation in Jurkat cells while promoting cell proliferation.
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MATERIALS AND METHODS

Cell culture
Jurkat cells were a generous gift from Dr Koichi Furukawa of Chubu University. Jurkat cells 

were cultured in RPMI 1640 medium that was supplemented with 10% or 5% fetal bovine 
serum (FBS), 1 mM sodium pyruvate (Thermo Fisher Scientific, Waltham, MA, USA), 2 mM 
GlutaMAX (Thermo Fisher Scientific), 100 U/mL penicillin, and 100 μg/mL streptomycin. The 
cells were maintained at 37 °C in a humidified atmosphere containing 5% CO2. HEK293T cells 
were cultured in a Dulbecco’s Modified Eagle Medium (DMEM)-high glucose supplemented with 
5% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin.

Plasmids
The expression plasmid encoding mouse NOTCH1 EGF8-12 with C-terminal Myc and His6 

tags was generated by polymerase chain reaction (PCR) amplification using KOD-FX-Neo 
polymerase (TOYOBO, Osaka, Japan), primers: 5′-ATATATAAGCTTTAGATGTGGACGAAT 
GTCAGCTC-3′ and 5′-ATCTAGCTCGAGCGATTTCACAGTATACACCTTCATAACCTG-3′, and 
pSectag2c/hygro-mouse NOTCH1-EGF1-36-MycHis6 as template.25 The PCR product was digested 
with Hind III and Xho I and ligated into the pSectag2c/hygro plasmid (Invitrogen). The lentivirus 
vector encoding human XXYLT1 with C-terminal HA tag was created by PCR amplification 
using KOD-FX-Neo polymerase, primers: 5′-ATATATCTCGAGATTCATGGGCCTCCTCCG-3′ 
and 5′-ATCTAGGAATTCCTCACAGGCTGGCGTAATC-3′ and pcDNA3.1(+)-FLAG-human 
XXYLT1-HA plasmid19 as template. The PCR product was digested with XhoI and EcoRI and 
ligated into the pLVX-M-puro vector, a gift from Boyi Gan (Addgene plasmid, #125839; http://
n2t.net/addgene, 125839; RRID, Addgene_125839).32 The lentiviral packaging plasmid psPAX2 
was a gift from Didier Trono (Addgene plasmid, #12260; http://n2t.net/addgene, 12260; RRID, 
Addgene_12260). VSV-G envelope-expressing plasmid pMD2.G was a gift from Didier Trono 
(Addgene plasmid, #12259; http://n2t.net/addgene, 12259; RRID, Addgene_12259).

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 
9 (Cas9)-mediated genome editing of Jurkat cells

XXYLT1 knockout (KO) Jurkat cells were generated as previously described.25 The pX330-
Cas9-mEGFP vector was kindly provided by Drs Yusuke Maeda and Taroh Kinoshita.33 The 
guide RNA sequence targeting XXYLT1 Exon 1:5′-TAACCTTCACTTCGTGAGCG-3′ (gRNA-1) 
or 5′-CGCCAAGTTCGAGGCGCACG-3′ (gRNA-3) were inserted into the Bbs I site of pX330-
Cas9-mEGFP. A total of 2.0 × 105/mL of Jurkat cells grown in a 60-mm culture dish was 
transfected with 11 μg of Cas9 and gRNA expression plasmid using Lipofectamine 3000 (Thermo 
Fisher Scientific). After transfection, the EGFP-positive Jurkat cells were sorted into individual 
wells of a 96-well plate using a FACS SORP Aria II flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA). Successful gene editing was confirmed by genomic PCR using KOD FX-Neo 
polymerase and subsequent DNA sequencing.

Site-mapping of O-glucose glycans on the extracellular domain of NOTCH1 proteins by mass 
spectrometry

Totals of 2.0 × 105 Jurkat cells were cultured in eight 100 mm dishes with 10 mL of RPMI 
1640 medium (Gibco) supplemented with 10% FBS. The cells were transiently transfected with 
28 μg/dish of pSecTag2c-mouse NOTCH1 EGF8-12-Myc-His6 plasmid using Lipofectamine 3000 
(Invitrogen). The next day, the medium was replaced with 6 mL of OPTI-MEM-I (Thermo 
Fisher Scientific), and the cells were cultured for another 2 days. Culture media were collected, 
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centrifuged, and filtered.
Samples were prepared as previously described.25 Briefly, the NOTCH1 protein was purified 

using Ni-NTA agarose (FUJIFILM Wako). Purified proteins were reduced, alkylated, and separated 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The bands were visualized using 
GelCode Blue (Thermo Fisher Scientific), and they were excised and digested with trypsin. 
The digested (glyco)peptides were extracted from the gel, desalted, and enriched using a C18 
Zip-Tip (Millipore).

Mass spectrometric analysis was performed using Orbitrap Fusion Tribrid Liquid Chroma-
tography (LC)-mass spectrometer (Thermo Fisher Scientific). Precursor ion data were collected 
using an Orbitrap mass analyzer in the positive polarity mode within a range of m/z 400–1600 
at a resolution of 2.4 × 105 with an Automatic Gain Control (AGC) target of 2.0 × 105. The 
conditions of LC and the method of higher-energy collision dissociation (HCD)-tandem mass 
spectrometry (MS/MS) fragmentation and fragment ion detection by linear ion-trap mass analyzer 
were set according to a previous study.25

As previously described,34 the MS/MS spectra-based (glyco)peptide search was performed 
using Byonic v5.1.1 (Thermo Fisher Scientific). The peptide modification parameters are listed 
in Supplementary Table S1. Xcalibur v4.1 (Thermo Fisher Scientific) was utilized to generate 
extracted ion chromatograms (EICs) for all identified (glyco)peptides in the Byonic search. The 
assignment of each (glyco)peptide was validated using MS/MS spectra and the retention time 
of MS EICs.

Lentivirus vector production and transduction of Jurkat cells
HEK293T cells were seeded at 1.0 × 106 cells in 2.5 mL of medium per well in a 6-well 

plate. HEK293T cells were cultured for 24 h and then transfected with 2.5 μg of pLVX-M-puro 
(empty vector) or pLVX-M-human XXYLT1-HA-puro, 2.1 μg of psPAX2, and 1.4 μg of pMD2.G 
plasmid using 20 μg of PEI-MAX (Polysciences, Warrington, PA, USA). The cells were cultured 
for 6 h, and the culture medium was replaced with fresh DMEM-high glucose supplemented 
with 5% FBS, penicillin, and streptomycin. After 48 h, the culture medium was collected, 
centrifuged, and filtered through a 0.22 μm filter. A 500 μL volume of the viral supernatant 
was added to Jurkat cells that were seeded at 1.0 × 105 cells in 500 μL of medium per well 
in a 12-well plate. After incubation at 37 °C for 48 h, culture media were replaced with RPMI 
1640 medium supplemented with 5% FBS, 1 mM sodium pyruvate, 2 mM GlutaMAX, 100 U/
mL penicillin, 100 μg/mL streptomycin, and 1.0 μg/mL of puromycin (Thermo Fisher Scientific) 
for the antibiotic selection.

Flow cytometry-based NOTCH1 expression analysis
The endogenous levels of NOTCH1 on the cell surface of Jurkat clones were analyzed 

using a FACSCANTO II flow cytometer (BD Biosciences) as previously described.25,35 Briefly, 
after washing Jurkat cells with flow cytometry buffer (Hank’s Balanced Salt Solution [HBSS] 
containing 1% bovine serum albumin (BSA), 1 mM CaCl2, and 0.02% NaN3), the cells were 
incubated on ice with either 2 μg/mL of PE-conjugated anti-human NOTCH1 antibody (Clone, 
MHN1-519; BioLegend, San Diego, CA, USA) or PE-conjugated anti-mouse IgG1 antibody 
(Clone, MOPC-21; BioLegend) as an isotype control for 1 h. Subsequently, the cells were 
washed twice with 1 mL of flow cytometry buffer and analyzed using a FACSCANTO II flow 
cytometer (BD Biosciences). The gate was set using Forward Scatter (FSC) and Side Scatter 
(SSC) signals to collect 10,000 viable cells for each sample. Data analysis was performed using 
FlowJo v10.9.0 Software (BD Life Sciences).
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Western blot-based NOTCH1 activation analysis
Totals of 2.5 × 105 cells of each Jurkat clone were seeded into 12-well plates and cultured 

at 37 °C under 5% CO2. After 48 h, cells were collected and lysed using RIPA buffer contain-
ing a protease inhibitor cocktail (Roche, Basel, Switzerland). The protein concentration was 
calculated using the bicinchoninic acid assay (Thermo Fisher Scientific). Total cell lysates (5 
μg) were loaded and subsequently analyzed by western blotting using anti-αTubulin antibody 
(DSHB, 12G10, 1:4000), anti-cleaved NOTCH1 (Val1744) antibody (CST, D3B8, 1:1000), and 
anti-HA antibody (MBL, 561, 1:1000), and the intensity of cleaved NOTCH1 was normalized 
to the intensity of αTubulin.

Cell proliferation assay
Totals of 5.0 × 103 cells of each Jurkat clone in 100 μL of culture medium were seeded 

into 96-well plates and cultured at 37 °C under 5% CO2. After 72 h, 10 μL of Cell Counting 
Kit-8 (CCK-8) solution (DOJINDO, Kumamoto, Japan) was added to each well, and cells 
were incubated at 37 °C under 5% CO2 for 4 h. Absorbance was measured at 450 nm using a 
SpectraMax iD5 (Molecular Devices, San Jose, CA, USA).

Quantitative reverse transcription PCR analysis
Totals of 2.5 × 105 cells of each Jurkat clone were seeded into 12-well plates and cultured for 

48 h. For the gamma-secretase inhibition experiment, Jurkat cells were cultured under 10 μM of 
N-[2S-(3, 5-difluorophenyl) acetyl]-L-alanyl-2-phenyl-glycine, 1, 1-dimethylethyl ester ([DAPT] 
Cayman Chemical, Ann Arbor, USA) diluted in Dimethyl Sulfoxide ([DMSO]; FUJIFILM 
Wako) or an equivalent concentration of DMSO. Total RNA was isolated using TRIzol (Thermo 
Fisher Scientific) and subsequently subjected to reverse transcription using the ReverTra Ace 
qPCR RT Master Mix with gDNA Remover (TOYOBO) following the manufacturer’s protocol. 
Real-time PCR reactions were performed with SsoAdvanced Universal SYBR Green Supermix 
(BIO-RAD, Hercules, CA, USA) using primers: 5′-ACTTCAACAGCGACACCCAC-3′ and 
5′-CAACTGTGAGGAGGGGAGAT-3′ for GAPDH, and 5′-GGGTAGTGGAAAACCAGCCTC-3′ 
and 5′-AGAAATACGGCTGCACCGAG-3′ for MYC. Relative expression levels were calculated 
by the double-delta CT method using the Ct value of GAPDH as a control and normalized to 
the MYC expression levels in wild-type cells transduced with an empty lentiviral vector.

Data analysis and statistics
Statistical analyses were performed using the R Studio software v2024.04.2+764 (Posit). 

Significance was tested using the Student’s t-test or one-way analysis of variance (ANOVA) with 
Dunnett’s comparison or Tukey’s multiple comparison test as indicated in the figure legends.

RESULTS

O-Glucose on NOTCH1 EGF repeats overexpressed in Jurkat cells is xylosyl elongated
To begin to address the role of XXYLT1 in Jurkat cells, we first investigated if XXYLT1 

is enzymatically functional in Jurkat cells by examining whether glycoproteins derived from 
Jurkat cells are modified with the O-Glc trisaccharide Xyl-Xyl-Glc as previously performed with 
another cell line (eg, HEK293T cells) with a different lineage.20,25,36,37 EGF8-12 of NOTCH1 with 
C-terminal MycHis6 was transiently expressed in Jurkat cells, purified, digested with trypsin, and 
analyzed by LC-MS/MS. We successfully identified a triply charged glycopeptide (m/z 1253.8589) 
carrying an O-Glc trisaccharide derived from EGF10 of NOTCH1 (Figure 1A). The sequential 
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neutral loss of two pentose residues and one hexose residue supports the linear structure of the 
glycan modification of this peptide. Glycopeptides carrying other glycoforms of O-Glc were also 
identified (Figure S1). EICs exhibiting the sum of the relative intensities of triply and quadrivalent 
charged ions derived from peptides carrying each identified glycoform confirmed that, similar 
to what we observed in HEK293T cells, the Xyl-Xyl-Glc trisaccharide was the most abundant 
glycoform of O-Glc on EGF10 in Jurkat cells (Figure 1B).25 These data confirm the rationality 
of our investigation into the role of EGF xylosylation in Jurkat cells. We then generated XXYLT1 
KO Jurkat clones using CRISPR-Cas9 technology. Genomic DNA sequencing analyses of single-
cell-sorted clones confirmed the disruption of XXYLT1 coding sequence in five clones (Figure 
S2). To verify that XXYLT1 is the sole enzyme that catalyzes the addition of terminal Xyl to 
O-Glc disaccharides, we selected one clone from each of the different gRNA-targeted clones 
(ID: KO #1 from gRNA-3 and KO #3 from gRNA-1) and performed the same MS analysis of 
the overexpressed NOTCH1 fragments, including those derived from a control clone. NOTCH1 
EGF8-12 produced in both XXYLT1 KO Jurkat clones exhibited a complete loss of the terminal 
Xyl on O-Glc, suggesting that XXYLT1 is the sole enzyme that transfers the terminal Xyl residue 
to Xyl-Glc-O-Ser in Jurkat cells (Figure 1C–E, Figure S3–5).

XXYLT1 inhibits NOTCH1 activation in Jurkat cells
Jurkat cells have been reported to possess a juxtamembrane-expanding mutation of NOTCH1, 

and this leads to the constitutive activation of NOTCH1 independently of ligands.30 A previous 
study demonstrated that the knockdown of POGLUT1 leads to impaired NOTCH1 activation in 
Jurkat cells.38 We investigated whether XXYLT1 upregulated or downregulated NOTCH1 activa-
tion in Jurkat cells by western blotting with an antibody against activated NOTCH1 (Val1744). 
Interestingly, deletion of XXYLT1 in Jurkat cells increased the expression of activated NOTCH1 
(Figure 2A, B). To exclude any Cas9 off-target effects, the XXYLT1 KO clone (ID: KO #3) 
was transduced with a lentivirus vector expressing human XXYLT1 with a C-terminal HA tag 
and selected with puromycin. Indeed, NOTCH1 activation in XXYLT1-rescued XXYLT1 KO cells 
was downregulated to a level comparable to that in wild-type cells (Figure 2C, D). These data 
support the hypothesis that XXYLT1 inhibits NOTCH1 activation in Jurkat cells.

Previously, we demonstrated that the cell surface expression of endogenous NOTCH1 was not 
altered, but the cell surface expression of overexpressed NOTCH1 was impaired in XXYLT1 KO 
HEK293T cells when compared to that in wild-type control cells.25 In contrast, in flies it was 
demonstrated that the loss of xylosylation increased the cell surface abundance of Notch in the 
specific context.22 We then wondered whether the observed enhancement of NOTCH1 activation 
in XXYLT1 KO Jurkat clones depended on the cell surface expression of NOTCH1. To answer 
this question, we performed a flow cytometric analysis of endogenous NOTCH1 expressed in 
each Jurkat clone. As observed in HEK293T cells, the cell surface NOTCH1 levels in XXYLT1 
KO clones were comparable to those in wild-type and control clones (Figure 2E), thus indicating 
that XXYLT1 is dispensable for the cell surface expression of endogenous NOTCH1. Thus, 
these data suggest that the loss of XXYLT1 affects the Notch activation process(es) after proper 
trafficking of NOTCH1 to the cell surface membrane.

Loss of XXYLT1 impairs the proliferation of Jurkat cells
Next, we investigated if XXYLT1 regulates Jurkat cell proliferation. We examined the pro-

liferation of XXYLT1 KO clones (ID: KO #3) transduced with an empty vector or XXYLT1 in 
addition to wild-type Jurkat cells transduced with an empty vector or XXYLT1 using the CCK-8. 
After culturing for 72 h, cell growth was significantly impaired in XXYLT1 KO cells transduced 
with the empty vector compared to wild-type cells transduced with the empty vector (control; 
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Fig. 1  NOTCH1 EGF repeats overexpressed in Jurkat cells are modified  
with the O-glucose trisaccharide at EGF10

Fig. 1A: �HCD-MS/MS spectra of a glycopeptide from NOTCH1EGF10 carrying the O-Glc trisaccharide Xyl-
Xyl-Glc. Numerous b and y ions in addition to the sequential neutral loss of sugar residues from the 
precursor ion confirm the identity of the peptide and the presence of the O-Glc trisaccharide.

Fig. 1B–E: �EICs of glycopeptides from EGF10 modified with previously reported glycoforms. Blue circles, 
glucose; Orange stars, Xyl; White circles, uncharacterized hexose; Black dashed line, naked peptide; 
Blue, peptide + O-Glc; Yellow, peptide + O-Glc-Xyl; Orange, peptide + O-Glc-Xyl-Xyl; Gray, peptide 
+ 2 hexoses; Purple, peptide + 2 hexoses and sialic acid. (B) WT Jurkat cells, (C) Cas9 control 
cells, (D) XXYLT1 KO #1 (gRNA-3 transfectant), and (E) XXYLT1 KO #3 (gRNA-1 transfectant).

EGF: epidermal growth factor-like
HCD: higher-energy collision dissociation
MS/MS: tandem mass spectrometry
Glc: glucose
Xyl: xylose
EICs: extracted ion chromatograms
WT: wild-type
Cas9: CRISPR-associated protein 9
XXYLT1: xyloside a1-3xylosyltransferase 1
KO: knockout
gRNA: guide RNA
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Fig. 2  The activation of NOTCH1 is enhanced in XXYLT1 KO Jurkat clones
Fig. 2A: �Western Blot analysis of WT, Cas9-control, and XXYLT1 KO clones using antibodies against activated 

NOTCH1 (Val1744) and a-tubulin (loading control). 
Fig. 2B: �Normalized intensities of activated NOTCH1 signals from five independent experiments. Error bars indi-

cate standard deviation. Significance was calculated using a one-way ANOVA followed by Dunnett’s test.
Fig. 2C: �Western Blot analysis of NOTCH1 activation in empty vector or XXYLT1-HA-transduced WT and 

XXYLT1 KO cells.
Fig. 2D: �Normalized intensities of activated NOTCH1 signals from three independent experiments. Error bars 

indicate standard deviation. Significance was calculated using a one-way ANOVA followed by Tukey’s test.
Fig. 2E: �Flow cytometry analysis of cell surface NOTCH1 in WT, Cas9-control, and XXYLT1 KO clones. Normal-

ized mean fluorescence intensities from four independent experiments were plotted. Error bars represent 
the standard deviation. Significance was calculated using a one-way ANOVA followed by Dunnett’s test.

XXYLT1: xyloside a1-3xylosyltransferase 1
KO: knockout
WT: wild-type
Cas9: CRISPR-associated protein 9
ANOVA: analysis of variance
HA: hemagglutinin tag
MFI: mean fluorescence intensity
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Figure 3). Moreover, XXYLT1-transduced cells exhibited enhanced proliferation in both wild-type 
and XXYLT1 KO backgrounds compared to that of empty vector-transduced cells, although the 
transduction of XXYLT1-HA in XXYLT1 KO cells did not fully rescue proliferation. These data 
indicated that XXYLT1 positively regulates Jurkat cell proliferation.

MYC is downregulated in XXYLT1 KO cells
Palomero et al reported that MYC, a well-known and crucial regulator of cell proliferation, 

is a target of NOTCH1 target genes.39,40 We examined MYC expression in wild-type Jurkat 
cells after treatment with DAPT, an inhibitor of the gamma-secretase complex. As previously 
reported,41 MYC expression was downregulated in DAPT-treated Jurkat cells compared to that 
in DMSO-treated control cells (Figure 4A). Next, we assessed the transcriptional expression of 
MYC in each Jurkat clone. Here again, although enhanced NOTCH1 activation was observed in 
XXYLT1 KO cells, the expression level of MYC was downregulated in XXYLT1 KO cells and 
rescued in XXYLT1-HA transduced-XXYLT1 KO cells (Figure 4B). These results suggest that 
XXYLT1 regulates MYC expression via NOTCH1-independent pathways and promotes Jurkat 
cell proliferation.

Fig. 3  Cell proliferation of XXYLT1 KO Jurkat cells is impaired
The proliferation of Jurkat clones was evaluated using the CCK-8 assay after culturing for 72 h. Absorbance at 
450 nm was normalized to that of WT Jurkat cells transduced with an empty vector. Data were obtained from 
two independent experiments with five technical replicates. Error bars represent the standard deviation. Significant 
differences were calculated using one-way ANOVA followed by Tukey’s test.
XXYLT1: xyloside a1-3xylosyltransferase 1
KO: knockout
CCK-8: Cell Counting Kit-8
WT: wild-type
ANOVA: analysis of variance
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DISCUSSION

In this study, we demonstrated that deletion of XXYLT1 in Jurkat cells leads to enhanced 
NOTCH1 activation, suggesting that terminal Xyl inhibits ligand-independent NOTCH1 activation 
in Jurkat cells. In a previous study, Ma et al demonstrated that the knockdown of POGLUT1 that 
encodes the protein O-glucosyltransferase that catalyzes the addition of O-Glc to EGF domains 
results in impaired NOTCH1 activation in Jurkat cells.38 Based on this and our latest findings, 
O-glucosylation and xylosylation work in opposite directions in Jurkat cells in a manner similar 
to that observed in Drosophila.22-24 The observation that terminal Xyl residues mildly affect Notch 
activation in Drosophila is consistent with the mass spectrometric analysis of Drosophila Notch 
in S2 cells that exhibited a limited level of Notch xylosylation.42

Recent cancer genome analyses have identified several Notch-related mutations, suggesting the 
involvement of Notch signaling in cancers.26 As previously we reported, XXYLT1 is frequently 
amplified in certain types of cancers.43 Additionally, the upregulation of XXYLT1 messenger 
RNA (mRNA) expression contributes to the genomic signature of head and neck squamous cell 

Fig. 4  Transcriptional expression of MYC is downregulated in XXYLT1 KO cells
Fig. 4A: �qRT-PCR analysis of MYC expression normalized to GAPDH was performed after culturing WT Jurkat 

cells with DMSO or DAPT for 48 h. Data were obtained from nine technical replicates. Error bars 
represent the standard deviation. Significant differences were calculated using the Student’s t-test.

Fig. 4B: �qRT-PCR analysis of MYC expression normalized to GAPDH in WT or XXYLT1 KO cells transduced 
with empty vector or XXYLT1-HA. The plots represent relative values from two independent experiments 
with three technical replicates. Error bars represent the standard deviation. Significant differences were 
calculated using one-way ANOVA followed by Tukey’s test.

XXYLT1: xyloside a1-3xylosyltransferase 1
KO: knockout
DMSO: dimethyl sulfoxide
DAPT: N-[2S-(3, 5-difluorophenyl) acetyl]-L-alanyl-2-phenyl-glycine, 1, 1-dimethylethyl ester
WT: wild-type
ANOVA: analysis of variance
qRT-PCR: quantitative reverse transcription polymerase chain reaction
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carcinoma,44 where NOTCH1 is frequently reported to be inactivated.45 Our study deepens the 
understanding of Notch regulation by glycosylation and suggests the potential involvement of 
XXYLT1 in carcinogenesis. However, if the effects of XXYLT1 are similar in ligand-dependent 
NOTCH1 activation and other types of ligand-independent activation remains unclear. Lunatic 
Fringe (LFNG), another enzyme responsible for the elongation of O-Fuc, has been reported to 
unalter ligand-independent NOTCH1 activation.46 It is of interest how, on a molecular basis, 
O-Glc and xylosyl elongation are involved in S2 and S3 cleavage. Furthermore, the inhibition of 
XXYLT1 may be beneficial in other contexts that are more dependent upon NOTCH1 activation 
such as the production of chimeric antigen receptor (CAR) T cells, where NOTCH1 agonism is 
reported to enhance the anticancer activity of CAR-T cells.47,48

Despite the enhanced activation of NOTCH1, cell proliferation and transcriptional expression 
of the MYC gene were unexpectedly downregulated in XXYLT1 KO Jurkat cells. Interestingly, in 
endothelial cells, hyperactivation of NOTCH1 has been reported to repress MYC expression by 
microRNA-218.49 In contrast to extensive studies examining the inhibition of Notch in T-ALL 
cell lines, there is a lack of literature focused on the consequences of further activation of 
NOTCH1 in T-ALL cells. In T cells, the intracellular domain of NOTCH1 has been shown to 
interact with NF-kB and repress the transcription of NF-kB target genes.50 As NF-kB inhibition 
is generally associated with induction of apoptosis, enhanced NOTCH1 activation may affect 
cell growth via apoptotic regulation. Nevertheless, we cannot conclude that our observations are 
related to NOTCH1 hyperactivation.

These findings also suggest that XXYLT1 is critical for substrates other than NOTCH1 in 
Jurkat cells. The NOTCH3-JAG1 axis, for example, is reported to be involved in the pathogenesis 
of T-ALL.51-54 Jurkat cells express JAG1.55 Given that POGLUT1-mediated O-glucosylation inhibits 
JAG1 function in the liver,56,57 XXYLT1 may be important for the complete function of JAG1. 
These issues must be addressed in future studies.
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SUPPLEMENTARY INFORMATION

Suppl Table S1  Summary of the parameters for the mass spectrometric analysis

Parameters Settings
Cleavage sites C-terminal of K, R
Digestion specificity Fully specific
Number of allowed maximum miss cleavage 2
Precursor mass tolerance 20 ppm
Fragmentation type QTOF/HCD
Fragment mass tolerance 0.5 Da

Maximum numbers of each fine control modifications on each peptide
Common: 2
Rare: 2

Modifications
Fine control Residue Modification Additional mass (Da)
Fixed C Carbamidomethylation 57.021464
Variable (common1) D, M, N Oxidation 15.994915
Variable (common1) N-term C Deamination –17.026549

Glycans
Fine control Residue Modification Additional mass (Da)
Variable (rare1) S, T Hex(1) 162.053
Variable (rare1) S, T Hex(1)Pent(1) 294.095
Variable (rare1) S, T Hex(1)Pent(2) 426.137
Variable (rare1) S, T Hex(2) 324.106
Variable (rare1) S, T Hex(2)NeuAc(1) 615.201
Variable (rare1) S, T Fuc(1) 146.058
Variable (rare1) S, T HexNAc(1)Fuc(1) 349.137
Variable (rare1) S, T HexNAc(1)Hex(1)Fuc(1) 511.19
Variable (rare1) S, T HexNAc(1)Hex(1)Fuc(1)NeuAc(1) 802.286
Variable (rare1) S, T HexNAc(1) 203.079
Variable (rare1) S, T HexNAc(1)Hex(1) 365.132
Variable (rare1) S, T HexNAc(1)Hex(1)NeuAc(1) 656.228

The parameters included the cleavage sites, digestion specificity, number of allowed maximum missed 
cleavages, precursor mass tolerance, fragmentation type, and fragment mass tolerance. The additional 
masses and positions of the common modifications are carbamidomethylation, oxidation, and deamina-
tion. Additional masses and positions of the most common monosaccharides (HexNAc, Hex, Fuc, Pent, 
and NeuAc) are indicated.
K: lysine
R: arginine
ppm: parts per million
QTOF/HCD: quadrupole time-of-flight/ higher-energy collision dissociation
S: serine
T: threonine
Hex: hexose
Pent: pentose
NeuAc: N-acetylneuraminic acid
Fuc: fucose
HexNAc: N-acetylhexosamine
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Fig. S1  Identification of glycopeptides carrying other glycoforms of O-Glc in wild-type Jurkat cells
HCD-MS/MS spectra of triply charged glycopeptides derived from EGF10 of NOTCH1. Samples were generated 
from WT Jurkat cells. The identity of the (glyco)peptides was confirmed based on the presence of peptide-specific 
b and y ions and the neutral loss of predicted glycans. The amino acid sequences and predicted glycans that 
include (A) none, (B) O-Glc, (C) O-Glc-Xyl, (D) O-Glc-hexose, and (E) O-Glc-hexose-sialic acid are presented 
along with the measured mass and charge states of the identified parental ions in the upper right corner. Blue, 
circle-glucose; orange, star-Xyl; white, circle-hexose; and purple, diamond-sialic acid.
HCD: higher-energy collision dissociation
MS/MS: tandem mass spectrometry
EGF: epidermal growth factor-like
WT: wild-type
Glc: glucose
Xyl: xylose
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Fig. S2  Sequencing data of wild-type and XXYLT1 KO Jurkat cells
Genomic sequences of the edited genomic regions in XXYLT1 in WT Jurkat cells and corresponding KO clones. 
The gRNA sequences (TAACCTTCACTTCGTGAGCG and CGCCAAGTTCGAGGCGCACG) are underlined. 
Genomic DNA sequencing confirmed the disruption of the XXYLT1 coding region and the generation of five 
KO clones.
XXYLT1: xyloside a1-3xylosyltransferase 1
WT: wild-type
KO: knockout
gRNA: guide RNA
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Fig. S3  Identification of glycopeptides carrying glycoforms of O-Glc in Cas9 control cells
HCD-MS/MS spectra of triply charged glycopeptides derived from EGF10 of NOTCH1. Samples were gener-
ated from the Cas9 control cells. The identity of the (glyco)peptides was confirmed based on the presence of 
peptide-specific b and y ions and the neutral loss of predicted glycans. The amino acid sequence and predicted 
glycans that include (A) none, (B) O-Glc, (C) O-Glc-Xyl, (D) O-Glc-Xyl-Xyl, (E) O-Glc-hexose, and (F) O-Glc-
hexose-sialic acid are presented with the measured mass and charge state of the identified parental ions in the 
upper right corner. Blue, circle-glucose; orange, star-Xyl; white, circle-hexose; and purple, diamond-sialic acid.
HCD: higher-energy collision dissociation
MS/MS: tandem mass spectrometry
EGF: epidermal growth factor-like
Cas9: CRISPR-associated protein 9
Glc: glucose
Xyl: xylose
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Fig. S4  Identification of glycopeptides carrying glycoforms of O-Glc in XXYLT1 KO #1 Jurkat cells
HCD-MS/MS spectra of triply charged glycopeptides derived from EGF10 of NOTCH1. Samples were generated 
from XXYLT1 KO #1 Jurkat cells (transfected with gRNA-3). The identity of the (glyco)peptides was confirmed 
based on the presence of peptide-specific b and y ions and the neutral loss of predicted glycans. The amino 
acid sequences and predicted glycans that include (A) none, (B) O-Glc, (C) O-Glc-Xyl, (D) O-Glc-hexose, and 
(E) O-Glc-hexose-sialic acid are presented along with the measured mass and charge states of the identified 
parental ions in the upper right corner. Blue, circle-glucose; orange, star-Xyl; white, circle-hexose; and purple, 
diamond-sialic acid.
XXYLT1: xyloside a1-3xylosyltransferase 1
KO: knockout
HCD: higher-energy collision dissociation
MS/MS: tandem mass spectrometry
EGF: epidermal growth factor-like
gRNA: guide RNA
Glc: glucose
Xyl: xylose



Nagoya J. Med. Sci. 87. 431–450, 2025� doi:10.18999/nagjms.87.3.431450

Weiwei Wang et al

References End

Fig. S5  Identification of glycopeptides carrying glycoforms of O-Glc in XXYLT1 KO #3 Jurkat cells
HCD-MS/MS spectra of triply charged glycopeptides derived from EGF10 of NOTCH1. Samples were generated 
from XXYLT1 KO #3 Jurkat cells (gRNA-1 transfectant). The identity of the (glyco)peptides was confirmed 
based on the presence of peptide-specific b and y ions and the neutral loss of predicted glycans. The amino 
acid sequences and predicted glycans that include (A) none, (B) O-Glc, (C) O-Glc-Xyl, (D) O-Glc-hexose, and 
(E) O-Glc-hexose-sialic acid are presented along with the measured mass and charge states of the identified 
parental ions in the upper right corner. Blue, circle-glucose; orange, star-Xyl; white, circle-hexose; and purple, 
diamond-sialic acid.
XXYLT1: xyloside a1-3xylosyltransferase 1
KO: knockout
HCD: higher-energy collision dissociation
MS/MS: tandem mass spectrometry
EGF: epidermal growth factor-like
gRNA: guide RNA
Glc: glucose
Xyl: xylose


