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FBXO031-mediated ubiquitination of OGT
maintains O-GIcNAcylation homeostasis to
restrain endometrial malignancy
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% Check for updates Protein O-GIcNAcylation is a post-translational modification coupled to cel-

lular metabolic plasticity. Aberrant O-GlcNAcylation has been observed in
many cancers including endometrial cancer (EC), a common malignancy in
women. However, clinical characterization of dysregulated O-GIcNAcylation
homeostasis in EC and interrogating its molecular mechanism remain
incomplete. Here we report that O-GlcNAcylation level is positively correlated
with EC histologic grade in a Chinese cohort containing 219 tumors, validated
in The Cancer Genome Atlas dataset. Increasing O-GlcNAcylation in patient-
derived endometrial epithelial organoids promotes proliferation and stem-like
cell properties, whereas decreasing O-GlcNAcylation limits the growth of
endometrial cancer organoids. CRISPR screen and biochemical characteriza-
tion reveal that tumor suppressor F-box only protein 31 (FBXO31) regulates O-
GlcNAcylation homeostasis in EC by ubiquitinating the O-GIcNAc transferase
OGT. Downregulation of O-GlcNAcylation impedes EC tumor formation in
mouse models. Collectively, our study highlights O-GIcNAcylation as a useful
stratification marker and a therapeutic vulnerability for the advanced, poorly
differentiated EC cases.

Post-translational modifications (PTMs) endow the proteome with
functional plasticity to cope with intrinsic and extrinsic perturbations
under various developmental and disease conditions. Protein O-GIcNA-
cylation, catalyzed by a pair of evolutionarily conserved enzymes O-
GlcNAc transferase (OGT) and O-GlcNAcase (OGA), is a PTM involving
the covalent addition of single O-linked N-acetylglucosamine (O-GIcNAc)
modification to serine or threonine residue of intracellular proteins'. The
GIcNAc moieties are supplied by a metabolite uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc), whose synthesis via the hex-
osamine biosynthesis pathway (HBP) requires fructose-6-P, acetyl-CoA,
glutamine, and UTP, substrates from all major cellular metabolic

processes. As a result, O-GlcNAcylation is sensitive to nutrient avail-
ability and intrinsic metabolic reprogramming. Meanwhile, O-GIcNAcy-
lation is highly responsive to a wide range of extrinsic stimuli, including
osmotic, oxidative, hyperthermic, and genotoxic stresses', making it an
important cellular stress sensing mechanism. O-GlcNAcylation is
required for the maintenance of pluripotency of embryonic stem cells
(ESCs). Its level declines as ESCs differentiate, alongside the cellular
metabolic switch from glycolysis to oxidative phosphorylation*. Cancer
cells often hijack embryonic programs to support their cell fate transi-
tion and abnormal proliferation, adopting a metabolic lifestyle relying
on aerobic glycolysis (Warburg effect). Altered O-GlcNAcylation has
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been observed in cell lines of many cancers®®, probably as a result of
their increased nutrient consumption, or imbalanced enzymatic activity
of OGT and OGA due to somatic mutations or altered protein
stability’ ™. To date, systemic assessment of O-GlcNAcylation level in
major cancer cohorts and functional dissection of its homeostasis in
patient-derived organoids haven’t been conducted.

Endometrial cancer (EC), the incidence of which has increased
over 50% during the past two decades, is the most common cancers
within the female reproductive system in developed countries™. In
China, as of 2022, there were ~77,700 newly diagnosed EC cases and
13,500 estimated EC cancer deaths”. EC comprises a panel of tumors
that are clinically and biologically heterogeneous, with obesity and
conditions associated with metabolic syndrome such as diabetes being
its risk factors'®. It can be grouped into type I or type Il tumors
according to the clinical and endocrine features”, or classified as
endometrioid carcinoma, serous carcinoma, carcinosarcoma, or clear-
cell carcinoma based on its histopathological characteristics'®. The
Cancer Genome Atlas Research Network (TCGA) study of uterine
corpus endometrial carcinoma (UCEC) has established a more precise
genomic classification including four molecular subtypes: POLE-
mutated, microsatellite instable (MSI), copy-number low, and copy-
number high tumors®. More recently, integration of proteomic ana-
lysis to the genomic classification has accelerated the identification of
clinically actionable molecular targets in EC**?', Yet, PTMs, which add
tremendous functional complexity to the proteome, remain to be
comprehensively characterized in EC samples and complemented into
the current classification system. O-GlcNAcylation as an important
PTM responsive to cellular metabolism and stress has been linked to
the molecular etiology of EC. Both OGT and OGA manifested highest
alterations, mainly gene mutation and amplification, in EC among
female reproductive cancer types?. The mRNA levels of both OGT and
OGA were increased in EC samples of higher histologic grade®. More
recently, elevated O-GIcNAcylation level in EC tissues was observed
using a small tissue microarray**. O-GlcNAcylation was reported to
promote proliferation, migration, and epithelial-mesenchymal transi-
tion (EMT) in cultured EC cell lines by regulating Wnt/f-catenin and
Hippo-YAP signaling pathways™**~, These observations suggest that
altered O-GIcNAcylation may contribute to EC progression, and it is
worthy of thorough interrogation in large EC cohorts to determine
whether O-GlcNAcylation can be utilized both as a stratification factor
and a potential druggable target.

In this study, utilizing a Chinese EC cohort containing 219 tumors
and the TCGA UCEC dataset, we uncover that O-GIcNAcylation level
correlates with histologic grade, International Federation of Gynecol-
ogy and Obstetrics (FIGO) stage, and patients’ prognosis. Moreover,
we experimentally demonstrate that upregulation of O-GlcNAcylation
promotes proliferation and stem-like cell properties in non-cancerous
endometrial epithelial organoids (EE-Os), whereas downregulation of
O-GlcNAcylation impedes the proliferation of endometrial cancer
organoids (EC-Os). Furthermore, we identify FBXO31 as a key regulator
of O-GlcNAcylation homeostasis, by controlling the ubiquitin-
dependent protein degradation of OGT. Using subcutaneous xeno-
graft mouse models, we show that treatment with small molecular
inhibitor targeting OGT restrains tumor formation of EC cells. Our
findings highlight that O-GlcNAcylation is a useful factor com-
plementary to the current classification system to better stratify EC
patients, and targeting the dysregulated O-GIcNAcylation homeostasis
is a promising differentiation therapeutic strategy worthy of clinical
exploitation for high grade EC patients.

Results

Elevated O-GIcNAcylation level is positively correlated with
histologic grade and poor prognosis in endometrial cancer

To get a glimpse of global O-GlcNAcylation level in EC tissues, we
obtained an EC tissue array from Xinchao Biotech (Shanghai, China)

containing 23 peritumoral and 31 tumoral endometrial specimens, and
performed immunohistochemistry (IHC) analyses with the anti-O-
GIcNAc monoclonal antibody RL2, which was raised against the
nuclear pore complex-lamina fraction of rat liver and is widely used to
detect O-GIcNAcylation in a broad range of species in different
applications?*”~*, as well as the antibodies of OGT and OGA (Fig. 1a).
The amount of O-GlcNAcylation and OGT expression were significantly
higher in epithelial cells of EC tissues relative to the control (Fig. 1b-e),
consistent with a previous report®. The expression of OGA however
showed no significant difference between peritumoral and tumoral
endometrial tissues (Fig. sla, b).

To elaborate the relationship between the O-GlcNAcylation level
and clinical characteristics of EC, we expanded the analyses to an EC
cohort containing 219 tumor patients who received hysterectomy in
the Department of Gynecology, Xiangya Hospital, Central South
University (Fig. 1a). The paraffin-embedded EC tissue sections were
subjected to IHC analysis, and the O-GIcNAcylation level revealed by
the RL2 antibody staining for each specimen was semi-quantified to
categorize the patients. Specifically, the IHC results were quantified
by two independent assessors, and confirmed by a pathologist, based
on both the proportion of positively stained tumor cells which was
assessed by a value of 0-4 (0: negative; 1: 1-25%; 2: 26-50%; 3:
51-75%; 4. 76-100%), and the intensity of the staining which was
scored using a value of O to 3 (0: negative; 1: weak; 2: medium; 3:
strong). The product of the proportion and the intensity values was
used as the final IHC score for each sample®™’. The patients were
then divided into high O-GlcNAcylation (High-RL2) and low O-
GlcNAcylation (Low-RL2) groups according to their IHC scores (High-
RL2: 8-12; Low-RL2: 0-6). This high- and low-O-GIcNAcylation status
exhibited significant association with histologic grade, FIGO stage,
and distant metastasis of EC (Supplementary table 1). Consistently,
the level of O-GIcNAcylation manifested a marked increase in EC
tissues from patients with more advanced histologic grade (Fig. 1f),
and the high O-GIcNAcylation cases were significantly enriched in the
histologic grade 3 (G3) patients’ group (Fig. 1g). Further statistical
analysis established a positive correlation between the O-GIcNAcy-
lation level and tumor histologic grade (Goodman-Kruskal gamma
statistic p < 0.0001; 2-sided gamma-knife gamma = 0.473), as well as
distant metastasis (Goodman-Kruskal gamma statistic p=0.003;
2-sided gamma-knife gamma=1). Kaplan-Meier analysis indicated
that patients in the high O-GlcNAcylation group exhibited sig-
nificantly shorter progression-free survival (PFS) and overall survival
(0S) than that in the low O-GlcNAcylation group (Fig. 1h, i). Uni-
variate analysis revealed that O-GlcNAcylation level, alongside age,
FIGO stage, and myometrial invasion, was significantly associated
with PFS. Subsequent multivariate Cox regression analysis using all
the statistically significant variables (p < 0.05) identified O-GIcNAcy-
lation level and age as independent predictors of the clinical out-
come of EC patients (Supplementary table 2).

Calculated virtual O-GIcNAc index is correlated with tumor his-
tologic grade and survival in TCGA endometrial cancer dataset
We wanted to validate the correlations observed in our EC cohort using
the TCGA UCEC dataset. Kaplan-Meier analysis of the OS based on
either OGT or OGA expression showed no statistical difference (Fig.
slc, d), suggesting that the mRNA abundance of OGT or OGA alone is
insufficient to reflect the O-GlcNAcylation level and the amount of OGT
protein in EC might be regulated translationally or post-translationally.
To better estimate the O-GIcNAcylation level, we sent 40 high O-
GlcNAcylation and 15 low O-GlcNAcylation frozen EC samples
according to their corresponding RL2 IHC scores for RNA-seq (Fig.
sle). Gene set enrichment analysis (GSEA) revealed that the high O-
GlcNAcylation group was enriched for expression of genes involved in
EMT and angiogenesis (Fig. slf, g, Supplementary data 1). Next, we
calculated the Pearson’s correlation coefficient (r) of the transcripts
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Fig. 1| Correlative analysis of O-GIcNAcylation level with clinical parameters.
a A flowchart illustrating the process of clinical sample selection, data collection,
and analysis. All samples were derived from patients receiving their initial treat-
ment, and none of the patients had concurrent or previous tumors. Paraffin-
embedded (FFPE); Immunohistochemistry (IHC). b, ¢ Representative images
depicting IHC staining of O-GlcNAcylation (RL2) and OGT in EC tumoral and peri-
tumoral tissues in the FFPE tissue array. O-GlcNAcylation (RL2) and OGT immu-
nostaining were intense in the glandular epithelium of the tumor. Scale bars: 50 um.
d, e Quantitative analysis of the levels of O-GlcNAcylation (RL2) and OGT in the EC
tissue arrays. The levels of O-GlcNAcylation and OGT were assessed semi-
quantitatively based on both the intensity and area of the staining. The product of
proportion and intensity score was used as the final IHC score (0-12). Tumoral
tissue (n = 31); peritumoral tissue (n =23). The results are presented as mean + SD.

20 40
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60 0 20 40 60
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Statistical significance was calculated using unpaired two-tailed Student’s ¢-test.

f Representative images of IHC staining showing varying levels of O-GIcNAcylation
in serial sections of EC tissues of different histologic grades (well differentiated G1,
moderately differentiated G2, and poorly differentiated G3. G1, n=71; G2, n=106;
G3, n=42). Scale bar: 50 um. g Percentage of samples with high or low level of O-
GlcNAcylation in different histologic grade groups. High and low categories were
determined using a scoring system (high score: 8-12; low score: 0-6). (G1, n=71;
G2, n=106; G3, n = 42). Statistical significance between groups was calculated using
two-sided Fisher’s exact test. h, i Kaplan-Meier survival curves of PFS and OS of the
EC patients stratified by the level of O-GlcNAcylation derived from their IHC scores.
(Patients in high-RL2 group, n=89; Patients in low-RL2 group, n =115). Statistical
significance was determined by the log-rank test. The source data for (d-e, g, h, i)
are provided in the Source Data file.
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level of each gene with the O-GlcNAcylation IHC scores, and included
the top 1000 genes with r > 0.3 in the O-GIcNAcylation correlated gene
set (Supplementary data 2). Gene ontology (GO) analysis revealed that
they were highly enriched in biological processes related to cilium (Fig.
slh, Supplementary data 3). This result was in agreement with the
observed correlation between O-GlcNAcylation level and the histologic
grade of EC, because multiciliogenesis is a marker of differentiation of
endometrial epithelial cells®.

We subsequently constructed a mathematical model based on the
expression matrix of the O-GIcNAcylation correlated gene set using
machine learning algorithms in R to calculate a virtual O-GIcNAc index
for each sample in the TCGA UCEC cohort (Fig. sle, Supplementary
data 4). The calculated O-GIcNAc index in the TCGA dataset exhibited a
significant association with histologic grade and FIGO stage (Fig. 2a,
Supplementary data 5), consolidating the observations made in our EC
cohort. Patients in the advanced histologic grade G3 group had a
higher O-GIcNAc index in comparison to that in the grade 1 (Gl) or
grade 2 (G2) group (Fig. 2b). Similarly, EC patients at FIGO stages II, III,
or IV demonstrated an increased O-GIcNAc index than that at stage |
(Fig. 2c). Of note, analysis of the relationship between the O-GIcNAc
index and EC molecular subtypes revealed that patients of the copy-
number high molecular subtype, which had the worst clinical outcome
among all EC cases®, exhibited a significantly higher O-GIcNAc index
than that of other molecular subtypes (Fig. 2d). The O-GIcNAc index
also increased with age, an independent predictor of the clinical out-
come of EC patients (Fig. 2e). We further stratified the EC patients in
the TCGA cohort into high O-GlcNAcylation and low O-GIcNAcylation
groups using the median O-GIcNAc index as the cutoff. Patients from
the high O-GIcNAcylation group experienced significantly shorter
progression-free interval (PFI) and OS than that from the low O-
GlcNAcylation group (Fig. 2f, g).

In summary, the elevated O-GIcNAcylation level in EC tissues is
correlated with more advanced histologic grade and poorer clinical
outcome of the patients, both in our EC cohort and the TCGA UCEC
dataset.

Generation of endometrial organoids that recapitulate mole-
cular properties of non-cancerous and cancerous endometrial
epithelia

Endometrial organoids mirror many molecular and functional traits of
the in vivo endometrial tissues, manifesting glandular self-organiza-
tion, apicobasal polarity, mucus production, and responsiveness to sex
hormones*®*. To dissect the functional impact of altered O-GlcNAcy-
lation level on endometrial tissues, we generated endometrial orga-
noids from biopsy or surgical samples, including three eutopic
endometrial epithelial organoids (EE-Os) from patients with endome-
triosis as non-cancerous controls and three endometrial cancer orga-
noids (EC-Os) (Supplementary data 6).

The EE-Os were usually monocystic, with well-polarized epithelial
cells forming hollow spheres in the three-dimensional (3D) extra-
cellular matrix (Fig. s2a). IHC analysis showed that the EE-Os retained
many characteristics of endometrial epithelium, including production
of mucins, expressions of estrogen receptor (ER) and progesterone
receptor (PR) (Fig. s2b). The EC-Os however manifested more irregular
cell organizations, often with dense and polycystic phenotypes (Fig.
s2a). The EC-Os faithfully reflected the histopathological character-
istics of their primary EC tissues, such as the presence or absence of
P53 and FOXA2, expressions of ER and PR (Fig. s2c). Additionally, the
EC-Os demonstrated substantial proliferative activity as indicated by
the Ki-67 staining (Fig. s2c). We performed IHC analysis with RL2
antibody on the paraffin-embedded endometrial organoids and the
matched primary tissues, and confirmed that the O-GlcNAcylation
status remained unchanged (Fig. s2d). In accordance with their pri-
mary tissues, the EC-Os manifested significantly higher O-GIcNAcyla-
tion level than the EE-Os (Fig. s2e).

Increase of O-GIcNAcylation by inhibition of OGA promotes
proliferation and stemness in non-cancerous endometrial epi-
thelial organoids
Small molecular inhibitors have been developed to modulate the activ-
ities of O-GlcNAc cycling enzymes OGT and OGA, and are widely used to
dissect the functions of O-GlcNAcylation in vitro and in vivo*”™%. We
treated the EE-Os with the OGA inhibitor Thiamet-G (TMG) to increase
the cellular O-GlcNAcylation level (Fig. 3a, b). The addition of TMG
resulted in enhanced colony formation and organoid growth of EE-Os
(Fig. 3¢, d), along with a rise in the number of mitotic cells within each EE-
O (Fig. 3e, f). Acetylated alpha-tubulin (Ac-tubulin) and PAEP are differ-
entiation markers for multiciliated epithelial cells and secretory cells
respectively in the endometrium*®. TMG treatment reduced the number
of both PAEP positive cells and Ac-tubulin labeled multiciliated cells
(Fig. 3g, h), suggesting that the elevated O-GlcNAcylation level caused de-
differentiation of the endometrial cells in the EE-Os. We further examined
the expression levels of a panel of stemness markers of the endome-
trium, including SSEA-1, SOX9, ALDHI1, OCT4, CD133, and SOX2. In contrast
to PAEP whose mRNA level was decreased upon TMG treatment, all the
examined stemness markers showed upregulated expressions (Fig. 3i).
Given that the GSEA results suggested that high O-GIcNAcylation could
promote EMT and angiogenesis (Fig. sif, g), we also examined the
expression of genes involved in these two processes in the TMG-treated
EE-Os. While the expression of two epithelial markers E-cadherin and ZO-1
showed no difference, four out of six of the mesenchymal markers
analyzed, namely, FN-1, Snaill, TWIST2, and MMPI, exhibited elevated
expression after TMG treatment (Fig. s3a). Among the analyzed
angiogenesis-related genes, increase of O-GlcNAcylation in EE-Os by TMG
treatment upregulated the expression of PDGFA and VEGFC. Yet, the
expression of the rest of the angiogenesis genes was unaltered or
downregulated (Fig. s3b). These findings suggest that elevated O-
GlcNAcylation can promote de-differentiation of endometrial epithelial
cells, as well as their EMT and angiogenesis capacities to varying degrees.

To further characterize the influence of TMG treatment on dif-
ferent cell subtypes in the EE-Os, the control and TMG treated EE-Os
were subject to single-cell RNA-seq analysis (Fig. 3j). The cells were
clustered and classified into six major subtypes according to the spe-
cific expression of known markers®***: pre-ciliated, ciliated, stem,
proliferative, O-GIcNAc-related stem-like, and inflammatory (Fig. s3c-f,
Supplementary data 7). Of note, we identified an O-GlcNAc-related
stem-like subtype in which the cells displayed activated signaling
pathways regulating the pluripotency of stem cells, as well as the O-
glycan biosynthesis (Fig. s3d). The TMG treatment of EE-Os resulted in
a substantial decrease of cells in the ciliated and pre-ciliated subtypes,
and a concurrent increase of cells in the proliferative and O-GIcNAc-
related stem-like subtypes (Fig. 3k). This result supports that upregu-
lation of O-GlcNAcylation level promotes proliferation and stemness of
endometrial epithelial cells.

For comparison, we treated the EE-Os with the OGT inhibitor OSMI-
1 to analyze the effects of downregulation of O-GlcNAcylation on the
non-cancerous endometrial epithelial cells. OSMI-1 treatment only
mildly impacted the growth of EE-Os, and the number of organoids
formed was unaffected (Fig. s4a-c). TUNEL staining revealed no sig-
nificant apoptosis in the OSMI-1 treated EE-Os, and the number of dif-
ferentiated cells with multiple cilia remained comparable (Fig. s4d, e).
We also examined the expression of the marker genes for stemness,
EMT, and angiogenesis in the EE-Os treated with OSMI-1, and no con-
cordant changes were observed (Fig. s4f-h). These results suggest that
inhibition of OGT only has minimal influence on the cells in EE-Os.

Decrease of O-GIcNAcylation by inhibition of OGT impedes
proliferation and induces differentiation and cell death in
endometrial cancer organoids

To investigate whether a decrease of O-GIcNAcylation can inhibit the
growth of tumor cells in EC-Os, we treated the EC-Os with OSMI-1, a
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performed immunofluorescence on the remaining EC-Os with rela-
tively normal size and morphology. Mitotic cells as visualized by
phospho-histone H3 (PH3) staining became barely detectable in EC-Os
after OSMI-1 treatment (Fig. 4f, g). Meanwhile, the population of both
the PAEP positive secretory cells and Ac-tubulin labeled multiciliated
cells increased in these EC-Os (Fig. 4h, i), suggesting that OSMI-1
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Fig. 2 | Validation with TCGA endometrial cancer dataset. a Heatmap displaying
the expression profiles of the 1000 O-GIcNAcylation correlated genes in the TCGA
UCEC RNA-seq dataset (n =589). The EC samples are annotated by clinical para-
meters, including Body Mass Index (BMI), menopause status, diabetes, histologic
grades, molecular subtypes (integrative cluster), International Federation of
Gynecology and Obstetrics (FIGO) stage, age, and primary diagnosis. Patients were
categorized into O-GIcNAcylation high or O-GIcNAcylation low group using the
median of the calculated O-GIcNAc index as the threshold. The symbol (*) indicates
a statistically significant difference of the calculated O-GIcNAc index among the
patients’ groups according to the indicated clinical parameter. Statistical sig-
nificance was determined by two-sided Wilcoxon test, *p < 0.01, ***p < 0.0001.
b-e The O-GIcNAc index in different EC groups stratified by histologic grade, FIGO

stage, integrative cluster, or age in the TCGA UCEC dataset. For histologic grade (b):
Gl (n=99), G2 (n=119), and G3 (n =324). For FIGO stage (c): Stage | (n = 335), Stage
Il (n = 51), Stage Il (n=127), and Stage IV (n =29). For integrative clusters (d): POLE
(n=17), copy number low (n =90), microsatellite unstable (n = 65), and copy
number high (n= 61). For age (e), n=177 and 362. The box bounds the interquartile
range divided by the median, with the whiskers extending to a maximum of

1.5 times the interquartile range beyond the box. Outliers are shown as dots. Sta-
tistical significance was determined by two-sided Wilcoxon test. f, g Kaplan-Meier
survival curves for Progression-free interval (PFI) and OS of EC groups with high or
low O-GIcNAc index in the TCGA UCEC dataset. Statistical significance was deter-
mined by the log-rank test.

treatment promoted differentiation. Consistently, the expression of
stemness markers, including SSEA-1, SOX9, ALDH1, OCT4, CD133, and
SOX2, was significantly downregulated in the OSMI-1 treated EC-Os,
accompanying the upregulation of the differentiation marker PAEP
(Fig. 4j). The expression of all the mesenchymal markers, including FN-
1, Vimentin, Snaill, TWIST2, TGFBI1, and MMPI1, was downregulated
(Fig. 4k). Many of the angiogenesis markers also manifested reduced
expression in the EC-Os treated with OSMI-1 (Fig. 41).

To ascertain the effects observed after OSMI-1 treatment in the
EC-Os was on-target, we directly knocked down the expression of OGT
using short hairpin RNAs (shRNA) and repeated the analyses. Similar to
the observations made with OSMI-1, knockdown of OGT by shRNA also
downregulated O-GIcNAcylation level and significantly inhibited the
formation and growth of EC-Os (Fig. s5a-d). The cells in EC-Os after
OGT knockdown exhibited increased apoptosis (Fig. s5e), and the
remaining ones were often multiciliated (Fig. s5f, g), with upregulated
expression of the differentiation marker PAEP and downregulated
expression of the stemness genes (Fig. s5h). These results suggest that
a decrease of O-GlcNAcylation level induced by different means
invariably leads to growth limitation and enhanced differentiation and
apoptosis of tumor cells in EC-Os.

We also treated the EC-Os with the OGA inhibitor TMG to check if
there was a tumor-promoting effect. TMG treatment led to a marked
increase in the number and the size of EC-Os (Fig. s5i-k). The expres-
sion of stemness genes such as SOX9, ALDH1, CD133, and SOX2 was also
upregulated, while the differentiation marker PAEP was downregulated
(Fig. s5l). Additionally, all the mesenchymal markers and many of the
angiogenesis genes manifested increased expression in the TMG
treated EC-Os (Fig. s5m, n), suggesting that inhibition of OGA further
enhanced malignancy.

The experiments with OGT and OGA inhibitors in the endometrial
organoids showed that the EE-Os were less sensitive to the down-
regulation of O-GlcNAcylation than the EC-Os. To validate this, we
conducted a 3D cell viability assay using EC-Os from the two EC
patients with relatively high O-GlcNAcylation level, as well as two EE-Os
from non-EC patients. In addition to OSMI-1, we also included its
derivative, OSMI-4**, in the assay. While treatment with TMG promoted
the proliferation of both EE-Os and EC-Os, inhibition of OGT by OSMI-1
or OSMI-4 demonstrated a reduction of viability in EC-Os than the
control EE-Os (Fig. 4m). These findings indicate that OGT inhibitors can
effectively restrain the expansion of tumor organoids in vitro, parti-
cularly that with an inherently high O-GlcNAcylation level.

Genome-wide screen for tumor suppressors that maintain
O-GIcNAcylation homeostasis

To identify crucial factors regulating O-GlcNAcylation homeostasis in
EC, we conducted a comprehensive genome-wide CRISPR-Cas9
knockout screen. A lentiviral single guide RNA (sgRNA) library target-
ing 19,050 genes (6 sgRNAs/gene) was transduced into 293T cells,
along with 1000 nontargeting control sgRNAs, at a multiplicity of
infection (MOI) of 0.3 to ensure each cell expressed only one sgRNA.
Following cell staining with the anti-O-GIcNAc antibody RL2, we

isolated the top 5% RL2-positive cells via fluorescence-activated cell
sorting (FACS) and conducted deep sequencing of the sgRNAs from
this cell population (Fig. 5a, b and Fig. s6a). The sgRNA abundance was
then used to calculate a robust rank aggregation (RRA) score for each
gene using MAGeCK®, and the genes were ranked accordingly, with a
smaller RRA score indicated greater essentiality (Supplementary
Data 8). We reviewed the literatures and collected known regulators
whose inactivation could impact cellular O-GlcNAcylation
homeostasis®*”". Genes that negatively regulate O-GIcNAcylation, such
as TSC2, SIRT1, and TP53, had smaller RRA scores and were enriched in
the first half of the gene list, comparing to the known positive reg-
ulators of O-GIcNAcylation (Fig. 5c). We performed Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis on the 1038 high-
confidence genes (p<0.05) from the genome-wide screen. These
genes were enriched in pathways including ECM-receptor interaction,
thermogenesis, histidine metabolism, proteoglycan in cancer, and
maturity onset diabetes of the young (Fig. 5d, Supplementary Data 9).

To further pinpoint key regulators that impact O-GlcNAcylation
level in EC tissues, we cross-referenced the 1038 positive hits in the
screen with 526 putative tumor suppressor genes of EC’>”>, As a result,
18 overlapping genes were identified, including ACVRIC, AGTRI,
CADM2, PRKAA1, CDKNIC, CMTM3, DIRAS3, SIK1, EPHB4, GATAS, ITGAV,
KLF10, MAP3KS, PLA2G2A, PTPN11, RNASEL, SPARCL1, and FBXO31
(Fig. 5e). We conducted Kaplan-Meier analysis using the TCGA UCEC
dataset for each gene, and found that only FBXO31 showed down-
regulated expression in EC that was associated with poor survival (Figs.
s6b and 5g). Therefore, we generated FBXO31 knockout (FBXO31-KO)
293T cells using CRISPR (Fig. s6¢). Immunostaining with RL2 antibody
confirmed that the O-GlcNAcylation level was significantly increased in
the FBXO31-KO cells (Fig. 5f).

FBXO031 interacts with and ubiquitinates OGT to limit the
O-GIcNAcylation level

FBXO31 functions as a substrate recognition component in the SCF
ubiquitin E3 ligase complex to control the degradation of many
proteins’*”’. Accordingly, FBXO31 might regulate O-GIcNAcylation
level by directly binding and ubiquitinating the O-GIcNAc transferase
OGT. To confirm the interaction between FBXO31 and OGT, we per-
formed a pull-down assay using bacterially purified GST-OGT to incu-
bate with lysates of 293T cells expressing GFP-FBX031. Western blot
showed that GST-OGT pulled down a significant amount of GFP-
FBXO31 relative to GST control (Fig. 6a). We further validated the
interaction using co-immunoprecipitation in 293T cells over-
expressing Flag-OGT and GFP-FBXO31. GFP-FBXO31 was co-
immunoprecipitated with Flag-OGT, and both the amounts of Flag-
OGT and GFP-FBX031 in the immunoprecipitant were increased in the
presence of the proteasome inhibitor MG132 (Fig. 6b).

To assess whether the interaction with FBXO31 controlled the
protein homeostasis of OGT, we transfected 293T cells with increasing
amounts of GFP-FBXO031 and detected the levels of OGT as well as O-
GlcNAcylation by western blot. Both the OGT protein and cellular O-
GlcNAcylation levels demonstrated a negative correlation with the
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amount of GFP-FBXO031 (Fig. 6¢). Additionally, the downregulation of
OGT induced by GFP-FBXO31 overexpression was significantly
reversed by MG132, suggesting that FBXO31 controlled the OGT level
via the ubiquitin-dependent proteasome degradation process
(Fig. 6d). To ascertain that FBXO31 could induce ubiquitination of
OGT, we immunoprecipitated OGT from 293T cell lysates over-
expressing GFP-FBXO31 and HA-ubiquitin. Western blot detected

strong polyubiquitination of OGT in the presence of GFP-FBXO31
(Fig. 6e). We further tested whether FBXO31 could ubiquitinate OGT
in vitro. The SCF complex was affinity-purified with anti-HA magnetic
beads from 293T cells expressing HA-tagged Skp1, Cull, and Rocl with
or without FBXO31, and then incubated with bacterially purified E1, E2,
ubiquitin, and His-OGT. Polyubiquitination signals of His-OGT were
detected, suggesting that the FBXO31-containing SCF complex could
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Fig. 3 | Increase of O-GIcNAcylation level promotes proliferation and stemness.
a Bright-field images of endometrial epithelial organoids (EE-Os) depicting
responses to Thiamet G (TMG) at day 1 and day 3. Representative images from
control dimethyl sulfoxide (DMSO) and 10 uM TMG treated EE-O groups are pre-
sented. Scale bar: 50 um. b Immunoblot with RL2 antibody assessing O-GIcNAcy-
lation level in EE-Os treated with DMSO, 5 uM, or 10 uM TMG for 48 h. Actin was
used as the loading control. ¢ Comparison of the EE-O numbers at day 3 of culture
after 10 uM TMG or DMSO treatment. d Measurement of cross-sectional area of EE-
Os at day 3 after treatment with 10 uM TMG versus DMSO. (Organoids derived from
6 biological replicates, n =94 and 165 organoids). e Representative immuno-
fluorescence images of control and TMG-treated EE-Os stained with PH3 (red),
Tubulin (green), DAPI (blue), and F-actin labeled by Phalloidin (magenta). Scale bar:
5um. f Quantification of phospho-histone H3 (PH3) positive cells in each EE-O.
(n=31and 22 organoids). g Representative immunofluorescence images of control
and TMG-treated EE-Os. Ciliated epithelium is labeled by acetylated alpha-tubulin

(Ac-tubulin, green), secretory cells by PAEP (red), DAPI (blue), and F-actin
(magenta). Scale bar: 50 um. Insets show magnification of the area in the white box,
scale bar: 5um. h Quantification of the number of ciliated cells (Ac-tubulin +) in
each EE-O (n =23 and 25 organoids). i qPCR analysis of stemness markers’
expression in EE-Os treated with TMG or DMSO, normalized to actin mRNA level.
Jj Minimum-Distortion Embedding (MDE) projection of scRNA-seq data of DMSO
and TMG treated EE-Os. k Subclustered epithelial populations of EE-Os (left), and
the proportion of each subcluster in control and TMG-treated groups (right).
Results in (a, b) show a representative example from n =3 independent experi-
ments. Results in (¢, d) were derived from n = 6 biologically independent experi-
ments, and results in (f-i) were derived from n =3 biologically independent
experiments, with p-values calculated by unpaired two-tailed Student’s ¢-test and
data presented as mean + SD. The source data for (b-d, f, h, i, k) are provided in the
Source Data file.

directly ubiquitinate OGT (Fig. 6f). Skpl in the SCF complex recruits
F-box proteins via their F-box motif. We mutated the F-box of FBXO31
(FBXO31AF) and assessed its ability to induce polyubiquitination of
OGT in 293T cells. Overexpression of HA-ubiquitin and GFP-FBX031
resulted in strong polyubiquitination of the immunoprecipitated Flag-
OGT, which was significantly reduced when GFP-FBXO31 was replaced
with the GFP-FBXO31AF mutant (Fig. 6g). These results confirmed that
FBXO3]1, together with other components of SCF complex, possessed a
ubiquitin E3 ligase activity toward OGT. We further evaluated the
impact of FBXO31 in controlling the cellular OGT homeostasis using
FBXO31-KO 293T cells. Both the OGT and O-GlcNAcylation levels were
increased in FBX031-KO cells (Fig. 6h). Cycloheximide (CHX) treat-
ment, which blocked new protein synthesis, uncovered that the half-
life of OGT was significantly extended in FBXO31-KO cells relative to
control (Fig. 6i), indicating that FBXO31 is indispensable for limiting
the cellular OGT level.

We wanted to confirm if the observed regulation of OGT by
FBXO031 also held true in endometrial cancer cells. To this end, we
overexpressed GFP-FBXO31 in the Ishikawa cells. Immunofluorescent
staining showed that both OGT and the O-GlcNAcylation level visua-
lized by RL2 were markedly decreased in the GFP-FBXQ31 positive cells
(Fig. s7a). We subsequently generated FBXO3I knockout (FBXO31-KO)
Ishikawa cells using CRISPR, and western blot indicated that OGT and
O-GlcNAcylation were upregulated in these cells (Fig. s7b). Co-
immunoprecipitation assay with endogenous FBXO31 and OGT in
Ishikawa cells detected only weak interaction (Fig. s7c). However, this
interaction became evident with exogenous GFP-FBXO31 and Flag-
OGT that were overexpressed in Ishikawa cells (Fig. s7d). To test if
FBXO31 could similarly mediate ubiquitination of OGT in Ishikawa
cells, we immunoprecipitated OGT from the Ishikawa cell lysates
overexpressing GFP-FBXO31 and HA-ubiquitin. Substantial poly-
ubiquitination signal of OGT was detected in the presence of GFP-
FBXO031 (Fig. s7e), confirming that FBXO31 could also control OGT
protein level via the ubiquitin-dependent proteasome degradation
process in endometrial cancer cells.

O-GlcNAcylation was reported to increase the stability of several
target proteins, such as YAP, B-catenin, and c-Myc, therefore pro-
moting tumor progression*%°, To test if the FBXO31-OGT reg-
ulatory axis impacted the homeostasis of these proteins in EC, we
examined their protein levels in WT and FBX031-KO Ishikawa cells.
While YAP and f-catenin showed minimum changes, c-Myc was
markedly increased in FBX031-KO cells, and this increase was largely
dependent on OGT, as knockdown of OGT could restore its level to
that seen in WT (Fig. s7f). We further investigated whether c-Myc was
a bona fide O-GIcNAcylated target in EC. To this end, c-Myc was
immunoprecipitated from Ishikawa cell lysate, and its O-GIcNAc
modification was detected by western blot with RL2 (Fig. s7g). The
amount of O-GIcNAcylated c-Myc was significantly higher in the
FBXO031-KO Ishikawa cells than in the WT (Fig. s7h). These results

indicate that c-Myc is an important cellular target downstream of
FBX031 and OGT to promote EC progression.

Loss of FBX031 promotes endometrial organoids growth by
increasing O-GIcNAcylation

We next investigated the clinical relevance of the regulation of O-
GlcNAcylation homeostasis by FBXO31 using the endometrial speci-
mens in our EC cohort. IHC staining revealed that the protein level of
FBXO31 was significantly downregulated in EC relative to normal
endometrial tissues, often manifesting an anti-correlation pattern to
that of O-GIcNAcylation (Fig. 7a, b). We semi-quantified the expression
level of FBXO31 based on the IHC signals, and found that the FBXO31
protein level in the low O-GIcNAcylation EC group was markedly higher
than that in the high O-GlcNAcylation group (Fig. 7c). We further
analyzed the relationship between the calculated virtual O-GIcNAc
index and the expression level of FBXO31 in the TCGA UCEC cohort,
and observed a significant negative correlation (Fig. 7d). Western blot
uncovered that the FBXO31 protein level was decreased, accompany-
ing the increase of OGT level, in EC-Os comparing to the EE-Os (Fig. 7e),
suggesting that the elevated O-GlcNAcylation in EC tissues was due to
upregulation of OGT. We categorized the cases in our EC cohort into
FBXO031-low and FBXO31-high groups. The FBXO31 expression exhib-
ited significant association with the O-GlcNAcylation status and his-
tologic grade (Supplementary Table 3).

To elucidate the functional impact of FBXO31 alterations in
endometrial tissues, we knocked down the expression of FBXO31 using
lentivirus-mediated expression of shRNAs in EE-Os. Downregulation of
FBXO31 resulted in an increased amount of O-GIcNAcylation in EE-Os
(Figs. 7f and s8a). Particularly, the growth of EE-Os was significantly
enhanced by FBXO31 knockdown, in alignment with upregulated
expression of the stemness markers SSEA-1, SOX9, ALDHI, OCT4,
CD133, and SOX2 (Fig. 7g, h). This enhanced growth of EE-Os after
FBXO31 knockdown could be inhibited by OSMI-1 treatment, indicat-
ing that it was a result of elevated O-GIcNAcylation (Fig. 7i). Recipro-
cally, given that FBXO31 was downregulated in EC-Os, we
supplemented the EC-Os with GFP-FBXO31 or GFP control using
lentivirus-mediated transduction. Overexpression of GFP-FBXO31
downregulated O-GIcNAcylation and significantly impeded the for-
mation of EC-Os (Figs. 7j and s8b).

In summary, our results identify FBXO31 as one of the key rheo-
stats that control the O-GlcNAcylation homeostasis by ubiquitinating
OGT. FBX031 is frequently downregulated in EC, resulting in stabili-
zation of OGT and elevation of cellular O-GIcNAcylation level that
advance endometrial malignancy.

Chemical inhibition of OGT limits endometrial tumor growth in
mouse models

The in vitro characterization of the impact of O-GIcNAcylation on EC
cells suggested that targeting OGT to decrease O-GlcNAcylation level
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is a promising therapeutic strategy. We therefore investigated the
antitumor effects of the OGT inhibitor OSMI-1 in a xenograft mouse
model using Ishikawa cells. Ten days after the subcutaneous trans-
plantation of Ishikawa cells, tumor-bearing mice were randomly
divided into three groups and administered either DMSO (vehicle
solvent), TMG (20 mg/kg/day), or OSMI-1 (10 mg/kg/day) via intra-
peritoneal injection (Fig. 8a). The TMG treatment resulted in
increased tumor growth and shortened lifespan, while OSMI-1

treatment reduced tumor volume compared to the control, and
the mice exhibited increased survival (Fig. 8b, c). IHC staining of the
dissected tumor tissues confirmed that OSMI-1 treatment decreased
O-GIcNAcylation level compared to TMG or the control DMSO
(Fig. 8d). Consistently, the expression of the differentiation marker
PAEP in the tumor tissues was increased, and many of the stemness
genes were mildly downregulated after OSMI-1 treatment (Fig. s8c¢).
In contrast, TMG treatment resulted in downregulation of PAEP
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Fig. 4 | Decrease of O-GIcNAcylation level induces differentiation and

cell death. a Representative bright-field images of endometrial cancer organoids
(EC-Os) treated with 50 uM OSMI-1 at day 1 and day 3. Scale bar: 50 um.

b Immunoblot assessing O-GIcNAcylation level in EC-Os treated with 25uM or

50 uM OSMI-1 for 48 h. Actin was used as the loading control. ¢ Comparison of the
numbers of EC-Os at day 3 after treatment with OSMI-1 versus the control DMSO.
d Cross-sectional area of EC-Os at day 3 after OSMI-1 treatment compared to
control (DMSO). (n=101 and 57 organoids). e TUNEL staining showing apoptotic
cells in EC-Os after 50 uM OSMI-1 treatment. Nuclei are visualized with DAPI (blue).
Scale bar: 50 um. f Representative immunofluorescence images of control and
OSMI-1 treated EC-Os. Mitotic cells (PH3, red), tubulin (green), DAPI-labeled nuclei
(blue), and Phalloidin labeled F-actin (magenta). Scale bar: 10 um. g Quantification
of the number of PH3+ cells. (n =42 and 46 organoids). h Representative immu-
nofluorescence images of control and OSMI-1 treated EC-Os showing ciliated

epithelial cells (Ac-tubulin, green), secretory cells (PAEP, red), DAPI (blue), and
F-actin (magenta). Scale bar: 50 um. Insets show magnification of the area in the
white box, scale bar: 5 um. i Quantification of the number of Ac-tubulin+ cells.
(n=40 and 28 organoids). (j-1) qPCR analyses of stemness (j), EMT (k), and
angiogenesis (I) markers in EC-Os treated with OSMI-1 or DMSO, normalized to
actin mRNA. m Measurement of cell viability in patients-derived endometrial
organoids with the indicated inhibitors. RLU represents relative light units. 5
replicates per each patient-derived organoid. Results in (a, b) show a representative
example from n =3 independent experiments. Results in (c, d) represent n=6
biologically independent experiments, and results in (g, i-l) represent n =3 biolo-
gically independent experiments, with p-values calculated by unpaired two-tailed
Student’s t-test and data presented as mean + SD. The source data for (b-d, g, i-m)
are provided in the Source Data file.

expression and upregulation of the stemness markers in the dis-
sected tumor tissues (Fig. s8d).

Next, we investigated whether the deletion of FBX0O31 promoted
EC tumor formation in the mouse model and sensitized the tumors to
OSMI-1 treatment. We subcutaneously injected WT and FBX031-KO
Ishikawa cells into nude mice and monitored tumor growth. Ten days
after the transplantation, tumor-bearing mice were randomly divided
into groups and administered either DMSO (vehicle solvent) or OSMI-1
(10 mg/kg/day) via intraperitoneal injection (Fig. 8e). The tumors
formed by the FBX0O31-KO Ishikawa cells grew much faster than that of
the WT cells (Fig. 8f), and they upregulated the expression of many
stemness genes such as SOX9, ALDH, OCT4, CD133, and SOX2 (Fig. s8f).
OSMI-1 treatment decreased the O-GlcNAcylation level in these tumor
tissues (Fig. s8e), downregulated the expression of the stemness genes
(Fig. s8g), and significantly limited the tumors’ growth in both the WT
and FBXO031-KO groups (Figs. 8f and s8e). Moreover, compared to the
WT, the FBXO31-KO tumors showed increased sensitivity to the OSMI-1
treatment (Fig. 8f, g). In addition, we observed that the tumors formed
by the FBX031-KO Ishikawa cells harbored richer vasculature as indi-
cated by the CD31 immunofluorescent staining (Fig. 8h). The OSMI-1
treatment significantly blocked angiogenesis and the formation of
blood vessels in the FBXO31-KO tumors (Fig. 8i).

Together, these findings confirm that loss of FBXO31 promotes EC
tumor formation in vivo by enhancing the stemness as well as angio-
genesis, and downregulation of O-GlcNAcylation by inhibiting OGT can
suppress these tumors, indicating that targeting the dysregulated O-
GlcNAcylation homeostasis in EC is a promising therapeutic strategy
worthy of further clinical exploitation.

Discussion

This study delves deeply into the intricate relationship between O-
GlcNAcylation homeostasis and the progression of EC, elucidating the
clinical significance of abnormal O-GlcNAcylation level and unveiling
an important regulatory module controlling its homeostasis in endo-
metrial tissues (Fig. 9).

Integrative analysis of O-GlcNAcylation in a large clinical EC
cohort to assess its relationships with current histomorphologic and
molecular subtypes of EC had not been conducted till this study. A
previous report using 76 EC samples revealed that the two executing
enzymes of O-GlcNAcylation, OGT and OGA, manifested increased
mRNA levels in ECs of higher histologic grade relative to the well-
differentiated tumors”. A more recent IHC analysis on a tissue
microarray containing 28 EC specimens showed that both the OGT and
O-GIcNAcylation levels were increased in EC tissues than the adjacent
normal endometrial tissues®. This pilot study indicated that increased
O-GlcNAcylation was associated with histologic grade, clinical stage,
and lymph node metastasis. However, when repeating the IHC analysis
using the same tissue microarray, we only observed increased OGT and
O-GIcNAcylation levels in ECs but failed to associate O-GlcNAcylation
level with any of the clinical parameters, probably due to the

differences in inclusion and exclusion criteria and the limited sample
size. Nonetheless, when we expanded the analysis to our EC cohort
containing 219 patients, the clinical significance of O-GlcNAcylation
became invariable. The O-GIcNAcylation level shows strong associa-
tion with histologic grade, FIGO stage, and poor prognosis. The caveat
of our EC cohort is that it only contains endometrioid carcinoma cases
and lacks information of molecular subtypes. Therefore, we further
included the TCGA UCEC dataset in our analysis, by building a math-
ematical model to calculate an estimated O-GIcNAc index for each
TCGA UCEC case. This computational analysis not only confirmed the
observations made with our EC cohort, but also revealed that EC
patients belonging to the copy-number high molecular subtype group
have significantly higher O-GlcNAcylation level than that in the other
groups. Agreeingly, one feature of the copy-number high molecular
subtype is TP53 mutations'®, and p53 is a known negative regulator of
0O-GlcNAcylation level not only identified in our genome-wide screen
but also reported in a previous study*®. Loss-of-function of p53 in
tumor cells increases glucose uptake, aerobic glycolysis, and pentose
phosphate pathway (PPP) flux, thereby promoting O-GlcNAcylation
level®. These findings suggest that O-GIcNAcylation is a useful factor
complementary to the current classification system to better identify
EC patients with poor clinical outcomes.

Our understanding on the molecular circuitry controlling the
cellular O-GlcNAcylation homeostasis is incomplete. Given that O-
GlcNAcylation is dependent on nutrient availability, metabolic factors
such as GFPT1, POLDIP2, and PPMIK have been reported to influence
O-GlcNAcylation level by modulating the metabolic flux of the HBP
pathway****¢*7"! However, emerging evidence indicates that O-
GlcNAcylation may also be regulated by non-nutrient dependent
mechanisms, particularly at the protein level of OGT**%62¢¢"68 OGT is
regulated by the balance of ubiquitination and deubiquitination®'%*>*,
The E3 ligases XIAP and E6AP have been reported to promote the
ubiquitin-dependent proteasome degradation of OGT'*", The histone
demethylase LSD2 displays an atypical ubiquitin E3 ligase activity
toward OGT in the A549 cells’. However, we found that the expression
of these reported E3 ligases of OGT has no clinical relevance in ECs.
Instead, our unbiased screen uncovered that FBX0O31, together with
other components in the SCF complex, functions as an E3 ligase for
OGT. Loss of FBXO31 stabilizes OGT and increases cellular O-GIcNA-
cylation level, thereby promoting the progression of endometrial
malignancy. Consistently, EC patients with low FBXO31 expression
exhibited more advanced histologic grade and poor survival. FBXO31 is
atumor suppressor gene located in the 16q24.3 region, with frequently
observed loss of heterozygosity in several cancers, including breast,
ovarian, hepatocellular, and prostate cancers®*. The FBX031-OGT
regulatory axis reported in this study is worthy of investigation in these
cancers as well.

How the aberrant O-GlcNAcylation downstream of the FBXO31-
OGT regulatory module promotes EC progression is not fully under-
stood and can be complex. Loss of FBXO31 leads to accumulation of
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OGT that can increase O-GlcNAcylation on thousands of nuclear and
cytoplasmic proteins, including many EC-related oncogenes and
tumor suppressors, such as PI3K, PTEN, ARIDIA®, p53%, c-Myc®,
YAP*?°* and B-catenin®. Our study revealed that c-Myc protein level
was increased in FBXO31-KO EC cells in an OGT-dependent manner,
suggesting that c-Myc can be one of the key tumor-promoting factors
controlled by the FBXO31-OGT axis. Additionally, proteins involved in
the regulation of pluripotency, such as Oct4¥, Sox2*¢, and Sox9*’, are

able to be modified by O-GlcNAcylation, which may contribute to the
observation that increased O-GlcNAcylation promotes stemness of EC
cells. It is noteworthy that in addition to OGT, the SCF™**' complex
can also ubiquitinate other protein substrates, including cell cycle
regulators, such as cyclin D17*, Cdt1”>, MDM2”, and cyclin A?; signaling
molecules, such as c-Myc?”, B-catenin®’, and MKK6’%; as well as EMT
factors, Snaill”® and Slug’*. Considering how FBXO31 recognizes its
substrates remains unclear and FBXO31 can physically interact with
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Fig. 5| Screen for TSGs that regulate O-GlcNAcylation homeostasis. a Schematic
representation of the FACS-based genome-wide CRISPR-Cas9 screen for putative
regulators of O-GlcNAcylation homeostasis. Fluorescence-Activated Cell Sorting
(FACS); Immunofluorescence (IF); CRISPR: Clustered Regularly Interspaced Short
Palindromic Repeats; Human genome-wide CRISPR/Cas9 knockout (GeCKO). The
elements in this figure were created using BioGDP.com (https://BioGDP.com).

b Validation of the sensitivity of RL2 staining (red) with 293T cells transfected with
OGT (green). Nuclei are labeled with DAPI (blue). Scale bar: 5 um. ¢ Genes plotted
according to their relative ranking analysis (RRA) enrichment scores, with known O-
GlcNAcylation regulators highlighted in red and blue. Knockdown (KD). d Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis showing enrichment of
putative O-GlcNAcylation regulators in the indicated pathways (statistical analysis

was performed using a hypergeometric test to calculate p-values). Analysis was
performed on the 1038 high-confidence genes (p < 0.05). e Venn diagram showing
the overlap between the 526 human UCEC Tumor Suppressor Genes (TSGs) and the
1038 high-confidence genes from the O-GlcNAcylation screen. Source data are
provided in the Source Data file. f Immunofluorescent detection of O-GlcNAcyla-
tion level by RL2 (red) in WT (Wild Type) and FBXO31-KO (FBXO31-Knockout)
293T cells. Nuclei were stained with DAPI (blue). Scale bar: 5um. g Kaplan-Meier
analysis of the OS of the EC patients stratified by the expression level of FBXO31
(http://kmplot.com/analysis/). EC cases were stratified using the median cut-off,
and statistical significance was determined using the log-rank test. Results in (b, f)
show a representative example from n =3 independent experiments.

OGT, it is compelling to speculate that O-GlcNAcylation can modulate
the substrates recognition of the SCF*®*3! complex. This hypothesis
warrants future molecular and structural characterizations.

Last but not least, our pilot experiments in mouse xenograft
models validated that the OGT inhibitor OSMI-1 has anti-tumor activity
in vivo. The administration of OSMI-1 reduced O-GIcNAcylation level in
tumors formed by the subcutaneously injected Ishikawa cells, down-
regulated the expression of many genes involved in stemness, EMT,
and angiogenesis, inhibited the formation of blood vessels, and sig-
nificantly limited the tumors’ growth. These results suggest that hyper
O-GIcNAcylation is a shared vulnerability for the FBXO31 mutated as
well as many high histologic grade EC cases, and targeting this dysre-
gulated O-GlcNAcylation homeostasis holds promising therapeutic
significance. Future elaboration of the spatiotemporal dynamics of the
O-GlcNAcylation landscapes during the progression of ECs with high-
throughput, tissue-specific proteomic profiling methods will further
consolidate the foundation of targeting O-GIcNAcylation to develop
new therapeutic strategies in clinical settings.

Methods

Ethics

This research complies with all relevant ethical regulations approved
by the Ethics Committee of Central South University, including the use
of human tissues and mouse experiments.

Human tissues

All fresh tissues and paraffin-embedded (FFPE) tissues were pro-
spectively obtained from patients with endometrial diseases at
Xiangya Hospital, Central South University. Clinical data and histo-
pathological characteristics were retrieved from patient records and
routine pathology reports. The study was approved by the Medical
Ethics Committee of Central South University (No. 202103076, No.
201910255), and all participating patients provided informed written
consent. The study was registered with and approved by the Human
Genetics Resource (HGR) office of the Minister of Science and
Technology of China (No. 2024BAT00742). Surgical tumor tissue
from consented patients with a confirmed diagnosis of EC was
included in this study. The inclusion criteria for patient enrollment
were as follows: no prior anticancer therapies, no diagnosis or history
of other concurrent malignancies, and availability of follow-up data.
For this study, all pathology reports were reviewed by two patholo-
gists. Patients whose original biopsies did not indicate endometrial
cancer or whose histology was insufficiently informative were
excluded. The endometrial tissues for generating the EE-Os were
obtained from endometriosis patients who underwent hysteroscopic
biopsy for endometrial polyps without prior drug treatment. Sam-
ples were selected based on tissue availability without bias toward
any specific parameters.

Organoids culturing from endometrial surgical samples
The endometrial organoids were generated as previously described®.
Tumor tissues and non-cancerous control tissues were isolated and

stored in ice-cold serum-free DMEM medium supplemented with 1%
penicillin-streptomycin. The tissues were then washed in ice-cold DPBS
(Biological Industries) supplemented with penicillin-streptomycin and
minced into small pieces. The tissues were digested by collagenase IV
(1-2 mg/mL; 17104019, Thermo Fisher Scientific) in the presence of
ROCK inhibitor (10 pM; SCMO075, Merck Millipore) and penicillin-
streptomycin for 1 h on a shaker at 37 °C, then incubated for 15 min in
TrypLE (1 x; 12604013, Thermo Fisher Scientific) supplemented with
ROCK inhibitor and penicillin-streptomycin. Subsequently, the tissue
digests were stopped by ice-cold serum-free DMEM/F12 and after
centrifugation, a 100 um cell strainer was used to obtain cell pellets.
The strainers were inverted over a Petri dish, and the glandular ele-
ments were backwashed, transferred to a centrifuge tube, and pelleted
by centrifugation. Larger undigested tissue fragments retained on the
strainer were collected for further digestion. Finally, the cell pellets
were resuspended in 70% Matrigel mixed with 30% DMEM/F12 (356231,
Corning and 11039021, Gibco, respectively) and seeded in 50 pL dro-
plets in non-treated 24-well plates. After incubation at 37 °C and 5%
CO; in a cell culture incubator for 20-30 min, the pre-warmed orga-
noid complete medium (DMEM/F12 supplemented with 1% penicillin-
streptomycin, 2% B27 supplement minus vitamin A (12587010, Gibco),
5% R-spondin-1 conditioned medium, 1% chemically defined lipid
concentrate (11905031, Gibco), recombinant human Noggin 100 ng/
mL (HY-P7051A, MCE), 1% N2 (17502048, Gibco), N-acetyl-L-cysteine
1.25mM (A7250, Sigma Aldrich), Nicotinamide 10 uM (73240, Sigma
Aldrich), recombinant human EGF 50 ng/mL (236-EG-01IM, R&D Sys-
tems), Y-27632 10 uM (SCMO075, Sigma Aldrich), 17- estradiol 10 nM
(E8872, Sigma Aldrich), SB202190 0.1 uM (S7067, Sigma Aldrich), A83-
01 0.25 uM (SMLO0788, Sigma Aldrich), recombinant human IGF 40 ng/
mL (100-11, Peprotech), recombinant human HGF 20 ng/mL (100-39,
Peprotech), IL-6 5 ng/mL (200-06, Peprotech)) was added. The orga-
noid medium was changed every 2 days, and the organoids were pas-
saged after 7-10 days of culture. Organoids of low passage number (P3-
P6) were used for the experiments described. To assess clonogenic
capacity, organoids were dissociated into single cells with TrypLE
supplemented with Y-27632, filtered through a 40-um cell strainer and
resuspended in 70% Matrigel / 30% DMEM/F12 supplemented with
Y-27632 at 1000 cells per well in 96-well plates. The organoids formed
were counted after 10-15 days. A randomly selected field of view at
10 x magnification in each well was used to count organoids and
measure their cross-sectional area.

Immunohistochemistry (IHC) and Immunofluorescence (paraf-
fin sections)

An endometrial cancer tissue array was purchased from Xinchao Bio-
technology Company (HUteAO60CSO01, Shanghai, China), consisting of
26 pairs of tumoral and peritumoral tissue specimens, along with an
additional 8 cases of cancerous tissue without paired peritumoral tis-
sue. After removing the incomplete tissue spots, 31 cases of cancer
tissue and 23 cases of peritumoral tissue were included in IHC analysis.
IHC was performed as previously described®, with primary antibody
incubation overnight after antigen retrieval and endogenous
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peroxidase activity blocking on paraffin sections. The IHC staining
signal levels were blindly scored by two independent assessors without
knowledge of clinical parameters, and confirmed by a pathologist.
Based on the proportion of positive stained-tumor cells which was
assessed on a value of 0-4: O (negative), 1 (1-25%), 2 (26-50%), 3
(51-75%), or 4 (76-100%) and the intensity of staining which was

scored on a value of 0-3: O (negative), 1 (weak), 2 (medium), or 3
(strong). The final IHC score was calculated by multiplying the staining
intensity score (0-3) and the proportion of positively stained tumor
cells score (0-4), resulting in a staining index (SI) ranging from O to 12.
Low and high expression were defined as SI 0-6 and SI 8-12,
respectively®. Immunofluorescence was performed for CD31 staining,
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Fig. 6 | FBXO031 interacts with and ubiquitinates OGT. a Immobilized recombi-
nant GST-OGT protein but not GST control absorbed GFP-FBX031 from 293T cell
lysates. GST and GST-OGT were detected by Coomassie brilliant blue (CBB) stain-
ing, and FBXO31 was detected by western blotting with FBXO31 antibody. b Co-
immunoprecipitation of GFP-FBX031 with Flag-OGT in 293T cell lysates. The pre-
sence of MG132 enhanced the interaction between Flag-OGT and GFP-FBXO31.

¢ Western blotting assessing the protein level of OGT as well as the global O-
GlcNAcylation (RL2) level in 293T cells transfected with increasing amount of GFP-
FBXO031. d Western blotting quantification of the protein level of endogenous OGT
in 293T cells transfected with GFP-FBXO31. MG132 was added to inhibit the
ubiquitination-mediated proteasome degradation. e Western blotting detecting
the protein level of endogenous OGT and its ubiquitination in 293T cells trans-
fected with different amount of HA-Ub and GFP-FBXO3L. f In vitro ubiquitination of
His-OGT by the SCF complex together with FBXO31. HA-tagged SCF components
(Skp1, Cull, and Rocl) and HA-FBXO31 were affinity-purified using anti-HA-

conjugated magnetic beads from 293T cell lysates. The purified protein complex
was incubated with E1 (UBA1), E2 (UBE2D1), Ub, and His-OGT in ubiquitination
buffer. The reaction was halted by the addition of SDS sample buffer, and the
samples were subjected to western blotting using the indicated antibodies. g In vivo
ubiquitination assay was performed to evaluate the ubiquitination levels of exo-
genous Flag-OGT in 293T cells transfected with HA-tagged Ub and GFP-FBXO31 or
its F-box domain deletion mutant GFP-FBXO31AF. h Western blotting detecting the
O-GlcNAcylation (RL2) and OGT levels in WT and FBXO31-KO 293T cells. i Western
blotting quantitation of OGT protein level following cycloheximide (CHX) treat-
ment in WT and FBXO31-KO 293T cells. Results in (d, i) represent n = 3 independent
experiments, with p-values calculated by unpaired two-tailed Student’s ¢-test and
data presented as mean + SD. Samples derive from the same experiment and gels
were processed in parallel. (a-c, e-h) show representative examples from n=3
independent experiments. The source data for results in (a-i) are provided in the
Source Data file.

a marker of endothelial cells. Briefly, the slides were de-paraffinized,
and avidin and biotin were added with the blocking agents. The
blocking agent was blotted off, and the first antibody was added to
incubate overnight at 4 °C. The slides were washed and incubated with
the second antibody at room temperature for 30 min. DAPI was
applied to the slides and coverslip was placed, and the slides were kept
in dark”’. All the antibodies used in this study were listed in Supple-
mentary Data 10.

Survival analysis

Progression-free survival (PFS) was calculated as the time between the
surgery that procured the sample and the date of disease progression
or a new metastatic event in a different location. Overall survival (OS)
was defined as the interval between the date of surgery and the date of
death or last follow-up. Progression-free interval (PFI) was defined as
the duration from surgery to the first occurrence of disease progres-
sion or death after treatment. The curves were stratified based on the
O-GlcNAcylation level. Log-rank test was used to compare the two
groups over a follow-up time of 61 months. Kaplan-Meier survival
curves were generated and compared using GraphPad Prism (ver-
sion 8.0.2).

Generation of O-GIcNAc index prediction model

The RNA-seq data of 15 low O-GlcNAcylation level (RL2 by IHC) tumor
tissues and 40 high O-GIcNAcylation level tumor tissues were pro-
cessed to identify the O-GlcNAcylation correlated genes. The gene
expression matrix of these 55 EC samples was correlated with the O-
GlcNAcylation IHC staining index using the Pearson correlation
method in the mlir3.filters package within the mir3 framework in R. The
top 1000 genes with a correlation coefficient >0.3 were included in the
O-GIcNAc correlated gene set. Subsequently, mir3 learners including
six regression model-based approaches (regr.m, regr.glmnet,
regr.kknn, regr.ranger, regr.rpart, regr.svm) were applied to the
expression matrix of the 1000 O-GlcNAcylation correlated genes. The
O-GIcNAc indices for the 55 EC tissues were calculated, subjecting to
5-fold cross-validations of training and ranking based on predefined
performance metrics. The reliability of the prediction model was
assessed by comparing the calculated O-GIcNAc indices with actual
IHC Sl scores. The regr.glmnet demonstrated the lowest mean squared
error (MSE) and was selected for the establishment of the final pre-
diction model. The O-GlcNAc indices were then calculated using the
prediction model for the 589 EC samples in TCGA. The patients were
categorized into high and low O-GlcNAcylation groups using the
median of the calculated O-GlcNAc indices. Wilcoxon Mann-Whitney
tests were used to assess differences between the two groups in terms
of histologic grade, FIGO stage, molecular subtype, age, and diabetes.
Log-rank tests were employed to compare the OS and PFI differences
between the high and low O-GlcNAcylation groups, and Kaplan-Meier
survival curves were generated and compared using R (version 4.03).

Immunofluorescence of organoids

Immunofluorescence staining experiments were performed on
organoids as previously described’®. When the organoids reached a
size of ~100 pm, they were selected for staining. After washing twice
with pre-cooled DPBS, 500 pL of cell recovery solution (354253,
Corning) was added to each well, and the Matrigel was dissolved on
ice to ensure that the morphology of the organoids was not dis-
rupted. After 30 min, all the organoids were collected into a 15 mL
centrifuge tube, fixed with 4% paraformaldehyde for 30 min, and
then centrifuged to remove the supernatant. Next, 10 mL of 1% PBST
was added to stop the tissue fixation. After blocking with Organoid
Washing Buffer (OWB, 0.1% Triton X-100, 0.2% BSA in DPBS), the
primary antibody was added and incubated overnight at 4 °C with
shaking at 60 rpm. On the following day, the organoids were washed
three times with OWB for 2 h each time, and then the corresponding
fluorescent secondary antibody was added. The organoids were
incubated overnight on a shaker in the dark. On the third day, 4/,6-
Diamidino-2-phenylindole dihydrochloride (DAPI, D9542, Sigma) at
10 mg/mL was added for 30 min. After washing with OWB, the sam-
ples were spun down at 70 x g for 5 min at 4 °C. Finally, the organoids
were resuspended with fructose-glycerol clearing solution (60%
glycerol and 2.5M fructose in ddH,0) and imaged using an LSM880
confocal microscope (Zeiss) and a CSU-W1 spinning disk field scan-
ning confocal system (Nikon). A cell death detection (TUNEL) kit
(Roche) was used to identify dead cells in accordance with the
company’s description. All the antibodies used in this study were
listed in Supplementary Data 10.

Lentiviral transduction of organoids

For organoid lentiviral transduction, pLKO.l-puro vectors and TK-
PCDH-copGFP-T2A-Puro vectors were used. The organoids were
washed twice with pre-cooled DPBS, and 500 pL of TrypLE (12604013,
Thermo Fisher Scientific) was added to each well for 10 min at 37 °C.
The Matrigel was disrupted by pipetting the mixture up and down
repeatedly during digestion. TrypLE was inactivated by adding 10 mL
of ice-cold serum-free DMEM/F12, and the mixture was centrifuged for
5 min at 200 x g. After digestion, the organoids were made into single
cells or cell mass and resuspended in virus infection solution con-
taining ROCK inhibitor, polybrene, and concentrated lentivirus in
organoid culture media. The cell suspension was added to a 6-well
plate, spun at 2000 rpm for 1 h, and then incubated at 37 °C for 5-6 h.
The cells were then transferred to a 15 mL centrifuge tube, washed
twice with serum-free DMEM/F12, and seeded in a prewarmed 24-well
plate with 70% Matrigel. Then, 500 pL of organoid medium was added
to each well, followed by incubation at 37 °C with 5% CO, for 20 min.
The medium was changed every 2 days. Puromycin selection (1 pg/mL)
in organoid culture was conducted for 3-4 days to establish stably
infected organoids. The stable organoids were validated by western
blot or quantitative RT-PCR.
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Cell Titer-Glo® 3D viability assay

Tumor organoids were recovered from the Matrigel and dissociated.
2000 cells were seeded in 96-well plates and allowed to form orga-
noids for 7 days. Then, TMG (10 uM, Selleck; S7213), OSMI-1 (50 uM,
Selleck; S9835), OSMI-4 (20 uM, MCE; HY-11436), or DMSO (0.1%,
Sigma Aldrich, D2650) was added and viability was measured after 72 h

using Cell Titer Glo 3D cell (Promega, Cat# G9681) following the
manufacturer’s instructions®. The Cell Titer-Glo® 3D Cell reagent was
thawed and equilibrated at room temperature for 30 min. The reagent
was mixed 1:1 with organoid complete medium and added to the plate.
After a 30 min incubation at 37°C, the luminescence was measured on
the PerkinElmer Envision.
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Fig. 7 | Loss of FBXO031 increases O-GIcNAcylation level in clinical samples.

a Representative IHC images of FBXO31 in EC and peritumoral tissues from an FFPE
tissue array. Scale bar: 50 um. b Quantitative analysis of FBXO31 levels in the EC
tissue array. FBXO31 expression was semi-quantified based on staining intensity
and area. Tumoral tissue (n = 31); peritumoral tissue (n = 23). Results are presented
as mean + SD. Statistical significance was calculated using unpaired two-tailed
Student’s t-test. ¢ Percentage of samples with high or low FBXO31level by IHC in the
two different O-GlcNAcylation level groups (Patients in high-RL2 group, n =83;
Low-RL2 group, n =38). Statistical significance was calculated using two-sided
Fisher’s exact test. d Spearman two-sided correlation analysis between the calcu-
lated virtual O-GIcNAc index and the expression of FBXO3I (Transcripts Per Million,
TPM), n=542. e Protein levels of OGT and FBXO31 were assessed by western
blotting in EC-Os and EE-Os derived from different patients. f Immunofluorescence
detection of O-GlcNAcylation (RL2, green) and FBXO31 (red) in control and
shFBXO31 infected EE-Os. The nuclei were stained with DAPI (blue) and F-actin with

Phalloidin (magenta). Scale bar: 50 um. g qPCR analysis of stemness markers’
expression in control shNT and shFBXO31 infected EE-Os, normalized to actin
mRNA level. h Quantification of organoid numbers of the control and shFBXO31
infected EE-Os after 3D culture. Representative bright-field images are provided on
the left. Scale bar: 300 um. i Quantification of organoid numbers in shFBXO31
treated EE-Os, with OSMI-1 or DMSO treatment at day 3. Representative bright-field
images are shown on the left. Scale bar: 150 um. j Quantification of organoid
numbers of EC-Os overexpressing GFP or GFP-FBXO31. Bright-field and fluorescent
images of the treated EC-Os are shown on the left. Scale bar: 50 um. Results in (g)
represent n =3 biologically independent experiments, and results in (h-j) repre-
sent n = 6 biologically independent experiments, with p-values calculated by
unpaired two-tailed Student’s t-test and data presented as mean = SD. e, f show a
representative example from n =3 independent experiments. The source data for
results in (b-e, g-j) are provided in the Source Data file.

Tumor xenograft implantation in nude mice

In this in vivo study, 4-week-old female nude mice without a thymus
(BALB/C) were purchased from Hunan SJA Laboratory Animal Co., Ltd
(Changsha, China). All animal experiments were conducted in accor-
dance with the Animal Welfare Law and were approved by the Ethics
Committee of Central South University (No. 202103076, No.
202411200). The mice were housed at a maximum of five per cage
under a 12 h light/dark cycle at 22-25°C and 50-70% humidity. The
animals were provided with standard growth maintenance chow
(GMCF, purchased from Beijing Keao Xieli Feed Limited, Beijing,
China; Product ID: 24083213) and allowed free access to water. Ishi-
kawa or Ishikawa FBX031-KO endometrial cancer cells were suspended
in 100 uL DPBS and injected subcutaneously into the left flank (5 x 10°
cells per mouse). For the tumor TMG or OSMI-1 treatment study, after
10 days, upon tumor onset, mice were randomly divided into three
groups: the DMSO group (vehicle solvent, n=8), the TMG group
(20 mg/kg/day, n=7), and the OSMI-1 group (10 mg/kg/day, n=8). The
vehicle solvent, comprising 5% DMSO, 40% PEG300 (Selleck), and 5%
TWEENSO (Selleck), was prepared according to the manufacturer’s
instructions to improve the solubility of OSMI-1 and TMG for intra-
peritoneal injections in mice”. The mice received daily intraperitoneal
injections over 15 days. Tumor growth, body weight, and survival of the
animals were monitored twice a week. The maximal tumor volume
allowed by the Ethical Committee for Animal Experiment of the Central
South University is 2000 mm?, which was not exceeded in this study.
Experimental endpoints were reached when tumors exceeded 20 mm
in diameter or ruptured, or when mice became moribund, showing
signs of lateral recumbency, cachexia, lack of response to noxious
stimuli, or observable weight loss (>20% of body weight)'°°. For the
FBXO31-KO tumor study, upon tumor onset, nude mice were randomly
divided into four groups: the WT DMSO control group (vehicle solvent,
5% DMSO +40% PEG300 + 5% TWEENSO, Selleck, n =10), the WT OSMI-
1treatment group (10 mg/kg/day, n=9), the FBX031-KO DMSO group
(vehicle solvent, 5% DMSO +40% PEG300 +5% TWEENSO, Selleck,
n=10), and the FBX031-KO OSMI-1 treatment group (10 mg/kg/day,
n=9). Tumor growth and body weight of the animals were monitored
three times a week. Tumor volume was calculated by measuring the
short (I) and long (L) diameters (volume = I* x L/2). Mice were sacrificed
for examination 28 days after tumor inoculation. At the end of the
study, mice were euthanized, and the tumors were processed for fur-
ther analyses.

Quantitative RT-PCR

RNA extraction was performed using TRIzol (87804, Life Technolo-
gies) according to the manufacturer’s protocol for all samples,
including cells, organoids, and primary tissues. The extracted RNA was
then reverse transcribed to cDNA using the PrimeScript RT Reagent Kit
(RRO37A, Takara). The cDNA was used as a template for qPCR, which
was performed using the SYBR Green qPCR Master Mix (QST-100,

SolomonBio) on the QuantStudio 3 Real-Time PCR system (Applied
Biosystems). All the primers were listed in Supplementary Data 11.

Western blot and immunoprecipitation

Cells were lysed in sample buffer (2% SDS, 10% glycerol, and 62.5 mM
Tris-HCI, pH 6.8) supplemented with 1x protease inhibitor cocktail
(P8340, Sigma). The protein concentration was measured using a BCA
kit (PO009, Beyotime). Cell lysates were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane. The membrane was then
blocked with 5% non-fat dry milk for 1h at room temperature and
probed with the indicated primary antibodies overnight at 4°C.
Antigen-antibody complexes were detected by incubating with
horseradish peroxidase secondary antibodies followed by ECL sub-
strates (WBKLSO500, Millipore). For immunoprecipitation experi-
ments, cells were washed twice with ice-cold PBS and then lysed in lysis
buffer (20 mM Tris-HCI (pH 8.0), 137 mM NacCl, 1% NP-40, 2 mM EDTA)
on ice for 30 min. Cell lysates were gently mixed with specific anti-
bodies overnight at 4°C under gentle rotation, then incubated with
protein A/G beads (SC-2003, Santa Cruz) for 1-2h at 4°C Immuno-
precipitants were washed three times with lysis buffer. After the final
wash, the supernatant was aspirated and discarded, and the pellet was
resuspended in 2 x SDS sample buffer (0.125M Tris HCI (pH 6.8), 4%
SDS, 20% glycerol, 2% -mercaptoethanol, 0.02% bromophenol blue).
The sample was then subjected to reducing SDS-PAGE and western
blot. All the antibodies used in this study were listed in Supplementary
Data 10.

Cell culture and generation of cell lines

HA-R-Spondinl-Fc 293T cell line (3710-001-01, R&D Systems) was used
to produce R-spondin-1conditional media. HEK293T (ATCC, CRL-3216)
and Ishikawa cells (Sigma, 99040201) were maintained in DMEM (06-
1055-57-1 ACS, Vivocell) supplemented with 10% FBS. All cells were
cultured at 37 °C in a humidified incubator with 5% CO, and periodi-
cally screened for Mycoplasma contamination. Human FBXO31
knockout cell lines were generated according to previously published
protocol”. To generate 293T and Ishikawa FBXO31-KO cell lines, the
cells were transfected with LentiCRISPR-V2 plasmid carrying sgFBX031
(Supplementary Data 11) and further selected with 1 pg/mL puromycin
(s7417, Selleck) for 3 days. The cells were then plated at single-cell
density in 100 mm Petri dishes, and the individual clones that emerged
were picked and replated into 24-well plates. The loss of FBX031
expression was confirmed by western blot and Sanger sequencing.
Genomic DNA was extracted using QuickExtract (Epicenter). Geno-
typing PCRs were performed with KOD FX DNA Polymerase (KFX-101,
Toyobo) using primers flanking the genomic target site. The resulting
PCR products were purified and sequenced to confirm the presence of
indel events. To further validate the mutational status of candidate
clones, the PCR products underwent TA cloning (Invitrogen) and were
sequenced to distinguish the amplified products of distinct alleles.
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Clones with confirmed insertion or deletion events were also validated
by western blot analysis.

In vivo and in vitro ubiquitination assay

For detection of ubiquitinated proteins in vivo, 293T and Ishikawa cells
were co-transfected with expression vectors for HA-ubiquitin and the
indicated proteins. Polyubiquitinated OGT was detected by immuno-
precipitation of OGT with ANTI-FLAG® M2 Affinity Gel (A2220, Merck
Millipore) or OGT antibody under denaturing conditions followed by

western blot with an anti-HA antibody. In vitro ubiquitination was
performed as previously described'”’. The SCF-FBX031 (E3) complexes
were immunopurified from the cell lysate using Pierce™ Anti-HA
Magnetic Beads (88836, Thermo Fisher Scientific) and incubated with
His-OGT fusion protein expressed and purified from E. coli as pre-
viously reported'® in the presence of recombinant purified E1 (UBAL;
11990-H20B, sinobiological), E2 (UBE2D1; 11432-HO7E, sinobiological),
recombinant human ubiquitin protein (U-100H, Boston Biochem), and
ubiquitination buffer (20 mM Tris-HCI, pH 7.5, 5mM MgCl,, 0.5 mM
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Fig. 8 | Decrease of O-GIcNAcylation by inhibition of OGT limits tumor for-
mation of EC cells in mouse models. a Schematic representation of the treatment
schedule in the Ishikawa cells xenograft model. On day 10 after subcutaneous
injection of EC cells, mice were treated daily with DMSO, TMG, or OSMI-1 for

15 days. Tumor growth and survival were monitored till the endpoint. The mouse
elements in this figure were created using BioGDP.com (https://BioGDP.com).

b Tumor growth curves of Ishikawa xenografts in different treatment groups as
indicated (DMSO group, n =8 mice; TMG group, n=7 mice; OSMI-1 group, n=8
mice). The results are presented as mean + SEM. ¢ Survival curves for mice bearing
Ishikawa xenografts across different treatment groups. (DMSO group, n =8 mice;
TMG group, n =7 mice; OSMI-1 group, n =8 mice). Statistical significance was
determined by log-rank test. d Representative Hematoxylin and Eosin (HE) and IHC
staining of mouse tumor tissues from different treatment groups. Scale bar: 50 ym.
e Schematic representation of the treatment schedule in the WT and FBX031-KO
Ishikawa cells xenograft model. On day 10 of tumor growth, mice with WT or

FBX031-KO cells xenografts received daily treatment with DMSO or OSMI-1 for

15 days. Tumor growth was assessed till the endpoint. The mouse elements in this
figure were created using BioGDP.com (https://BioGDP.com). f Tumor growth
curves of WT and FBX031-KO Ishikawa cells xenografts in different treatment
groups as indicated (WT DMSO control group, n =10 mice; WT OSMI-1 treatment
group, n=9; FBX031-KO DMSO group, n =10 mice; FBX031-KO OSMI-1 treatment
group, n =9 mice). The results are presented as mean + SEM. Statistical significance
was calculated using unpaired two-tailed Student’s ¢-test. g Photograph of the
excised tumors from different treatment groups as indicated.

h Immunofluorescence detection of CD31 (red) in tumor tissues from the indicated
treatment groups. Nuclei were stained with DAPI (blue). Scale bar: 50 pm.

i Quantitative analysis of CD31-positive blood vessel areas. The results are pre-
sented as mean + SD. Statistical significance was calculated using unpaired two-
tailed Student’s t-test, n = 6 mice. The source data for results in (b-i) are provided in
the Source Data file.
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Fig. 9 | Working model. FBXO31-mediated ubiquitination of OGT maintains a
relatively low level of O-GlcNAcylation in the non-cancerous endometrium. Inacti-
vation of FBXO31 in endometrial cancer tissues results in accumulation of OGT and
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concurrent increase of O-GlcNAcylation that promote endometrial malignancy.
The uterus elements in this figure were created using BioGDP.com (https://
BioGDP.com).

DTT, 2 mM ATP). The reaction was stopped by adding 2 x SDS sample
buffer and boiling for 10 min.

CRISPR-Cas9 screen and data analysis

The human genome-scale CRISPR knockout library (GeCKO v2,
Addgene #1000000048) in the lentiCRISPR v2 vector (Addgene,
#52961) consists of 123,411 sgRNAs that target 19,050 protein-coding
genes (6 sgRNAs per gene) and 1000 nontargeting control sgRNAs was
used'®1%*, The human GeCKO v2 library was transduced into 293T cells
by lentivirus at a multiplicity of infection of 0.3. Cells were selected
with puromycin for 7days followed by fluorescence-activated cell
sorting (FACS) based on their O-GIcNAcylation staining intensities. An
unsorted sample was used to assess sgRNA library coverage, and the
sorted RL2 high population was subjected to genomic DNA extraction.
The inserted sgRNA library was amplified by two steps of PCR for next-
generation sequencing. Each screen was performed twice. For data
analysis, reads from the fastq files generated by sequencing were tal-
lied for each guide by taking the first 20 bp from each read and map-
ping to the identical short gRNA sequence. For each screen, a table of
reads per guide that includes the counts from the RL2 high population
of both replicates was generated and loaded into MAGeCK*. Top
genes were determined based on their mean log, fold change, FDR,
and robust ranking aggregation (RRA) score.

Data download
The TCGA UCEC dataset used in this study, including the gene raw
count data (htseq-count files), and the annotated somatic simple

nucleotide variation files (MuTect2 VCF), were downloaded using the
gdc-client v1.6.0. The clinical OS and PFI information were obtained
from Liu et al.'®®,

RNA-seq and bioinformatic analysis

Total RNA was isolated from EC tissues, and libraries were generated
using the NEBNext UltraTM RNA Library Prep Kit (New England Biolabs)
for the Illumina system. Sequencing was conducted using the Illumina
Novaseq 6000 platform (Novogene). Trim Galore v0.6.4 was employed
to eliminate adapter sequences and remove reads of poor quality.
Subsequently, the reads from each RNA-seq data were aligned to the
hg38 genome assembly using STAR v2.7.2d. The key alignment para-
meters were set as follows: “-outFilterMismatchNoverLmax 0.04 --out-
SAMtype BAM SortedByCoordinate --outFilterMultimapNmax 500
--outMultimapperOrder Random --outSAMmultNmax 1. Gene expres-
sion was quantified using featureCounts v2.0.0. Heatmaps were created
using R package heatmap v1.0.12. Differential expression analysis was
conducted using the negative binomial distribution with the ‘DESeq’ and
‘results’ functions from DESeq?2, applying cut-off values of adjusted p-
value < 0.05 and |log, FC | > 1. All GSEA analyses presented in this study
were based on hallmark gene sets and performed using the R package
‘clusterProfiler’. The GO enrichment analysis was performed using the
function ‘enrichGO’ from the R package clusterProfiler v3.10.1'%.

Organoid single-cell analysis
EE-Os were treated with 10 mM TMG or vehicle control (0.1% DMSO).
Following treatment, the organoids were dissociated into single cells
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using TrypLE digestion, and the mixture was passed through a 40-um
cell strainer. The cells were then counted and viability assessed. Single-
cell suspensions (2 x 10° cells/mL) in PBS (HyClone) were loaded onto
microwell chip using the Singleron Matrix® Single Cell Processing
System. Barcoding beads were subsequently collected from the
microwell chip, followed by reverse transcription of the mRNA cap-
tured to obtain the cDNA. After PCR amplification, the amplified cDNA
was then fragmented and ligated with sequencing adapters. The
scRNA-seq libraries were constructed according to the protocol of the
GEXSCOPE® Single Cell RNA Library Kits (Singleron)?’. Individual
libraries were diluted to 4 nM, pooled, and sequenced on Illumina
Novaseq 6000 with 150 bp paired end reads. Raw reads were pro-
cessed to generate gene expression profiles using CeleScope v2.0.7
(Singleron) with default parameters. Briefly, barcodes and UMIs were
extracted from R1 reads and corrected. Adapter sequences and polyA
tails were trimmed from R2 reads and the trimmed R2 reads were
aligned to the hg38 transcriptome using STAR (v2.6.1b). Uniquely
mapped reads were then assigned to exons with featureCounts
(v2.0.1). Successfully assigned reads with the same cell barcode, UMI
and gene were grouped to generate the gene expression matrix.
Omicverse V1.5.4 was used for quality control, dimensionality reduc-
tion and clustering under Python 3.8. The following criteria were used
to filter the expression matrix: (1) cells with gene count <500 were
excluded; (2) cells detected genes <250 were excluded; (3) cells with
mitochondrial content >15% were excluded; (4) genes expressed in <3
cells were excluded. After filtering, 20,736 cells were retained for the
downstream analyses. The raw count matrix was normalized by total
counts per cell and logarithmically transformed into normalized data
matrix. The top 3000 highly variable genes were selected by setting
flavor = ‘seurat’. Principal Component Analysis (PCA) was performed
on the scaled variable gene matrix, and 50 principal components were
used for clustering and dimensional reduction. ‘Harmony was
employed to integrate samples. Cells were separated into 6 clusters
using Leiden algorithm with the resolution parameter at 0.25. Subse-
quently, omicverse was used to calculate the ranking of highly differ-
ential genes in each cluster to identify marker genes. Cell clusters were
visualized using Minimum-Distortion Embedding (mde). Cell types
were annotated based on the cell type auto-annotation tool SCSA, and
the known cellular markers from the literature®*~>'%11%; epithelial cells
(EPCAM, KRTS8, KRT18), stem cells (LGRS, SOX9, POUSFI, PROMI,
AXIN2), proliferative cells (MMP7, TOP2A, MKI67), ciliated cells (PIFO,
FOXJ1, TPPP3), pre-ciliated cells (CDC20B, DYDC2, CCNO), and inflam-
matory cells (/L4/1, IL32, SIO0A9, CD14, ILIRN). The O-GlcNAc-related
stem-like cells annotation was mainly based on the results of KEGG
pathway enrichment. The expression of markers used to identify each
cell type was visualized using a violin plot.

AUCell geneset enrichment analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were
collected and used as functional genesets for AUCell scoring. AUCell
scores of gene sets were visualized using sc.pl.embedding. p-values
from t-tests were used for estimating the statistical significance
between cell types and groups.

Statistical analysis

The experiments were conducted in at least three independent bio-
logical replicates, and the data were presented as mean = SD. If not
specified, the Student’s t-test was used to perform a statistical sig-
nificance test between different groups, and p <0.05 was considered
significant. Overall survival curves were estimated by the Kaplan-Meier
method and Cox proportional hazards model. All statistical and cor-
relation analyses were performed using the GraphPad Prism 8.0 soft-
ware (GraphPad Software) and SPSS 26.0 (SPSS Software).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study, including both RNA-seq
and scRNA-seq raw data, have been deposited in the Genome
Sequence Archive for Human (GSA) under the accession number
HRA007070. These raw data files can be accessed at https://download.
cncb.ac.cn/gsa-human/HRA007070. These data have been registered
with the Human Genetics Resource Office in China, with the registra-
tion number: 2024BAT00742. The sequencing raw data of the
genome-scale CRISPR knockout screen generated in this study have
been deposited in the Gene Expression Omnibus (GEO) database
under the accession code GSE287788. These data are publicly avail-
able. Source data are provided with this paper. All the other data are
available within the article and its Supplementary Information. Source
data are provided with this paper.

Code availability

The original code for the mathematical model of the virtual O-GIcNAc
index has been deposited in Zenodo (https://doi.org/10.5281/zenodo.
14292333).
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