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Metabolic reprogramming of tumor cells and the increase of glucose uptake is one of the hallmarks of cancer. In order to identify
metabolic pathways activated in leiomyosarcoma (LMS), we analyzed transcriptomic profiles of distinct subtypes of LMS in several
datasets. Primary, recurrent and metastatic tumors in the subtype 2 of LMS showed consistent enrichment of genes involved in
hexosamine biosynthesis pathway (HBP). We demonstrated that glutamine-fructose-6-phosphate transaminase 2 (GFPT2), the rate-
limiting enzyme in HBP, is expressed on protein level in a subset of LMS and the expression of this enzyme is frequently retained in
patient-matched primary and metastatic tumors. In a new independent cohort of 327 patients, we showed that GFPT2 is associated
with poor outcome of uterine LMS but not extra-uterine LMS. Based on the analysis of a small group of patients studied by '8F-FDG-
PET imaging, we propose that strong expression of GFPT2 in primary LMS may be associated with high metabolic activity. Our data
suggest that HBP is a potential new therapeutic target in one of the subtypes of LMS.
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INTRODUCTION

Cancer cells have altered metabolic pathways that support the
enhanced proliferation and growth'. Glucose metabolism generates
intermediates that can supply glycolysis and subsidiary pathways
including the hexosamine biosynthesis pathway (HBP), the pentose
phosphate pathway, and one-carbon metabolism, all of which
promote cancer cell growth? Increased consumption of glucose in
tumors can be evaluated by positron emission tomography (PET)
imaging of the uptake of a radioactive fluorine-labeled analog of
glucose, '8F-fluorodeoxyglucose (‘®F-FDG). This technology is
routinely used in the clinic for tumor diagnosis, staging, and
evaluation of response to treatment'.

Leiomyosarcoma (LMS) is a highly malignant tumor type
associated with poor prognosis®. LMS is defined by its smooth
muscle differentiation and accounts for 10-20% of all soft tissue
sarcomas>". Several gene expression studies have shown that LMS
tumors can be classified into three distinct transcriptomic
subtypes> 8. We previously described that subtype 1 of LMS is
associated with a muscle-enriched gene expression profile,
subtype 2 shows an association with undifferentiated pleo-
morphic sarcoma, and subtype 3 is strongly enriched in uterine
cases®. In the present study, we sought to explore the possible
differences in metabolic reprogramming between these three
molecular subtypes of LMS. We found a remarkable enrichment of
genes involved in the HBP in subtype 2 of LMS and focused on the
expression pattern and prognostic significance of glutamine-
fructose-6-phosphate transaminase 2 (GFPT2), the first and
rate-limiting enzyme in HBP. Activation of HBP leads to altered
O-GlcNAcylation and N-/O-glycosylation of transcription factors
and kinases in many types of cancer®'®. These aberrations may
lead to increased proliferation, invasion, metastasis, and survival of
tumor cells, and may be associated with resistance to therapy'"'%
Several studies have demonstrated that HBP is activated in a
number of cancers and that targeting of GFPT1/2 can provide

therapeutic benefit'>. In addition, GFPT2 has been associated with
poor prognosis and high glucose uptake in cells of mesenchymal
origin, i.e., in cancer-associated fibroblasts in lung adenocarci-
noma'®, but the activation of GFPT2 has not been investigated in
mesenchymal tumors.

RESULTS

Consistent enrichment of amino sugar and nucleotide sugar

metabolism genes in primary, recurrent, and metastatic LMS
In order to explore the possible metabolic reprogramming in LMS,
we interrogated transcriptomic profiles of tumors analyzed in four
independent studies published by Guo et al, Beck et al,
Chudasama et al., and by TCGA>"®. All of these studies classified
LMS tumors into three distinct subtypes based on their gene
expression profiles. In the present study, we performed Gene Set
Enrichment Analysis (GSEA) in distinct LMS subtypes defined in
these four datasets with the goal of identifying possible
differences in expression levels of 14 curated carbohydrate
metabolism gene sets that are cataloged in Kyoto Encyclopedia
of Genes and Genomes (KEGG)'>'®,

First, we re-analyzed 70 LMS tumors previously profiled by
3’-end RNA sequencing by our group (GSE45510)°. This cohort
included 52 primary tumors and 18 recurrent and metastatic
tumors that were assigned into three molecular subtypes
(Table 1)°. We performed GSEA on 35 tumors classified into
subtype 1 of LMS, 22 tumors classified into subtype 2, and 13
tumors classified into subtype 3. The two most significantly
enriched pathways were tricarboxylic acid (TCA) cycle and amino
sugar and nucleotide sugar metabolism in subtype 2 of LMS (false
discovery rate (FDR) equal 0.003 and 0.05, respectively) (Table 2)
(Fig. 1a). We also performed GSEA separately for primary and
recurrent/metastatic tumors in each subtype, and we found that
both primary and recurrent/metastatic tumors belonging to
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subtype 2 showed a consistent enrichment of genes involved in
these same two pathways, i.e., TCA cycle and the amino sugar and
nucleotide sugar metabolism (Supplementary Table 1). Subtype 1
of LMS in this dataset showed enrichment of genes involved in the
inositol phosphate metabolism in primary tumors (FDR = 0.1) but
not in recurrent/metastatic tumors (Supplementary Table 1). In
primary tumors classified as subtype 3, we found enrichment of
genes involved in ascorbate and aldarate metabolism and in
pentose and glucuronate interconversions (FDR equal 0.05 and
0.23, respectively), but the number of recurrent/metastatic tumors
from subtype 3 was insufficient to perform analogical analysis
(Supplementary Table 1).

Next, we performed GSEA in the gene expression datasets
published by Beck et al, Chudasama et al., and TCGA. We found
that amino sugar and nucleotide sugar metabolism was sig-
nificantly enriched in the cases assigned to subtype 2 in the study
of Chudasama et al. (FDR = 0.19) (Supplementary Table 2). Amino
sugar and nucleotide sugar metabolism was also the only gene set
identified by GSEA in subtype 2 of LMS described by Beck et al.,
but this result had a high FDR in this cohort (FDR=0.5)
(Supplementary Table 3). Remarkably, cases classified as subtype
2 of LMS in these three independent datasets published by Guo
et al., Chudasama et al., and Beck et al. were demonstrated to have
matching molecular profiles defined by overexpression of the
ARL4C marker>™. Amino sugar and nucleotide sugar metabolism

Table 1. Overview of patient demographics.
Stanford LMS Survival cohort Imaging cohort
subtypes cohort
Number of 70 327 16
patients
Median age at 56 (2-84) 52 (22-84) 63 (28-82)
diagnosis
(range)
Gender
Female 52 271 11
Male 18 53 5
Unknown 3
Location of
primary tumor
Uterine 34 163 3
Extra-uterine 35 164
Unknown 1 5
Grade
High 40 71 NA
Intermediate 14 29 NA
Low 16 3 NA
Unknown 224
NA not available.

genes that were significantly enriched in subtype 2 in these
independent datasets included the key enzymes of the HBP
(Figs. 1b and 3) (Supplementary Tables 4-7). The GFPT2 gene that
encodes the first and rate-limiting enzyme in HBP, was the top
enriched gene in the datasets of Chudasama et al.,, Beck et al,, and
in the recurrent and metastatic tumors in our dataset of 70 LMS
(Supplementary Tables 5-7).

Integrative consensus clustering performed by TCGA on
206 sarcoma specimens, including 80 LMS, defined distinct
subclusters of LMS, both in comparison with other sarcomas
and within LMS. However, we did not find enrichment of the
amino sugar and nucleotide sugar metabolism genes within the
LMS subclusters identified by TCGA®,

Next, we sought to confirm the overexpression of amino sugar
and nucleotide sugar metabolism genes in subtype 2 of LMS by
differential expression analysis. We performed multiclass differ-
ential expression analysis using SAMseq to identify genes
upregulated in subtypes 1, 2, and 3 in our dataset of 70 LMS.
We found 3584 genes significantly overexpressed in subtype 2
LMS compared to subtypes 1 and 3 (contrast>2, FDR < 0.05).
Among these genes that were significantly overexpressed in
subtype 2 of LMS, we identified 19 genes from the KEGG amino
sugar and nucleotide sugar metabolism gene set (Supplementary
Table 8) (Fig. 1b). In addition to the genes included in the KEGG
amino sugar and nucleotide sugar metabolism gene set,
differential expression analysis also showed that subtype 2 of
LMS significantly overexpresses OGT, a gene encoding glycosyl-
transferase that catalyzes the addition of the O-GIcNAc in
posttranslational modification of proteins as a result of HBP
activation (Fig. 3).

Validation of GFPT2 protein expression in subtype 2 of LMS

GFPT2 is the first and rate-limiting enzyme in HBP and it was the
top enriched gene in this pathway in our recurrent and metastatic
specimens, and in the datasets of Chudasama et al. and Beck et al.,
thus we further focused on its possible role in LMS. The GFPT2
protein has a relatively short half-life of less than an hour and it
has been proposed that its levels appear to be regulated mainly
by gene expression'’. In order to validate overexpression of GFPT2
on the protein level in one of the molecular subtypes of LMS, we
performed immunohistochemistry (IHC) with a monoclonal anti-
body against GFPT2 on 59 of the 70 tumor specimens that had
been used for the transcriptomic analysis (Fig. 1b). LMS tumors
were scored as strongly positive, weakly positive, or negative for
cytoplasmic expression of GFPT2 and representative stains are
shown in Fig. 2. LMS tumors that expressed GFPT2 protein had
higher expression levels of GFPT2 transcript compared to the
tumors that did not express GFPT2 protein [one-way ANOVA test
p value =0.0004, F(2, 56) =8.95] (Fig. 1c). GFPT2 protein was
expressed in the majority of subtype 2 LMS cases (86%, 19/22)
compared to 35% (9/26) and 45% (5/11) cases of subtypes 1 and 3,
respectively (Fig. 1b) (Table 3). The majority of the cases with
strong expression of GFPT2 were classified into subtype 2 of LMS
(7/9 cases) (Fig. 1b). These observations confirm that LMS with

Table 2. Gene Set Enrichment Analysis of KEGG metabolic pathways in 70 LMS classified into three molecular subtypes.
Gene set name ES NES FDR Number of genes in core enrichment
Subtype 1 KEGG Inositol phosphate metabolism 0.49 1.56 0.22 28/54
Subtype 2 KEGG Citrate cycle, TCA cycle 0.65 1.84 0.003 16/30
Subtype 2 KEGG Amino sugar and nucleotide sugar metabolism 0.53 1.58 0.05 28/43
Subtype 2 KEGG Glyoxylate and dicarboxylate metabolism 0.50 1.33 0.23 7/16
Subtype 3 KEGG Ascorbate and aldarate metabolism 0.49 1.379 0.16 15/25
ES enrichment score, NES normalized enrichment score, FDR false discovery rate.
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Fig. 1 Expression of hexosamine biosynthesis pathway genes and prognostic significance of GFPT2 in LMS. a Enrichment plot for the
KEGG Amino sugar and nucleotide sugar metabolism gene set in subtype 2 of LMS. Profile of the running Enrichment Score and positions of
gene set members on the rank ordered list. b Supervised clustering of 59 LMS based on expression levels of the 19 genes involved in the
amino sugar and nucleotide sugar metabolism that are significantly overexpressed in subtype 2 of LMS compared to subtypes 1 and 3. Genes
in red font encode three enzymes of hexosamine biosynthesis pathway. Gene expression values were normalized using variance stabilizing
transformation, followed by row centering and row scaling. GFPT2 and c-Myc protein expression, transcriptomic subtype, tumor type and
location of the primary tumor are indicated for each specimen in the top panel (IHC immunohistochemistry, P primary tumor, R local
recurrence, M distant metastasis). ¢ Correlation between the levels of GFPT2 mRNA and protein expression in 59 LMS tumors. Gene expression
was normalized using variance stabilizing transformation (the plot represents median normalized gene expression values with 95%
confidence intervals). d, e Correlation between the overall survival and GFPT2 protein expression determined by immunohistochemistry in
patients with uterine and extra-uterine LMS (HR hazard ratio). Tumors with weak or strong expression of GFPT2 were classified as “GFPT2
positive” (red line) as opposed to “GFPT2 negative” tumors (blue line). Censored observations are indicated on the Kaplan—-Meier curves with a
cross. f Consistency of GFPT2 protein expression or lack of expression between primary and metastatic tumors in 37 patients (P primary
tumor; M1, M2, M3 metastatic tumors; asterisk indicates two metastatic tumors removed at the same time).
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Fig. 2 Histologic appearance of three high grade LMS cases with different patterns of cytoplasmic expression of GFPT2 and nuclear
expression of c-Myc. The first row shows representative H&E and immunohistochemical staining in LMS that lacks GFPT2 and c-Myc
expression. The second row shows LMS with weak cytoplasmic expression of GFPT2 and a concordant weak nuclear expression of c-Myc in
~5% of cells. The third row demonstrates LMS with strong cytoplasmic expression of GFPT2 and a concordant strong nuclear expression of
c-Myc in ~30% of cells. Total magnification x600. (H&E hematoxylin and eosin).

Table 3. Expression of GFPT2 and c-Myc proteins in transcriptomic
subtypes of LMS.

Subtype 1 Subtype 2 Subtype 3 Two-sided Chi-square
LMS LMS LMS test p value
GFPT2 9 19 5 0.001
(+)
GFPT2 17 3 6
(=)
c-Myc 5 13 1 0.003
(+)
c-Myc 20 9 10

=)

elevated GFPT2 mRNA levels showed increased levels of this
enzyme also on protein level, and that the expression of GFPT2
protein is enriched in subtype 2 of LMS.

GFPT2 expression is associated with poor outcome in uterine
LMS

We evaluated the prognostic relevance of GFPT2 protein
expression in the primary untreated tumors in a separate cohort
of 327 patients with localized disease at the time of diagnosis (163
uterine and 164 extra-uterine LMS, with a median follow up time
of 34 months, range: 1-475 months). In this cohort, 26% (84/327)
of tumors expressed GFPT2 (showing either weak or strong
expression). GFPT2 expression was predictive of poor overall
survival in patients with uterine LMS (hazard ratio = 2.5, 95% Cl =
1.1-5.8, Mantel-Cox log-rank test p value =0.03) but was not
associated with clinical outcome in extra-uterine LMS (hazard
ratio = 1.3, 95% Cl = 0.65-2.4, Mantel-Cox log-rank test p value =
0.5) (Fig. 1d, e). Among the uterine tumors, 113 were negative and
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50 were positive for GFPT2 protein expression. In the extra-uterine
cases, 130 were negative and 34 were positive for GFPT2 protein
expression (Fig. 1d, e).

We sought to validate these results in the independent cohort
of 80 patients with GFPT2 mRNA levels measured by RNA-seq in
primary LMS included in the TCGA dataset (27 uterine and 53
extra-uterine LMS, with a median follow up time of 37 months,
range: 1-174 months)®. We divided patients into two groups with
tumors showing low expression of GFPT2 (16 LMS with GFPT2
RSEM values below 20th percentile) and high expression of GFPT2
(64 LMS with GFPT2 RSEM values above 20th percentile). Even
though the TCGA dataset was composed of over four-fold lower
number of specimens compared to our survival cohort, there was
a trend for association between high expression of GFPT2 and
worse overall survival in the whole cohort of 80 patients (hazard
ratio = 2.5, 95% Cl = 1.1-5.8, Mantel-Cox log-rank test p value =
0.073 and Gehan-Breslow-Wilcoxon test p value = 0.04) and also
in the limited number of 27 patients with uterine LMS when
analyzed separately from extra-uterine LMS (Mantel-Haenszel
hazard ratio = 3.55, 95% Cl = 0.87-14.49, Mantel-Cox log-rank test
p value = 0.078) (Supplementary Fig. 1).

Consistency of GFPT2 expression in primary tumors and
relapse

We showed that HBP genes were enriched in primary, recurrent,
and metastatic tumors in a subset of LMS. Next, we sought to
evaluate whether this pattern is retained on the protein level in
individual patients during disease progression. We used tissue
microarrays (TMAs) that contained primary tumor and at least
one patient-matched distant metastasis or local recurrence for 37
LMS patients (range: 1-3 metastatic tumors per patient) (Fig. 1f).
Almost all of these patient-matched primary and metastatic
tumors were excised at different time points. Among the 11
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patients that showed GFPT2 expression in the primary tumor, 64%
(n=7) demonstrated concordant expression of GFPT2 in at least
one metastatic tumor (Fig. 1f). For the 26 patients lacking GFPT2
expression in the primary tumor, 77% (n = 20) also did not express
GFPT2 in any of the examined metastatic tumors (Fig. 1f). The
most frequent location of metastasis was in the lungs and 82%
(23/28) of lung metastases showed the same pattern of GFPT2
expression as the primary tumor. These results demonstrate the
consistency of GFPT2 protein expression in most of patient-
matched primary and metastatic/recurrent tumors.

GFPT2 expression may be correlated with increased glucose
uptake in primary LMS

Overexpression of GFPT2 was previously associated with
increased glucose uptake in cancer-associated fibroblasts in lung
adenocarcinoma as evaluated by imaging'®. We assembled an
independent cohort of 16 patients who had undergone 'F-FDG-
PET imaging (3 patients with primary tumors and 13 patients with
metastatic or recurrent tumors) and performed IHC for GFPT2
expression on the same tumors that were analyzed by imaging.
Observations from the three primary LMS tumors indicate that
GFPT2 expression levels appear to be correlated with glucose
uptake (Table 4). A para-rectal LMS tumor with strong expression
of GFPT2 protein had a very high glucose consumption expressed
as the maximum standardized uptake value (SUV,=63)
(Fig. 4a). The other two primary tumors were negative for GFPT2
protein expression and presented with a low metabolic activity
(SUVhax Of 4.3 and 4.4) (Fig. 4b). In contrast, in metastatic and
recurrent LMS tumors we did not observe the association
between the expression of GFPT2 protein and elevated SUV ay.
Ten metastatic and recurrent tumors that did not express
GFPT2 showed a median SUV,,ax of 12 (range: 2.8-32.6), while
three metastases that expressed GFPT2 had a lower median
SUV hax Of 3.3 (range: 2.5-8) (Table 4).

Activation of HBP may stabilize c-Myc in subtype 2 of LMS

HBP is responsible for the production of a key substrate for protein
glycosylation, UDP-GIcNAc (Fig. 3). Glycosylation may stabilize
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selected transcription factors in cancer cells and lead to an
increased expression of their target genes'®. Thus, we sought to
identify the potential targets of altered glycosylation that may be
specific for subtype 2 LMS tumors. We performed GSEA using 570
gene sets curated in MSigDB collection C3 TFT (regulatory target
gene sets with all transcription factor targets)'®. Through this
analysis, we identified significant enrichment of target genes
regulated by 21 known transcription factors in subtype 2 of LMS
(FDR < 0.25) (Supplementary Table 9).

Next, we sought to identify if any of these 21 transcription
factors are known to be regulated by glycosylation. We queried
two databases with curated posttranslational modifications in
human proteins: PhosphoSitePlus'® that catalogs known O-GIcNAc
sites in 169 human proteins, and the iPTMnet database®® that
contains curated information of O-glycosylation sites in 159
human proteins and N-glycosylation sites in 1059 in human
proteins. Among the 21 transcription factors for which we
identified a significant enrichment of their target genes in subtype
2 of LMS, c-Myc is known to be posttranslationally modified by O-
GlcNAcylation at threonine 58'°. By GSEA, we identified significant
enrichment of as many as 117/248 genes of the "MYCMAX_03"
gene set in subtype 2 of LMS (FDR = 0.23, Supplementary Tables 9
and 10), which suggests the activation of c-Myc oncoprotein in
this subtype of LMS. We hypothesize that this may be an effect of
c-Myc stabilization by O-GIcNAc modification, sustained by the
activated HBP in these tumors (Fig. 3).

In order to validate expression of c-Myc on the protein level in
subtype 2 of LMS, we performed IHC with a monoclonal antibody
against c-Myc on 58 of the 59 tumor specimens that had been
used for the transcriptomic analysis and GFPT2 protein expression
analysis (Fig. 1b). LMS tumors were scored as strongly positive,
weakly positive or negative for nuclear expression of c-Myc and
representative stains are shown in Fig. 2. Overall, strong or weak
expression of c-Myc was observed in 17/33 tumors that expressed
GFPT2 protein and only in 2/25 tumors that did not express GFPT2
protein (Table 5). The majority of tumors that did not express
GFPT2 also did not express c-Myc (23/25 tumors) (Fig. 1b)
(Table 5). Tumors that did not express c-Myc but were positive
for GFPT2 expression, showed predominantly weak expression of

Table 4. Maximum standardized uptake value (SUV,,,,) and GFPT2 protein expression in 16 LMS patients.
Tumor location  Primary/metastatic/recurrent tumor Age [years] Gender Tumor size [cm] SUViax GFPT2 protein expression
Rectal muscle  Primary 28 Male 7 63.0 [superior mass®]  Positive®
74 69.0 [inferior mass]
Vena cava Primary 61 Female 6 44 Negative
Vena cava Primary 76 Female 3.5 43 Negative
Abdomen Metastatic 49 Female 13 8.0 Positive
Liver Metastatic 65 Female 1.3 33 Positive
Lung Metastatic 59 Female 1 25 Positive
Liver Metastatic 69 Female 3 326 Negative
Femur Recurrent 68 Female 4 22.2 Negative
Lung Metastatic 36 Female 1.2 21.8 Negative
Omentum Metastatic 54 Female 6 17.0 Negative
Liver Metastatic 64 Male 2.5 15.5 Negative
Liver Metastatic 71 Male 14 8.5 Negative
Abdomen Metastatic 61 Female 15.7 5.9 Negative
Liver Metastatic 58 Male NA 5.6 Negative
Gluteus Metastatic 82 Female 2 39 Negative
Vena cava Recurrent 70 Male 1.7 2.8 Negative
NA not available.
Indicates that GFPT2 expression was evaluated in the superior mass.
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Fig.3 Proposed model of the hexosamine biosynthesis pathway activation in subtype 2 of LMS. Enzymes encoded by the genes that are
significantly overexpressed in subtype 2 of LMS are highlighted in red. Figure created with BioRender.com. (HK1/2/3 hexokinases 1/2/3,
GPI glucose 6-phosphate isomerase, GFPT1/2 glutamine:fructose-6-phosphate transaminase 1 and 2, GNPNAT1 glucosamine-6-phosphate

N-acetyltransferase, PGM3 phosphoacetylglucosamine mutase, UAP1

UDP-N-acetylhexosamine pyrophosphorylase 1, GALE UDP-N-

acetylgalactosyl (or UDP-galactosyl)-4 epimerase, OGT O-GIcNAc transferase).

GFPT2 (weak expression of GFPT2 was observed in 15/16 cases
negative for c-Myc and only 1/16 cases negative for c-Myc has
strong expression of GFPT2). In addition, expression of c-Myc
protein was significantly associated with subtype 2 of LMS (Chi-
square test two-sided p value =0.003) (Table 3). Among the 19
cases that expressed c-Myc, 68% (n = 13) belonged to subtype 2,

npj Genomic Medicine (2021) 30

26% (n=15) belonged to subtype 1, and 5% (n = 1) belonged to
subtype 3 of LMS. In contrast, tumors that did not express c-Myc
were classified mostly as subtype 1 and 3 (51% and 26%,
respectively). These results show that the expression of c-Myc in
LMS is significantly associated with subtype 2 of LMS and with the
expression of GFPT2 protein.

Published in partnership with CEGMR, King Abdulaziz University



A. Tolwani et al.

npj

<>CT FUSION Axial B [WB 3D WIAG Avial

10853
M35

D om DFOVAS 8am

S
D &y

=)

-

33

Not validated
S.9mm/S.8sp

VESRR] | m=0.00 ¥=10.00gimi

A21G WB 30 MAC 3D

I— L]

DFOV20.4am

o
=)
PR

Novol

5.9mm/s.35p

P2# v=1.11] (8

=

P

Fig. 4 '®F-FDG-PET images of two LMS patients with tumors showing different patterns of expression of GFPT2. a The superior para-rectal
mass (5.6 x 7.0 cm) with SUV,,., of 63 and strong expression of GFPT2. b The 3.5cm mass in vena cava with SUV,,,, of 4.3 and lacking
expression of GFPT2. Left panel: fused image, trans-axial view; middle panel: PET image, trans-axial view; right panel: total-body maximum

intensity projection image.

Table 5. Correlation between cytoplasmic expression of GFPT2 and
nuclear expression of c-Myc in 58 LMS cases.

c-Myc (+) c-Myc (-) Two-sided Fisher’s exact test
p value
GFPT2 (+) 17 16 0.0006
GFPT2 () 2 23
DISCUSSION

The growth and proliferation of cancer cells is dependent on the
reprogramming of cell metabolism. Our findings indicate that the
genes involved in the HBP are consistently enriched in primary,
recurrent, and metastatic tumors assigned to subtype 2 of LMS in
three independent gene expression studies. Importantly, these
independent transcriptomic datasets were generated using three
distinct technologies (3SEQ, whole transcriptome RNA-Seq, and
microarrays), thus our analysis provides a cross-platform validation
of the HBP activation in one of the subtypes of LMS. Activation of
the genes involved in glucose metabolism utilized for the
synthesis of hexosamines is a novel finding in LMS.

The first and rate-limiting step of the HBP is catalyzed by
glucose transporter proteins encoded by two highly homologous
genes GFPT1 and GFPT2, which convert fructose-6-phosphate to
glucosamine-6-phosphate (Fig. 3). In the next steps, glucosamine-
6-phosphate is further metabolized until it becomes converted
into uridine diphosphate N-acetylglucosamine (UDP-GIcNACc)
(Fig. 3). UDP-GIcNAc can be utilized by two principal processes:
(1) O-GlcNAcylation, which is a single sugar conjugation, catalyzed
by O-GIcNAc transferase (OGT), and (2) O- and N-linked
glycosylation leading to complex sugar conjugates on target
proteins®'?2, Increased flux of glucose into HBP leads to altered
O-GlcNAcylation and N-/O-glycosylation, which in turn interferes
with stability and interactions of key transcription factors, kinases,
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and cytoplasmic enzymes in many types of cancer®'®. These
modifications regulate protein functions in several cancer-
associated processes, including increased proliferation, invasion,
metastasis, and survival of tumor cells, and may be associated with
resistance to therapy''"'2. In the present study we show that LMS
tumors with high expression of genes implicated in HBP also show
enrichment of multiple genes regulated by c-Myc, a transcription
factor and oncoprotein that is known to be stabilized by O-
GlcNAcylation. Through the transcriptomic analysis and validation
by IHC, we show a correlation between expression of GFPT2 and
c-Myc in a subset of LMS. Based on these preliminary findings we
hypothesize that the activation of HBP may potentially stabilize
c-Myc through O-GIcNAcylation in subtype 2 of LMS. This may
lead to altered gene transcription in these tumors, but these
results warrant further confirmation. c-Myc is widely recognized as
a potent oncoprotein in human tumors. c-Myc heterodimerizes
with MAX and regulates gene transcription in cell proliferation, cell
differentiation, and programmed cell death?*. c-Myc is modified
by O-linked N-acetylglucosamine (O-GIcNAc) at threonine 58,
which is also a known phosphorylation site of this protein?. This
posttranslational modification is catalyzed by OGT and the gene
encoding the OGT enzyme was also significantly overexpressed in
subtype 2 of LMS. Stabilization of c-Myc as a consequence of
activation of HBP and O-GIcNAc modification has been demon-
strated, e.g., in prostate cancer cells**. Nevertheless, c-Myc may
not be the only target of HBP activation in LMS. In the present
study, based on the gene expression profiles of LMS, we
attempted to identify possible transcription factors that may be
affected by aberrant glycosylation. However, glycosylation may
also regulate the function of other proteins relevant for
oncogenesis, including protein kinases and oncogenes. In the
present study we found overexpression of genes encoding several
enzymes of HBP, and the enzymes involved in N- and O-linked
glycosylation downstream of this pathway (including OGT and
GALE). Thus, we hypothesize that there may be a broader
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spectrum of oncogenic factors that show aberrant glycosylation in
subtype 2 of LMS that warrant further studies.

In this study we report a frequent expression of GFPT2 and
c-Myc proteins in subset 2 of LMS (Table 3). We sought to
determine whether the genes encoding these proteins are known
to be affected in LMS by any genomic aberrations that may
contribute to their increased expression on mRNA and protein
level. According to the data available from 80 primary LMS
included in the TCGA study (accessed on cBioPortal on 12/01/
2020), there were no somatic mutations in the GFPT2 gene, and
amplification of GFPT2 was detected only in 1/80 (1.3%) of these
LMS tumors. In addition, the MYC gene was not affected by any
somatic mutations in these cases either, and was amplified only in
3/80 (4%) of LMS. Therefore, we conclude that the expression or
increased activity of GFPT2 or c-Myc in LMS is not regulated by the
activating mutations or increased copy number of these genes,
and that there are different mechanisms underlying the activation
of these proteins in a subset of LMS.

Based on the gene expression analysis, we identified the
enrichment of GFPT2 expression and other genes of HBP in
subtype 2 of LMS. Among the 22 cases classified as subtype 2 of
LMS in our study, there were 13 uterine tumors and 9 extra-uterine
tumors®. However, in the survival analysis, we demonstrate that
the expression GFPT2 protein is associated with poor clinical
outcome in patients with uterine LMS and not in extra-uterine
LMS. These results indicate that the activation of HBP in subtype 2
of LMS may have a different effect on the clinical outcome
depending on the site of the tumor. This observation warrants
further studies in LMS with molecular subtype classification and
clinical outcome available.

Given that the future functional studies would confirm the
activation of the HBP and stabilization of c-Myc by O-
GlcNAcylation in a subset of LMS, these findings may potentially
have therapeutic implications in this disease. Targeting O-
GlcNAcylation and N-/O-glycosylation in cancer may either directly
inhibit cell invasion and tumorigenicity both in vitro and in vivo, or
modulate sensitivity to chemo-, radio- and immunotherapy'%'3. O-
GlcNAcylation may be reduced in cancer cells either through small
molecule inhibitors of OGT or through inhibitors mimicking UDP-
GlcNAc, the substrate of OGT*>?. For example, a small molecule
inhibitor of OGT, called ST045849, leads to loss of c-Myc activity
and cell death in prostate cancer cells when used in combination
with alanine amido-transferase inhibitors?’. Inhibition of OGT has
been also demonstrated to synergize with GDC-0941 PI3K
inhibitor in multiple cancer cell lines®®. Inhibition of N-
glycosylation affects protein folding and may lead to reduced
activity of receptor tyrosine kinases, such as EGFR, ERBB2, IGF1R,
and MET'®. For example, tunicamycin is an inhibitor of N-
glycosylation that affects cell invasion, tumor-induced angiogen-
esis, and sensitivity to chemo- and radiotherapy both in vitro and
in vivo in multiple cancer models'®. Also, selective inhibition of O-
glycosylation was demonstrated to induce apoptosis in selected
in vitro models of cancer®. Targeting tumor-intrinsic hexosamine
biosynthesis by direct inhibition of GFPT1/2 by a small molecule
glutamine analog (6-diazo-5-oxo-I-norleucine, DON) was recently
shown to sensitize pancreatic cancer to anti-PD1 therapy and to
result in tumor regression and prolonged survival'>. This strategy
may be also considered in LMS to increase the currently limited
efficacy of immunotherapy in this disease. Evaluation of ther-
apeutic strategies targeting O-GlcNAcylation and N-/O-glycosyla-
tion in the preclinical models of LMS warrants further studies. A
different approach to metabolism-modulating therapy, based on
arginine deprivation, has recently showed promising results in
preclinical models of LMS3°732,

Metabolic reprogramming of tumor cells is often associated with
an increased glucose consumption. This can be measured by the
SUV,ax based on the "8F-FDG PET images of the tumor. Only a few
small published series evaluated metabolic activity of LMS using
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'8FE-FDG PET. In a series of 38 primary LMS, Punt et al. demonstrated
that SUV,,,ax was associated with tumor grade and tumor size, but
not with anatomic location®*. Another series published by
Macpherson et al. showed comparable SUV,,a in 14 uterine and
54 extra-uterine LMS®“. In a separate study focused only on uterine
LMS, an increased SUV,m,x Was prognostic of poor survival®>. In that
study, in a univariate Cox model based on 19 patients with uterine
LMS, SUVhax Was the only factor that was significantly correlated
with overall survival, as opposed to 8 other variables®>. These
findings correlate with our observation that elevated expression of
GFPT2, a mediator of metabolic reprogramming linked with
increased glucose uptake, is associated with poor outcome in
uterine LMS. In our small imaging cohort we did not have SUV,«
available from any uterine LMS. Based on a limited number of extra-
uterine cases, we propose that overexpression of GFPT2 may be
potentially associated with increased glucose uptake in primary
LMS. However, this observation needs to be confirmed by further
studies in a larger cohort of patients analyzed by '8F-FDG PET with
corresponding LMS tumor specimens available for molecular
studies that would allow testing this hypothesis.

Kusunoki et al. demonstrated an increased metabolic activity as
measured by SUV,,, in uterine LMS compared to benign uterine
leiomyomas, and it has been proposed that '®F-FDG PET imaging
may help in preoperative distinction between these tumors®%3’,
Uterine leiomyomas may indeed have substantially lower meta-
bolic activity also as measured by the GFPT2 protein expression.
TMAs that we analyzed in the present study included cores from
four uterine leiomyomas, all of which were negative for GFPT2
expression (data not shown).

In summary, we discovered a significant enrichment of genes
involved in HBP in subtype 2 of LMS in three independent
datasets. The activation of HBP, and more specifically, high
expression of GFPT2, is a novel observation in LMS. Through
evaluation of several independent cohorts of LMS patients, we
demonstrated the prognostic value of GFPT2 expression in
primary uterine tumors, we showed the consistency of GFPT2
expression in disease progression and found a possible associa-
tion between GFPT2 expression and glucose uptake measured by
'8E-FDG PET in primary LMS. We propose c-Myc as a possible
protein stabilized by O-GIcNAcylation as a result of the activated
HBP in subtype 2 of LMS. Overall, our findings suggest subtype-
specific metabolic reprogramming in LMS and suggest that HBP
may be a potential new therapeutic target in these tumors.

METHODS
Patients

In this study, we analyzed three independent cohorts of LMS patients
(Table 1):

(1) Stanford LMS subtypes cohort: we used gene expression data
obtained from a previously published cohort of 99 LMS (GSE45510)°.
Seventy of these 99 specimens were previously classified into
distinct transcriptomic subtypes (35, 22, and 13 patients classified
into subtypes 1, 2, and 3, respectively) based on Consensus
Clustering and positive silhouette value. Cores from formalin fixed
paraffin embedded (FFPE) tissue specimens from 59/70 of these
patients were included on TMA TA-381. We performed the
validation of selected findings from this cohort by re-analyzing the
previously published LMS datasets>’.

(2) Survival analysis cohort: we assembled a new cohort of 327 patients
with primary LMS that presented with localized disease and had
clinical follow up available. This cohort consisted of cases collected by
the Leiomyosarcoma Direct Research Foundation (LMSdr) and
deposited in LMS Paraffin Tissue Bank at Stanford University (n=
179), cases collected at Stanford (n =91), and cases collected at MD
Anderson Cancer Center (n=57). Cores from FFPE tissue specimens
from these patients were included on TMAs TA-201 (cases from
Stanford), TAs-464-466 (cases collected by LMSdr), and TAs-541-548
(cases from MD Anderson Cancer Center). From 37 patients in this
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survival analysis cohort, there were multiple tumor specimens available
on TMAs (from primary, local recurrence, and/or distant metastatic
tumors). These specimens were used to evaluate the consistency of
GFPT2 protein expression in primary tumors and relapse.

(3) Imaging cohort: we identified 16 patients from whom the archival
material from tumors analyzed by '®F-FDG-PET imaging was available.
For these patients, we examined whole sections of the FFPE tumor or
biopsy material by IHC.

The study was approved by the Institutional Review Boards of Stanford
University and MD Anderson Cancer Research Center. This study used
archival material for which waiver of consent was granted from the
Institutional Review Boards.

Gene expression analysis

GSEA was performed using GSEA Mac App (version 4.0.3)'°. GSEA was
performed using weighted enrichment statistic, 1000 permutations and
the time stamp as the seed value. Fourteen gene sets representing
carbohydrate metabolism pathways that are curated in KEGG database
(accessed on 03/05/2020) and C3 TFT collection curated in MSigDB were
used for GSEA'>"®. A FDR <0.25 was used to identify significantly enriched
gene sets, as recommended in the GSEA manual. GSEA with the same
settings was also applied to the datasets of LMS cases published by
Chudasama et al., Beck et al, and by TCGA>”®, The enrichment plot in
Fig. 1a was generated using replotGSEA function from the Rtoolbox
package in R (version 3.6.1) (package accessed from https://github.com/
PeeperLab/Rtoolbox on 12/07/2020).

Correlation between GFPT2 gene expression levels and GFPT2 protein
expression was performed using mRNA read counts normalized with
variance stabilizing transformation from DESeq2 package (version 1.24.0)*,
Multiclass differential expression analysis was performed in R (version 3.6.1)
with the samr package (version 3.0)*°. SAMseq function from samr package
was applied to raw read counts generated with 3’-end sequencing from 70
LMS tumors previously assigned to three molecular subtypes (GSE45510)°.
Genes overexpressed in each subtype of LMS at contrast >2 compared to
the other groups, and FDR < 0.05 were identified in each group (with default
settings and seed value for SAMseq = 1,234,567).

Immunohistochemistry

Histopathological examination was performed on TMAs constructed from
FFPE tissues (for the Stanford LMS subtypes cohort and the survival
cohort), and on the whole sections of the tumor or biopsy material (for the
imaging cohort). Sections (5 pum) were used for routine hematoxylin and
eosin staining, and for IHC staining by avidin-biotin-peroxidase complex
method. Expression of GFPT2 and c-Myc was evaluated using the following
antibodies: for GFPT2, we used the recombinant rabbit monoclonal
antibody [EPR19095] diluted 1:50 (catalog number ab190966, Abcam,
Cambridge, UK) with citrate buffer pH =6 for antigen retrieval; for c-Myc,
we used the recombinant rabbit monoclonal antibody [Y69] diluted 1:100
(catalog number ab32072, Abcam, Cambridge, UK) with the BOND Epitope
Retrieval solution 2 pH =9 (catalog number AR9640, Leica) for antigen
retrieval. Appropriate positive and negative controls were run in parallel.
Stained TMA slides were scanned into the Stanford Tissue Microarray
Database (TMAD). Staining intensity was scored qualitatively and classified
into three categories for cytoplasmic GFPT2 expression and nuclear c-Myc
expression: negative, weak, and strong.

Among the 202 cases with duplicate cores available on TMAs stained for
GFPT2, we observed uniform expression of this protein in 190 (94%) of cases.
Among the 12 cases with different scores between duplicate cores,
9 cases showed strong expression of GFPT2 in one core and weak expression
in the other core, and 3 cases showed weak expression in one core and did
not express GFPT2 in the other core. All discordant cases belonged to the
survival cohort. For the purpose of the survival analysis, the three tumors
with GFPT2 expression observed in only one of the cores were classified as
positive for GFPT2 expression, and LMS cases with weak and strong
expression of GFPT2 were grouped together as the “GFPT2 positive” cases.
Images of stained TMAs are available to the public on TMAD website at
https:/tma.im (for TA-201, TA-381, TAs-464-466, and TAs-541-548).

Evaluation of glucose uptake by '®F-FDG-PET

The images were acquired using GE model 600 PET-CT scanner at Stanford
University Medical Center. Maximum standard uptake values (SUV,,) were
extracted from retrospective routine diagnostic reports from '8F-FDG-PET
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imaging. SUVpmax values were defined as the ratio of '8F-FDG uptake per
unit volume of the region of interest to the uptake per unit volume of the
whole body. For descriptive purposes, the SUV,,.x of metabolically active
tissues was reported in g/ml. Information from diagnostic surgical
pathology reports was used to ensure that GFPT2 protein expression was
evaluated in the tumor specimen matching with the imaging report.

Statistical methods

For contingency analyses, we combined the groups with weak and strong
expression of GFPT2 protein in order to meet the requirements of these
statistical tests (minimum of one sample per group and at least 20% of the
expected values are greater than 5). p values have been computed using
Fisher's exact test for 2 x 2 contingency tables and using Chi-square test
for contingency tables larger than 2 x 2, using GraphPad Prism software
version 8.3.

Comparison of mean mRNA expression values of GFPT2 between the
tumors with strong, weak and no expression of GFPT2 protein was
performed by ordinary one-way ANOVA test using GraphPad Prism
software version 8.3.

Survival analysis was performed using GraphPad Prism software version
8.3. Risk groups were defined as negative for GFPT2 expression and
positive for GFPT2 expression (either weak or strong expression). The
Mantel-Cox log-rank test was used to calculate the p value, hazard ratio,
and 95% confidence interval of the ratio. Kaplan-Meier curves in Fig. 1d, e
and in Supplementary Fig. 1 were plotted in R using survival and survminer
packages in R (version 3.6.1).

Reporting summary

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

DATA AVAILABILITY

Four transcriptomic datasets used in this study are publicly available in the following
repositories: gene expression microarray data from 51 LMS published by Beck et al. is
available in the Gene Expression Omnibus under accession number GSE17555%; 3SEQ
gene expression data from 99 LMS published by Guo et al. is available in the Gene
Expression Omnibus under accession number GSE45510°; whole transcriptome RNA-
Seq data from 37 LMS published by Chudasama et al. is available in the European
Genomephenome Archive under accession number EGAS000010024377, and whole
transcriptome RNA-Seq data from 80 LMS included in the TCGA SARC project is
available in the Genomic Data Commons (https:/gdc.cancer.gov)®. Images of stained
tissue microarrays are available to the public on TMAD website at https://tma.im (for
TA-201, TA-381, TAs-464-466, and TAs-541-548).

CODE AVAILABILITY

R packages used in this study (R version 3.6.1): survival (version 3.2-7), survminer
(version 0.4.8), samr (version 3.0), DESeq2 (version 1.24.0), Rtoolbox (version 1.4).
Software used in this study: GraphPad Prism software version 8.3, GSEA version 4.0.3.

Received: 30 September 2020; Accepted: 19 March 2021;
Published online: 03 May 2021

REFERENCES

1. Pavlova, N. N. & Thompson, C. B. The emerging hallmarks of cancer metabolism.
Cell Metab. 23, 27-47 (2016).

2. DeBerardinis, R. J. & Chandel, N. S. Fundamentals of cancer metabolism. Sci. Adv.
2, 1600200 (2016).

3. George, S., Serrano, C., Hensley, M. L. & Ray-Coquard, I. Soft tissue and uterine
leiomyosarcoma. J. Clin. Oncol. 36, 144-150 (2018).

4. Lazar, A, Evans, H. L. & Shipley, J. in WHO Classification of Tumours of Soft Tissue
and Bone (eds Fletcher, C. D. M,, Bridge, J. A, Hogendoorn, P. C. W. & Mertens F.)
111-113 (IARC, 2013).

5. Beck, A. H. et al. Discovery of molecular subtypes in leiomyosarcoma through
integrative molecular profiling. Oncogene 29, 845-854 (2010).

6. Guo, X. et al. Clinically relevant molecular subtypes in leiomyosarcoma. Clin.
Cancer Res. 21, 3501-3511 (2015).

7. Chudasama, P. et al. Integrative genomic and transcriptomic analysis of leio-
myosarcoma. Nat. Commun. 9, 144 (2018).

npj Genomic Medicine (2021) 30


https://github.com/PeeperLab/Rtoolbox
https://github.com/PeeperLab/Rtoolbox
https://tma.im
https://gdc.cancer.gov
https://tma.im

np)

A. Tolwani et al.

10

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Cancer Genome Atlas Research Network. Comprehensive and integrated geno-

mic characterization of adult soft tissue sarcomas. Cell 171, 950-965 (2017).

. Hanover, J. A, Chen, W. & Bond, M. R. O-GIcNAc in cancer: an oncometabolism-

fueled vicious cycle. J. Bioenerg. Biomembr. 50, 155-173 (2018).

. Vasconcelos-Dos-Santos, A. et al. Biosynthetic machinery involved in aberrant

glycosylation: promising targets for developing of drugs against cancer. Front.
Oncol. 5, 138 (2015).

. Akella, N. M,, Ciraku, L. & Reginato, M. J. Fueling the fire: emerging role of the

hexosamine biosynthetic pathway in cancer. BMC Biol. 17, 52 (2019).

. de Queiroz, R. M., Carvalho, E. & Dias, W. B. O-GlcNAcylation: the sweet side of the

cancer. Front. Oncol. 4, 132 (2014).

. Sharma, N. S. et al. Targeting tumor-intrinsic hexosamine biosynthesis sensitizes

pancreatic cancer to anti-PD1 therapy. J. Clin. Invest. 130, 451-465 (2020).

. Zhang, W. et al. GFPT2-expressing cancer-associated fibroblasts mediate meta-

bolic reprogramming in human lung adenocarcinoma. Cancer Res. 78, 3445-3457
(2018).

. Kanehisa, M. & Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic

Acids Res. 28, 27-30 (2000).

. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based

approach for interpreting genome-wide expression profiles. Proc. Natl Acad. Sci.
USA 102, 15545-15550 (2005).

. Werner, C,, Doenst, T. & Schwarzer, M. The Scientist’s Guide to Cardiac Metabolism,

Chapter 4—Metabolic Pathways and Cycles, 39-55 (Academic Press, 2016).

. Slawson, C. & Hart, G. W. O-GIcNAc signalling: implications for cancer cell biology.

Nat. Rev. Cancer 11, 678-684 (2011).

. Hornbeck, P. V. et al. PhosphoSitePlus: a comprehensive resource for investigating

the structure and function of experimentally determined post-translational mod-
ifications in man and mouse. Nucleic Acids Res. 40, D261-D270 (2012).

Huang, H. et al. iPTMnet: an integrated resource for protein post-translational
modification network discovery. Nucleic Acids Res. 46, D542-D550 (2018).
Schwarz, F. & Aebi, M. Mechanisms and principles of N-linked protein glycosy-
lation. Curr. Opin. Struct. Biol. 21, 576-582 (2011).

Butkinaree, C., Park, K. & Hart, G. W. O-linked beta-N-acetylglucosamine (O-GlcNAc):
extensive crosstalk with phosphorylation to regulate signaling and transcription in
response to nutrients and stress. Biochim. Biophys. Acta 1800, 96-106 (2010).
Chou, T. Y, Hart, G. W. & Dang, C. V. c-Myc is glycosylated at threonine 58, a
known phosphorylation site and a mutational hot spot in lymphomas. J. Biol.
Chem. 270, 18961-18965 (1995).

Itkonen, H. M. et al. O-GIcNAc transferase integrates metabolic pathways to
regulate the stability of c-MYC in human prostate cancer cells. Cancer Res. 73,
5277-5287 (2013).

Ostrowski, A. & Aalten, D. M. Chemical tools to probe cellular O-GlcNAc signalling.
Biochem. J. 456, 1-12 (2013).

Ferrer, C. M., Sodi, V. L. & Reginato, M. J. O-GlcNAcylation in cancer biology:
linking metabolism and signaling. J. Mol. Biol. 428, 3282-3294 (2016).

Itkonen, H. M. et al. Inhibition of O-GIcNAc transferase activity reprograms
prostate cancer cell metabolism. Oncotarget 7, 12464-12476 (2016).

Kwei, K. A., Baker, J. B. & Pelham, R. J. Modulators of sensitivity and resistance to
inhibition of PI3K identified in a pharmacogenomic screen of the NCI-60 human
tumor cell line collection. PLoS ONE 7, e46518 (2012).

Hang, H. C. et al. Small molecule inhibitors of mucin-type O-linked glycosylation
from a uridine-based library. Chem. Biol. 11, 337-345 (2004).

Bean, G. R. et al. A metabolic synthetic lethal strategy with arginine deprivation
and chloroquine leads to cell death in ASS1-deficient sarcomas. Cell Death Dis. 7,
€2406 (2016).

Kremer, J. C. et al. Arginine deprivation inhibits the Warburg effect and upre-
gulates glutamine anaplerosis and serine biosynthesis in ASS1-deficient cancers.
Cell Rep. 18, 991-1004 (2017).

Prudner, B. C. et al. Amino acid uptake measured by [(18)FIAFETP increases in
response to arginine starvation in ASS1-deficient sarcomas. Theranostics 8,
2107-2116 (2018).

Punt, S. E., Eary, J. F., O'Sullivan, J. & Conrad, E. U. Fluorodeoxyglucose positron
emission tomography in leiomyosarcoma: imaging characteristics. Nucl. Med.
Commun. 30, 546-549 (2009).

npj Genomic Medicine (2021) 30

34. Macpherson, R. E. et al. Retrospective audit of 957 consecutive (18)F-FDG PET-CT
scans compared to CT and MRI in 493 patients with different histological sub-
types of bone and soft tissue sarcoma. Clin. Sarcoma Res. 8, 9 (2018).

35. Park, J. Y. et al. Prognostic significance of preoperative (1)(8)F-FDG PET/CT in
uterine leiomyosarcoma. J. Gynecol. Oncol. 28, €28 (2017).

36. Kusunoki, S. et al. Efficacy of PET/CT to exclude leiomyoma in patients with
lesions suspicious for uterine sarcoma on MRI. Taiwan J. Obstet. Gynecol. 56,
508-513 (2017).

37. Ho, K. C. et al. Presurgical identification of uterine smooth muscle malignancies
through the characteristic FDG uptake pattern on PET scans. Contrast Media Mol.
Imaging 2018, 7890241 (2018).

38. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

39. Li, J. & Tibshirani, R. Finding consistent patterns: a nonparametric approach for
identifying differential expression in RNA-Seq data. Stat. Methods Med. Res. 22,
519-536 (2013).

ACKNOWLEDGEMENTS

Research supported by The Leiomyosarcoma Direct Research Foundation and
National Leiomyosarcoma Foundation.

AUTHOR CONTRIBUTIONS

J.P. and M.vdR. designed the study. S.V. performed the experiments. A.T., L.B.,, and J.P.
performed the analysis. M.M., N.B, E.F., Al, AJL, and MvdR. provided tumor
specimens and clinical data. M.vdR. performed pathology review. AT, M.vdR., and J.P.
drafted the manuscript. All authors read and approved the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541525-021-00193-w.

Correspondence and requests for materials should be addressed to J.P.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Published in partnership with CEGMR, King Abdulaziz University


https://doi.org/10.1038/s41525-021-00193-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Prognostic relevance of the hexosamine biosynthesis pathway activation in leiomyosarcoma
	Introduction
	Results
	Consistent enrichment of amino sugar and nucleotide sugar metabolism genes in primary, recurrent, and metastatic LMS
	Validation of GFPT2 protein expression in subtype 2 of LMS
	GFPT2 expression is associated with poor outcome in uterine LMS
	Consistency of GFPT2 expression in primary tumors and relapse
	GFPT2 expression may be correlated with increased glucose uptake in primary LMS
	Activation of HBP may stabilize c-Myc in subtype 2 of LMS

	Discussion
	Methods
	Patients
	Gene expression analysis
	Immunohistochemistry
	Evaluation of glucose uptake by 18F-FDG-PET
	Statistical methods
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




