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Uterine corpus endometrial carcinoma (UCEC) is a common malignant tumor of the female
reproductive system with poor prognosis in advanced, recurrent, and metastatic cases.
Identification of reliable molecular markers will help in the development of clinical strategies
for early detection, diagnosis, and intervention. Gamma-glutamyl hydrolase (GGH) is a key
enzyme in folate metabolism pathway. High expression of GGH is associated with severe
clinicopathological features and poor prognosis of several cancers. High GGH expression is
also related to cell resistance to antifolate drugs such as methotrexate. In this study we
focused on the prognostic value of immunohistochemical GGH expression level in UCEC
tissue and RNA-seq data from The Cancer Genome Atlas to establish associations with
clinical features and outcomes. Further, we conducted comprehensive bioinformatics
analyses to identify and functionally annotate differentially expressed genes (DEGs)
associated with UCEC upregulation and assessed the effects of upregulation on immune
infiltration. Both GGH mRNA and protein expression levels were elevated in tumor tissues,
and higher expression was significantly associated with advanced clinicopathological
features and poor prognosis by univariate analysis. Further multivariate analysis identified
elevated GGH expression as an independent risk factor for poor outcome. Nomograms
including GGH expression yielded a c-index for disease-specific survival prediction of 0.884
(95% confidence interval: 0.861-0.907). A total of 520 DEGs (111 upregulated and 409
downregulated) were identified between high and low GGH expression groups. Analysis
using Gene ontology, Kyoto Encyclopedia of Genes and Genomes pathway, Gene set
enrichment analysis, and protein—protein interaction indicated significant associations of
altered GGH expression with cell proliferation, immune response, and the occurrence and
development of UCEC tumors. Finally, GGH expression level was associated with high Th2
cell and low natural killer CD56bright cell infiltration. Collectively, these findings indicate that
GGH drives UCEC progression and could be a useful biomarker for survival prediction as
well as a therapeutic target.
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INTRODUCTION

Uterine corpus endometrial carcinoma (UCEC) is one of the
three most common malignant tumors in gynecology (Bray et al.,
2018). The Chinese National Cancer Center reported an
incidence of 63.4/100,000 and mortality of 21.8/100,000 in
2015 (Chen et al., 2016), and both indices continue to rise
domestically and globally. In the early stage of UCEC, the
tumor is limited to the uterus and prognosis is good even with
surgical resection only. Patients with advanced UCEC or
recurrence can still benefit from adjuvant therapies, such as
chemotherapy, radiotherapy, or endocrine therapy (Morice
et al.,, 2016; McEachron et al., 2020). However, for advanced
patients and young patients with fertility requirements, as well as
patients with diabetes or other diseases, the efficacy of existing
treatments is limited and prognosis is poor (Barcellini et al.,
2020). Therefore, early detection and treatment of UCEC is
essential, and biomarkers with high accuracy, reliability, and
sensitivity could greatly improve detection and prognosis.
Although several biomarkers and therapeutic targets of UCEC
have been reported, such as TPX2, PIK3CA, and ACE2, the
current array is insufficient for routine early detection and
effective treatment in more advanced cases (Jiang et al., 2018;
Pan et al.,, 2019; Urick and Bell, 2019; Yang et al., 2020).

Folate metabolism plays an essential role in DNA synthesis,
methylation, cell proliferation, and cell repair. Enzymes
involved in folate metabolism are reported to be abnormal in
the highly proliferating cancerous cells. Gamma-glutamyl
hydrolase (GGH) is a key enzyme in maintaining
intracellular folate homeostasis. It catalyzes the hydrolysis of
polyglutamylated folate into monoglutamylated folate, which is
subsequently exported from the cell (Shane, 2001; Ducker and
Rabinowitz, 2017). The expression level of GGH strongly
influences  global DNA  methylation status, DNA
methyltransferase activity, promoter DNA methylation, and
gene expression (Kim et al, 2013; Wang et al, 2014; Kim
et al., 2015). Elevated GGH expression was found in breast,
ERG-negative prostate, gallbladder, and gastric cancers
compared to matched noncancerous tissues (Shubbar et al,
2013; Odin et al., 2019; Zali et al., 2019; Maezawa et al., 2020).
High levels of GGH mRNA expression are significantly
correlated with more advanced histological type, vascular
invasion, and poor survival rate compared to low GGH
expression levels in cervical cancer, gallbladder cancer, and
breast cancer (Shubbar et al, 2013; Odin et al., 2019; Peng
et al., 2019; Zali et al., 2019; Maezawa et al., 2020). Studies also
showed that low GGH expression in cells can increase the
chemosensitivity of cancer cells to antifolate drugs such as
methotrexate, whereas high GGH expression is related to cell
resistance to antifolates (Rhee et al., 1993). The relative
expression status and the role of GGH in gynecological
tumors such as UCEC are still unclear and require further
research.

In this study, UCEC RNA-seq data from The Cancer Genome
Atlas (TCGA) were used to examine whether GGH expression is
also elevated in UCEC tumors. The expression level of GGH in
UCEC was confirmed by immunostaining of patient tissue
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samples. We also evaluated the association between GGH
expression and various clinicopathological as well as outcome
indicators, then constructed nomograms to evaluate prognostic
efficacy. Differential gene expression between the high and low
GGH expression groups was analyzed to identify potential
downstream and upstream pathways regulating tumor
progression and outcome. Finally, we examined the correlation
between GGH expression and immune infiltration. Our results
suggest that high GGH expression drives UCEC progression,
possibly by disrupting molecular pathways regulating the cell
cycle, apoptosis, and immune responses. Elevated GGH
expression also predicted outcome with high accuracy,
suggesting its utility as a prognostic marker and potential
therapeutic target for UCEC.

MATERIALS AND METHODS

Immunohistochemical Staining

Tissue microarray (TMA) (Cat No. OD-CT-RpUtr03-002)
paraffin blocks of UCEC tissues were purchased from
Shanghai Outdo Biotech Company (Shanghai, China). A
total of 31 pairs of cancerous and paracancerous tissue
samples were subjected to IHC staining. Each TMA slide
was first stained with a rabbit anti-GGH antibody (dilution,
1:200; ABP56886; Abbkine, Wuhan, China) and then incubated
with horseradish peroxidase-conjugated anti-rabbit IgG
secondary antibody (dilution, 1:200; GB23303; Servicebio,
Inc., Woburn, MA). After rinsing, color was developed using
3, 3'-diaminobenzidine (DAB, Servicebio, Inc.). Sections were
counterstained with hematoxylin and photographed at 400x
magnification using an XSP-C204 microscope (COIC,
Chongqing, China). Images were then captured using
Pannoramic viewer (3DHISTECH Kft; Budapest, Hungary)
and analyzed wusing Quant Center (3DHISTECH).
Immunohistochemistry score (H-SCORE) was calculated as
H-SCORE = Y (PI x I) = (percentage of cells with weak
intensity x 1) + (percentage of cells with moderate intensity
x 2) + (percentage of cells with strong intensity x 3), where PI is
the proportion of positive cells among all cells in the section
and I is the coloration intensity (Azim et al., 2015; Yeo et al,,
2015).

Data Source and Preprocessing

The RNA-seq data of level-3 HTseq-FPKM and accompanying
patient-specific clinical information for multiple UCEC projects
were downloaded from TCGA (https://prtal.gdc.cancer.gov/),
and RNA-seq data of transcripts per million (TPM) reads
from TCGA and GTExPortal, with unified processing using
the TCGA Toil application, were download from UCSC
XENA (https://xenabrowser.net/datapages/) (Vivian et al,
2017). In total, 543 cases with clinical information were
collected after discarding those with overall survival of less
than 30 days. The RNA-seq data of level 3 HTseq-FPKM were
converted into TPM format for subsequent analysis. Unavailable
or unknown clinical parameters were considered as missing
values. The study was conducted in accordance with the
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publication guidelines stated by TCGA (http://cancergenome.
nih.gov/publications/publicationguidelines).

Construction and Evaluation of Nomograms
According to the Cox multifactor regression model, nomograms
were constructed using the rms package (Version: 5.1-3; https://
cran.r-project.org/web/package/rms/index.html)  to  identify
independent prognostic factors. A concordance index (c-index)
was calculated using a bootstrap approach with 1000 resamples to
determine the discrimination power of the nomogram (Iasonos
et al., 2008). Calibration plots were then constructed to evaluate
the predictive accuracy of the nomogram according to the
consistency between predicted and actual overall survival (OS),
disease-specific survival (DSS), and disease-free survival at 1, 3,
and 5 years.

Analysis of Differentially Expressed Genes
Between High and Low GGH Expression
Subgroups

Tumor samples were divided into high and low expression
subgroups according to the median GGH expression. DEGs
were identified from HTSeq-Counts using DESeq2 software
(Love et al, 2014) with thresholds of [log2 fold change
(logFC)| > 2 and adjusted p < 0.01. Results of DEG analysis
are displayed as volcano plots and heat maps.

Functional and Pathways Enrichment

Analysis

Gene ontology (GO) classification as “biological process” (BP),
“cellular components” (CC), or “molecular function” (MF), and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of DEGs between high and low GGH
expression groups were performed (Yu et al, 2012). Terms
with p < 0.05 after adjustment using the Benjamini-Hochberg
method were considered significant. Gene set enrichment
analysis (GSEA) between high and low GGH expression
groups was performed (Subramanian et al, 2005; Yu et al,
2012), and gene set permutations were performed 1,000 times
per analysis. The expression level of GGH was used as a
phenotype label and enriched pathways were identified
according to |NES| > 1, adjusted p < 0.05, and false discovery
rate g-value < 0.25. The enrichment analyses all above were
performed by the R package ClusterProfiles (3.14.3).

Construction of Protein—Protein Interaction

Networks

The Search Tool for Retrieval of Interacting Genes (STRING,
http://string-db.org/) database was used to analyze PPI networks
among DEGs (Szklarczyk et al., 2019). An interaction score >0.4
was used as the cutoff to assess the potential PPI network
relationship. Cytoscape software (version 3.7.0) was used to
visualize the PPI network, and Cytohubba was used to identify
densely connected network components and to extract the top 10
hub genes (Doncheva et al., 2019).

GGH as UCEC Prognostic Biomarker

Immune Infiltration Analysis
Immune infiltration analysis was performed for 24 distinct

immune cell types within tumor samples by the single sample
GSEA (ssGSEA) method using GSVA software (http://www.
bioconductor.org/packages/release/bioc/html/GSVA.html)  in
the R environment. Based on the characteristic genes of these
24 immune cell types (Bindea et al., 2013), relative enrichment
scores were calculated for each tumor sample. Spearman
correlation analysis was used to assess the associations
between GGH expression and infiltration of each immune cell
type. The Wilcoxon rank sum test was used to compare cell
immune infiltration between high and low GGH expression
groups.

Statistical Analysis

All statistical analyses and plotting were conducted using the R
program environment (v.3.6.2). The Wilcoxon rank sum and signed
rank tests were used to compare GGH expression between tumor
samples with paired or unpaired control samples. The
Kruskal-Wallis rank sum test and logistic regression were used
to analyze the correlations between the clinicopathological features
and GGH expression, whereas Pearson’s x test, Fisher’s exact test,
and Wilcoxon rank sum test were used to analyze the direct
correlation between clinicopathological variables and GGH
expression level (high or low according to the median). Receiver
operating characteristic (ROC) analysis was performed using the
PROC package (Robin et al., 2011) to evaluate the effectiveness of
GGH expression level (high or low) for discriminating UCEC
samples from control samples. Kaplan—Meier curves were
constructed using the survminer package (Version 0.4.4; https://
CRAN.R-project.org/package=survminer) to evaluate the utility of
GGH for predicting OS, DDS, and the progression-free interval
(PFI). Survival differences between high and low expression groups
were examined by the log-rank test. Univariate and multivariate
Cox regression analyses were used to identify independent
prognostic factors related to survival. Variables with p < 0.1 by
univariate Cox regression analysis were incorporated into the
multivariate Cox regression model. Hazard ratios (HR) with 95%
confidence interval (CI) were calculated to estimate the hazard risk
of individual factors. Forest plots and Kaplan—Meier curves were
used for analysis of GGH prognostic efficacy within clinical
subgroups stratified by parameters deemed significant by the
multivariate Cox model. All tests were two-sided and p < 0.05
was considered statistically significant.

RESULTS

Elevated GGH Protein and mRNA

Expression in UCEC

To study the potential pathogenic functions of GGH in UCEC, we
first compared GGH expression between tumor tissues and
paracancerous from 31 UCEC patients by
immunohistochemistry. Denser immunostaining for GGH was
observed in the cytoplasm of tumor cells (Figures 1A,B), and
H-scores indicated significantly higher immunoexpression in
tumor tissues compared to paired paracancerous tissues

tissues
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FIGURE 1| Elevated expression of GGH protein in UCEC tumor tissue. (A,B) Immunoexpression of GGH protein in UCEC tumor tissues and paired paracancerous
tissue (x 200 magnification). (C,D) Comparisons of relative GGH protein expression in tumor tissues versus both paired and unpaired paracancerous tissues using
H-scores. (E,F) Immunoexpression of GGH in UCEC tumor tissues and normal tissues from the Human Protein Atlas (x2 magnification).

£

2 200+

g p=0.0027

- r

3 150 .

k] H s
s . .
S :
2 100 ! :
£

g i
H ; !
£ i
s .
©

2 0 T T
= tumor ti p ous ti
D 200+

p=0.0259
1

100

50

The relative expression of GGH protein

(Figure 1C, p = 0.0027) and unpaired control tissues (Figure 1D,
p = 0.0259). Immunohistochemical results from the Human
Protein Atlas also showed higher GGH expression in UCEC
tumor tissues compared to normal tissues (Figures 1E,F). Again,
immunoexpression was mainly in cytoplasm, consistent with our
IHC staining results. Mean GGH mRNA expression was also
higher in UCEC tumor tissues compared to adjacent normal
tissues from TCGA database and in UCEC tissues versus normal
tissues from the combined GTEx and TCGA dataset (both p <
0.001, Figures 2A,B). Moreover, GGH mRNA expression was

elevated in 23 of the 27 individual UCEC tissue samples
compared to adjacent tissues from TCGA (p < 0.001, Figure 2C).

We also conducted pancancer analysis to confirm our
methodology against cancer types with known GGH elevation
and to compare the magnitude of elevation in UCEC. Expression
was significantly elevated in bladder urothelial carcinoma, breast
invasive carcinoma, cervical squamous cell carcinoma and
adenocarcinoma, cholangiocarcinoma, colon adenocarcinoma,
esophageal carcinoma, glioblastoma multiforme, head and
neck squamous cell carcinoma, kidney chromophobe, kidney
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renal clear cell carcinoma, kidney renal papillary cell carcinoma,
liver hepatocellular carcinoma, lung adenocarcinoma, lung
squamous cell carcinoma, rectum adenocarcinoma, stomach
adenocarcinoma, and thyroid carcinoma according to the
TCGA dataset (Figure 2D). Further, GGH expression was also
elevated in adrenocortical carcinoma, diffuse large B cell
lymphoma, acute myeloid leukemia, brain lower grade glioma,
ovarian serous cystadenocarcinoma, and uterine carcinosarcoma,
as evidenced by comparison to normal tissues from the combined
GTEx and TCGA dataset (Figure 2E). This ubiquity of GGH

overexpression in cancer suggests important contributions to
tumorigenesis and (or) progression, and the relative elevation
appeared higher in UCEC than many other tumor types.

We then performed ROC analysis to measure the capacity of
GGH expression level to distinguish UCEC tumor tissues from
nontumor tissues. The area under the curve (AUC) was 0.949
using combined TCGA and GTEx data and 0.963 using only
TCGA data (Figures 2F,G), yielding specificity estimates of 95.7
and 98.0% and sensitivity estimates of 87.9 and 91.2%,
respectively. We used the datasets in GEO to verify the ability
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TABLE 1 | Associations between GGH expression level and clinicopathological features of UCEC.

Characteristics GGH expression P
Low (n = 272) High (n = 271)

Clinical stage (%)
Stage | 190 (69.9%) 149 (55.0%) 0.003%
Stage |l 17 (6.2%) 34 (12.5%)
Stage Il 53 (19.5%) 71 (26.2%)
Stage IV 12 (4.4%) 17 (6.3%)

Histologic grade (%)
G1 71 (26.8%) 27 (10.1%) <0.001?
G2 72 (27.2%) 48 (18.0%)
G3 122 (46.0%) 192 (71.9%)

Residual tumor (%)
RO 192 (91.9%) 180 (89.6%) 0.54
R1 11 (5.3%) 11 (5.5%)
R2 6 (2.9%) 10 (5.0%)

Primary therapy outcome (%)
CR 236 (94.0%) 200 (89.7%) 0.035%P
PD 6 (2.4%) 14 (6.3%)
PR 4 (1.6%) 8 (3.6%)
SD 5 (2.0%) 1(0.4%)

Histological type (%)
Endometrioid 216 (79.4%) 191 (70.5%) 0.056
Mixed 9 (3.3%) 13 (4.8%)
Serous 47 (17.3%) 67 (24.7%)

Diabetes (%)
No 163 (72.8%) 158 (72.5%) 1
Yes 61 (27.2%) 60 (27.5%)

Menopause status (%)
Peri 11 (4.5%) 6 (2.4%) 0.435
Post 218 (88.3%) 227 (90.8%)
Pre 18 (7.3%) 17 (6.8%)

Race (%)
Asian 11 (4.4%) 9 (3.6%) 0.028%
Black or African American 41 (16.4%) 65 (26.2%)
White 198 (79.2%) 174 (70.2%)

Surgical approach (%)
Minimally Invasive 85 (32.1%) 116 (45.3%) 0.003%
open 180 (67.9%) 140 (54.7%)

Hormones therapy (%)
No 150 (86.7%) 144 (86.7%) 1
Yes 23 (13.3%) 22 (13.3%)

Radiation therapy (%)
No 141 (53.6%) 133 (52.2%) 0.807
Yes 122 (46.4%) 122 (47.8%)

TP53 status (%)
Mutant 77 (28.9%) 112 (43.1%) 0.0012
Wild-type 189 (71.1%) 148 (56.9%)
Age [median (IQR)] 63.00 [56.00, 71.00] 64.00 [57.00,72.00] 0.114°
Height [median (IQR)] 161.00 [158.00, 166.00] 161.00 [156.00,166.00] 0.273°
Weight [median (IQR)] 88.00 [72.00, 107.00] 79.00 [64.00,99.75] 0.0012¢
BMI [median (IQR)] 33.75 [27.78, 39.79] 30.86 [25.48,37.98] 0.003*°
Tumor invasion (%) [median (IQR)] 36.00 [12.00, 57.50] 49.00 [18.50,67.00] 0.0412°

AStatistically significant.
PFisher exact test.
“Wilcoxon rank sum test.

of GGH expression levels to distinguish tumor tissues from non-
tumor tissues, and the AUC was 0.711 (Supplementary Figure
S1A). In addition, we further checked the ROC curves of patients
with different histologic grades and verified them with
independent datasets in GEO (Supplementary Figures
S1B-G). These results suggested that GGH expression could
distinguish patients with different clinical characteristics.

Associations of GGH Expression Level With

Clinicopathologic Variables

To identify associations between clinical parameters and GGH
expression level, we first compared the numbers of high and low
expression patients (272 cases of low and 271 cases of high
expression in total) from TCGA stratified by various clinical
classifications (Table 1). The proportions of low and high GGH
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FIGURE 3 | Associations between GGH expression level and various clinicopathological factors, including patient outcome, from TCGA. (A-H) GGH expression
level (low vs. high) was significantly associated with clinical stage (n = 543 total cases, p = 0.001), histological type (n = 543, p = 0.026), histological grade (n = 532, p <
0.001), surgical approach (n = 521, p = 0.004), TP53 mutation status (n = 526, p = 0.001), race (n = 498, p = 0.021), BMI (n =512, p = 0.014), and weight (n = 521, p <
0.001). (I-K) Kaplan-Meier analysis indicated poorer OS, PFI, and DSS among UCEC patients with high GGH mRNA expression. HR, hazard ratio; OS, overall
survival; PFI, progression-free interval; DSS, disease-specific survival.

expression cases differed significantly according to the clinical stage,
histological grade, primary therapy outcome, race/ethnicity, surgical
approach, and TP53 mutation status, but not by residual tumor
percentage class, histological type, diabetes status, menopause status,
hormone therapy treatment, or radiotherapy treatment. Further,
weight and body mass index (BMI) differed significantly between
high and low GGH expression groups while height did not.
Additional analyses confirmed relationships between GGH
expression and clinical stage, histological type, histological grade,
surgical approach, TP53 mutation status, race, BMI, and weight
(Figures 3A-H). Logistic regression analysis also revealed that
high GGH expression was significantly associated with more
advanced clinical stage [odds ratio (OR) = 1.90 for Stages II/

II/IV vs. Stage I, p < 0.001], histological grade (OR = 3.00 for G3
vs. G1 and G2, p < 0.001), histological type (OR = 1.61 for Serous
vs. Endometrioid, p = 0.026), and TP53 status (OR = 1.61 for
Mutant vs. Wildtype, p < 0.001) (Table 2).

Prognostic Value of GGH Expression in
UCEC

Kaplan-Meier analysis showed that higher GGH expression was
associated with shorter OS [HR = 2.40 (1.55-3.71), p < 0.01], PFI
[HR = 1.73 (1.20-2.47), p = 0.003], and DSS [HR = 2.65 (1.53-4.57),
p < 0.001] (Figures 3I-K). Univariate analysis further showed that
clinical stage (Stages II/III/IV vs. Stage I), histological grade (G3 vs.
G1 & G2), residual tumor (R1 & R2 vs. R0), tumor invasion (%) (> 50

Frontiers in Genetics | www.frontiersin.org

January 2022 | Volume 12 | Article 764194


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Yu et al.

GGH as UCEC Prognostic Biomarker

TABLE 2 | Associations of GGH expression® levels with clinicopathological characteristic according to logistic regression analysis.

Characteristics

Clinical stage (Stage Il & Stage Il & Stage IV vs. Stage |)
Histologic grade (G3 vs. G1 & G2)

Residual tumor (R1 & R2 vs. R0)

Tumor invasion (%) (=50 vs. <50)

Primary therapy outcome (CR vs. PD & SD & PR)
Histological type (Serous vs. Endometrioid)

TP53 status (Mutant vs. Wild-type)

Surgical approach (Minimally Invasive vs. Open)
Menopause status (Post vs. Pre and Peri)
Radiation therapy (No vs. Yes)

Hormones therapy (No vs. Yes)

Diabetes (No vs. Yes)

Race (Asian and African American vs. White)

Age (<60 vs. >60)

Weight (<80 vs. >80)

Height (<160 vs. >160)

BMI (<30 vs. >30)

TP53 status (Mutant vs. Wild-type)

ACategorical dependent variable, greater, or less than the median expression level.

Total (N) Odds ratio (OR) p-value
543 1.90 (1.34-2.71) <0.001
532 3.00 (2.10-4.32) <0.001
410 1.32 (0.67-2.61) 0.42
470 1.23 (0.85-1.77) 0.274
474 0.55 (0.28-1.08) 0.086
521 1.61 (1.06-2.47) 0.026
526 1.86 (1.30-2.67) <0.001
521 1.75 (1.23-2.51) 0.002
497 1.31 (0.74-2.36) 0.356
518 0.94 (0.67-1.33) 0.74
339 1.00 (0.53-1.89) 0.991
442 0.99 (0.65-1.50) 0.945
498 1.62 (1.08-2.45) 0.021
540 0.87 (0.62-1.23) 0.438
521 1.89 (1.33-2.68) <0.001
514 1.15 (0.81-1.63) 0.423
512 1.69 (1.18-2.41) 0.004
526 1.86 (1.30-2.67) <0.001

TABLE 3 | Associations of survival outcomes with clinicopathologic characteristics in TCGA patients by univariate and multivariate analyses.

Characteristics Total (N)

Overall survival

Clinical stage (Stage Il & Stage Il & Stage IV vs. Stage ) 542
Primary therapy outcome (CR vs. PD & SD & PR) 474
Radiation therapy (Yes vs. No) 518
GGH (High vs. Low) 542
Progression-free interval
Clinical stage (Stage Il & Stage Il & Stage IV vs. Stage ) 542
Primary therapy outcome (CR vs. PD & SD & PR) 474
Disease-specific survival
Clinical stage (Stage Il & Stage Ill & Stage IV vs. Stage |) 540
Residual tumor (R1 & R2 vs. R0) 409
Primary therapy outcome (CR vs. PD & SD & PR) 474
GGH (High vs. Low) 540

vs. < 50), primary therapy outcome [complete remission (CR) vs. PD/
SD/PR], histological type (serous vs. endometrioid), TP53 status
(Mutant vs. Wildtype), and GGH expression (high vs. low) were
significantly correlated with OS, PFI, and DSS (Table 3). Moreover,
age (>60 vs. <60) and radiation therapy (Yes vs. No) were also
significantly associated with OS, and surgical approach (minimally
invasive vs. open) was significantly associated with PFI (Table 3).
Multivariate Cox analysis showed that clinical stage, primary therapy
outcome, radiation therapy, and GGH expression were
independently correlated with OS; clinical stage and primary
therapy outcome were independently correlated with PFL; and
clinical stage, primary therapy outcome, residual tumor, and GGH
expression were independently correlated with DSS (Table 3). Thus,
high GGH expression is a strong independent predictor of poor
prognosis. To elucidate the mechanisms contributing to poor UCEC
survival under elevated GGH expression, we first investigated the
prognostic value of GGH for OS, PFI, and DSS prediction in each
clinicodemographic subgroup showing significance by multivariate

Univariate analysis

Multivariate analysis

HR (95% CI) p-value HR (95% ClI) p-value
3.667 (2.377-5.657) <0.001 3.071 0.006
0.131 (0.079-0.218) <0.001 0.256 0.001
0.623 (0.402-0.964) 0.034 0.348 0.002
2.400 (1.553-3.709) <0.001 2.442 (1.240-4.809 0.01
2.675 (1.870-3.827) <0.001 2.224 (1.179-4.194) 0.014
0.120 (0.078-0.184) <0.001 0.131 (0.066-0.262) <0.001
7.738 (4.102-14.596) <0.001 5.030 (1.541-16.418) 0.007
5.839 (3.145-10.841) <0.001 2.889 (1.106-7.551) 0.03
0.074 (0.042-0.131) <0.001 0.161 (0.061-0.426) <0.001
2.646 (1.533-4.566) <0.001 3.167 (1.205-8.325) 0.019

Cox analysis. The GGH expression level was a significant predictor of
OS for the clinical Stage I subgroup, the primary therapeutic outcome
CR subgroup, and the No radiation therapy subgroup. The GGH
expression level was also a significant predictor of DSS for the clinical
Stage I subgroup, the residual tumor RO subgroup, and the CR
subgroup, while high GGH expression had no prognostic value for
PFI in any subgroup (Figure 4A). Kaplan-Meier analysis confirmed
that high GGH expression was associated with worse OS in the
clinical Stage I, CR, and No radiation subgroups (Figure 4B), and
with worse DSS in the Stage I, CR, and RO subgroups (Figure 4C).
Collectively, these findings confirm that high GGH expression is
strongly associated with poor prognosis among patients with UCEC.

Construction of Nomograms for Patients
With UCEC

Nomograms were constructed to integrate GGH expression and
other prognostic factors demonstrated to be significantly
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subgroup.

A

Time (months)

Time (months)

(@) characteristics N (%) Hazard Ratio (95% Cl) P value
Clinical stage
Stage | 338 (62) 2.774(1.348-5.707) —_—— 0.006
Stage ll&Stage Il1&Stage IV 204 (38) 1.706(0.987-2.949) [—o—— 0.056
Primary therapy outcome
CR 436 (92) 2.458(1.406-4.297) —_— 0.002
PD&SD&PR 38(8) 0.851(0.358-2,023) — 0.714
Radiation therapy
No 274 (53) 2.922(1.629-5.238) —_—— <0.001
Yes 244 (47) 1.679(0.831-3.392) o 0.148
T T T T
05115225335445555
(b) Characteristics N (%) Hazard Ratio (95% Cl) P value
Clinical stage
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FIGURE 4 | The prognostic value of GGH for survival prediction within specific clinicodemographic subgroups (chosen according to significant associations by
multivariate Cox analysis). (A) Forest plots of the prognostic value in each subgroup for OS (a), PFI (b), and DSS (c). (B-C) Kaplan-Meier analysis of OS and DSS for each

Time (months)

Frontiers in Genetics | www.frontiersin.org

January 2022 | Volume 12 | Article 764194


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Yu et al.

GGH as UCEC Prognostic Biomarker

0 10 20 30 40 50 60 70 80 90 100
Points L N N N 1 N N N N N J
Stage II&Stage Il1&Stage IV
Clinical stage r !
Stage |
PD&SD&PR

Primary therapy outcome T !

CR

No

Radiation therapy e

Yes

High

GGH

Low
Total Points

| AARMUNARA A SAASA NAAAS LARAS AR KRS LARAL LARAS ARAL LAAAE AALAL LARA
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280

Linear Predictor r T T T T T T T T T 1

15 -1 0.5 0 0.5 1 1.5 2 25 3 35
1-year survival probability T T T T —
0.95 0.9 0.8 07 0605
3-year survival p ility r T T — T T T T T
0.95 0.9 0.8 0.7 0.60504030.2 0.1
5-year survival probability T T T T — T 1
.9! 0.9 0.8 07 0.60504030.2 0.1

Cc

o

il
©

Observed OS (%)
o o o9
[=2] ~N ©

=4
o

i
|

0.5

o
=

o
@

03 04 06 07 08 09 10

Nomogram-prediced OS (%)

and predicted values.
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predictive of OS and DSS by multivariate Cox analysis. In
Figure 5, worse prognosis is represented by a higher total
number of points on the nomogram. For OS, a UCEC
patient in Stage II, III, or IV (75 points), achieving only PD,
SD, or PR (100 points), receiving no radiation therapy (43
points), and with high GGH expression (31 points) would
attain a total score of 249 points. The probability of l-year
survival was determined by drawing a vertical line from the total
point axis (at 249 in this example) downward to the outcome
axis, which showed a 1-year survival probability of 64%
(Figure 5A). The c-index for the nomogram was 0.789 with
1000 bootstrap replicates (95% CI: 0.759-0.819). Nomograms
for DSS showed that a UCEC patient with Stage II, III, or IV
(100 points), residual tumor index of RO (94 points), achieving
PD, SD, PR (65 points), and exhibiting high GGH expression
(55 points) would attain a total point score of 314, for a 1-year
survival probability of less than 70%. The c-index for the
nomogram was 0.884 (95% CI: 0.861-0.907) (Figure 5B).
The bias-corrected line in the calibration plot was close to
the ideal curve (the 45-degree line) for OS and DSS,

GGH-Related Genes and Their Functional

Network
To investigate the GGH-related mechanisms in UCEC, we identified
the genes that were differentially expressed between patients with
high and low GGH expression and then analyzed their function and
signaling pathways as well as the PPI of GGH-related genes. A total
of 520 DEGs (111 upregulated and 409 downregulated) were
identified between high and low GGH expression groups,
including 240 mRNAs (91 upregulated and 149 downregulated),
12 miRNAs (1 upregulated and 11 downregulated), and 109
IncRNAs (16 upregulated and 93 downregulated) (Figures
6A-D). The expression levels of the top 10 upregulated and
downregulated DEGs are illustrated by the heat map in Figure 6E.
We further established the IncRNA-miRNA-mRNA regulation
network containing 6 IncRNAs, 4 miRNAs, and 65 mRNAs by
using the Cytoscape software (Supplementary Figure S2). Results
of GO functional enrichment analysis showed that these DEGs
engaged in several BPs, CCs, and MFs. DEGs were linked primarily
to “motile cilium” (GO: 0031514), “intermediate filament” (GO:
0005882), and “desmosome” (GO: 0030057) (Figure 7A). In the

indicating good agreement between prediction and  biological process category, DEGs were mainly enriched in
observation (Figures 5C,D). “keratinocyte  differentiation”  (GO:  0030216), “cilium
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FIGURE 6 | Differentially expressed genes between high and low GGH expression groups from TCGA. (A-D) Volcano plots of total DEGs, mRNAs, miRNAs, and
IncRNAs. Red plots indicate upregulated genes, blue plots indicate downregulated genes, and the black plots show those with differential expression below the cutoff
criteria. (E) Heatmap of the top 10 upregulated genes and top 10 downregulated genes between high and low GGH expression subgroups.

movement” (GO: 0003341), and “antimicrobial humoral response”
(GO: 0019730) genes (Figure 7B), thus suggesting a link between
aberrant GGH expression and cell movement. The two major
molecular functions for these genes were “transcription regulation
by the extracellular matrix structural constituent” (GO: 0005201)
and “peptidase inhibitor activity” (GO: 0030414) (Figure 7C).
Additionally, KEGG analysis showed that GGH-interactive genes
also included those related to “Staphylococcus aureus infection”
and “olfactory transduction” (Figure 7D). The GGH-related
signaling pathways involved in UCEC were selected based on
NES  values. The  tumorigenesis-associated  pathways
“oncogenesis by met,” “ubiquitin-mediated proteolysis,” “cell
cycle,” “endocrine therapy resistance,” “DNA  replication,”
“MAPK pathway,” “MHC class II antigen presentation,” and
“FC-gamma receptor-dependent phagocytosis” were significantly
enriched in GGH-regulated genes among patients with UCEC with
high GGH expression (Figure 7E). A PPI network including GGH
and co-expressed DEGs was then constructed (Figure 7F). The top
ten genes in this PPI network were FGG, FGA, IGFBPI, SCG3,
AMBN, VGF, AMELX, AMTN, ORM1, and ORM2 (Figure 7G).

Correlations Between GGH Expression and
Immune Cell Infiltration

Finally, we analyzed the associations between GGH expression
level and the infiltration of various immune cell types into the
UCEC tumor microenvironment. GGH expression was

negatively correlated with the infiltration of T cells, dendritic
cells, B cells, and natural killer (NK) cells and positively correlated
with the infiltration of T helper (Th) cells (Figure 8A).
Furthermore, GGH expression was significantly correlated
with greater Th2 cell infiltration (r = 0.481, p < 0.001) but
lower NK CD56bright cell infiltration (r = —0.487, p < 0.001)
(Figure 8B). Compared to tissues with low GGH expression, Th2
cell infiltration was significantly higher while NK CD56bright cell
infiltration was significantly lower in tissues with high GGH
expression (Figure 8C). We also used other algorithms in the
TIMER2.0 (Li et al.,, 2020) database to verify the relationship
between GGH expression and immune cell infiltration
(Supplementary Figure S3).

DISCUSSION

Folic acid is the synthetic form of folate and one of the most
common nutrients for women. Excessive intake of folic acid has
been reported to increase the risk of cancers including type II
endometrial cancer (Kim, 2008; Figueiredo et al., 2009; Uccella
et al, 2011). Therefore, the relative expression status of key
enzymes involved in folate metabolism is worthy of study in
gynecological tumors. GGH is a lysosomal enzyme that catalyzes
the formation of monoglutamyl folate, which in turn influences
DNA synthesis (Kim, 2020). It is highly expressed in the human
kidneys, liver, fetal tissue, and placenta, whereas its expression in
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FIGURE 7 | Functional enrichment analysis of 521 DEGs between high and low GGH expression subgroups of patients with UCEC from TCGA. (A-C) Enriched GO
terms in the “cellular component” category (A), “biological process” category (B), and “molecular function” category (C). (D) KEGG classification map of DEGs. The
x-axis represents the proportion of DEGs, and the y-axis represents the individual GO or KEGG terms. The different colors indicate adjusted p-values, and the different
dot sizes represent the number of DEGs associated with each term. (E) Enrichment plots from gene set enrichment analysis (GSEA). Several pathways were
differentially enriched in GGH-related genes, including “FC-gamma receptor (FCyR),” “MHC class Il antigen presentation,” “oncogenesis by met,” “DNA replication,”
“ubiquitin-mediated proteolysis,” “MAPK pathway,” “cell cycle,” and “endocrine therapy resistance.” ES, enrichment score; NES, normalized ES; p.adj, adjust p-value;
FDR. (F) Visualized protein—protein interaction enrichment analysis of DEGs. Red plots represent upregulated DEGs and green plots represent downregulated DEGs. (G)
Top 10 genes from the PPI network calculated by the MCC method using Cytohubba. Yellow indicates low and red indicates high scores.
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the spleen, lungs, small intestine, and peripheral blood leukocytes
is relatively low (Yin et al., 2003). Overexpression of GGH has
been implicated in many diseases, and high expression and
abnormal activity have been detected in multiple cancer cell
lines and tumor tissues (Schneider and Ryan, 2006). In this
study, we demonstrated that GGH is aberrantly overexpressed
in UCEC and that higher overexpression is associated with lower
survival probability, possibly through direct or DEG-mediated
effects on cell proliferation and immune responses among other
pathways. We conclude that GGH expression is a reliable
prognostic indicator for UCEC. In addition, GGH and
associated molecular pathways identified by our bioinformatics
analyses may be novel therapeutic targets for UCEC treatment.

Previous studies have reported higher GGH expression levels in
urothelial, invasive breast, ERG-negative prostate, gallbladder, and
gastric cancers compared to corresponding control tissues (Pollard
et al, 2009; Silva et al., 2013; Wang et al,, 2014; Zali et al,, 2019;
Muralidharan et al., 2020), which is consistent with our pancancer
analysis of TCGA data showing higher GGH expression in numerous
cancers including other gynecologic cancers. This elevated expression
was observed at both protein and mRNA levels in UCEC patients.
ROC analysis also indicated that GGH expression accurately
distinguished UCEC tumors from nontumor tissues. Thus, GGH
is likely to be critical for certain basic tumorigenic processes, a
speculation confirmed by our subsequent bioinformatics analysis.
Further, GGH expression was associated with greater tumor
progression and poorer outcome. Similarly, high GGH expression
was significantly associated with histological tumor grade in breast
cancer (BRE III, p < 0.001) (Shubbar et al,, 2013). In gastric cancer
patients as well, high GGH mRNA expression was significantly
associated with histological type and vascular invasion (Maezawa
et al,, 2020). In our study, greater GGH expression was associated
with higher clinical stage, higher histological grade, and mixed
histological type. In addition, GGH expression was significantly
higher in UCEC patients receiving minimally invasive surgery,

those carrying the TP53 mutation, black or African-American
patients, and patients with BMI <30 or weight <80kg, all of
which are associated with lower survival rates in other cancers
(Palumbo et al, 2002; Melamed et al, 2018; Donehower et al.,
2019; Chasov et al., 2021).

Several previous studies have reported GGH expression as a
prognostic indicator for some tumors, but there have also been
inconsistencies. For instance, the 10-years recurrence-free survival
rate of ERG-negative prostate cancer patients with high GGH
expression levels was significantly higher than that of patients
with low GGH expression levels (Melling et al, 2017). In
contrast, the 5-years OS rate of gastric cancer patients with high
GGH mRNA expression level was significantly lower than that of
patients with low GGH expression (Maezawa et al., 2020). There was
also a significant difference in 8-years DSS between GGH-expressing
and GGH-negative invasive breast cancer patients, and the risk of
death was 2.7 times greater in the high GGH expression group
(Shubbar et al, 2013). In the present study, survival analysis
indicated that high GGH expression was strongly associated with
shorter OS, PFI, and DSS. Our results also revealed that clinical stage
and primary therapy outcome are independent prognostic factors for
UCEC, in accord with previous studies on other cancer types
(Morice et al, 2016). Hence, GGH appears to be a reliable
prognostic marker. Indeed, the c-index and highly fitted
calibration plots demonstrated that nomograms for OS and DSS
including GGH accurately predicted UCEC patient survival.
Furthermore, high GGH expression strongly predicted shorter OS
and DSS in specific clinical subgroups. Collectively, these findings
suggest that GGH overexpression contributes directly or indirectly to
biological processes underlying tumor aggression and hence poor
outcome. Subsequent bioinformatics analyses provided further
support for this notion.

We identified 520 DEGs between high and low GGH expression
groups from the TCGA RNA sequencing data and constructed a
IncRNA-miRNA-mRNA  regulation network, containing 6
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IncRNAs, 4 miRNAs, and 65 mRNAs. GO function and KEGG
pathway enrichment analyses showed that these DEGs were mainly
related to cell movement and infection immunity. This finding is in
accordance with a previous study reporting that decreased GGH
expression reduced the migration of an esophageal squamous cell
carcinoma cell line (Peng et al., 2019). Results of GSEA analysis also
revealed the associations of GGH with other cancer-related
molecular pathways, including DNA replication, cell cycle,
MAPK, KRAS, STAT3, and B cell receptor. Previous studies have
shown that activation of MAPK, KRAS, or STAT3 pathways alter
cell proliferation, apoptosis, and other biological behaviors that
influence the occurrence and progression of UCEC (Fathi et al,
2018; Li et al., 2018; Sideris et al., 2019). It was also reported that
changes in the GGH-dependent regulation of folate concentration
affect intracellular mitochondrial metabolism, gene expression,
DNA methylation, and DNA repair efficiency (Kim et al., 2015;
Kim, 2020). Higher expression of GGH can accelerate the
conversion of polyglutamyl folate to the monoglutamyl form and
reduce total folate levels. The monoglutamate form can stimulate
glioma cell proliferation by activating MAPK and PI3K/AKT
pathways (Schneider and Ryan, 2006; Oleinik et al., 2014; Robert
and Sontheimer, 2014). In addition, the hub genes identified in the
associated PPI network regulate cell growth, cell proliferation, cell
apoptosis, DNA methylation, and inflammation (de Maat et al,
2010; Ando et al., 2017; Marwitz et al., 2017; Wang et al., 2020; Zhu
et al, 2020). Taken together, these results indicate that GGH may
drive UCEC tumor progression by engaging multiple interacting
molecular pathways involved in cell proliferation, migration,
metabolism, apoptosis, and immune responses.

The types of immune cells infiltrating into the tumor
microenvironment are strongly indicative of tumor progression
status. In the current study, we found significant associations
between GGH expression level and the infiltration of NK,
dendritic, B, T, and Th cells. Higher expression was associated
with greater infiltration of Th2 cells and lower infiltration of NK
CD56bright cells. The main effectors of Thl cells are interleukin
(IL)-2 and interferon (IFN)-y, which can indirectly or directly
promote and maintain the proliferation and activation of T cells,
induce and enhance the anti-tumor activity of NK cells, and inhibit
the division and proliferation of tumor cells (Thakur et al., 2012).
Alternatively, Th2 cells can contribute to tumor immune escape
through production of IL-10 and IL-4, both of which inhibit the
response of Thl cell effectors, the verification response of
inflammatory cells, antigen promotion, and T cell proliferation
(Thakur et al, 2012). The increased infiltration of Th2 cells
under GGH overexpression with no significant effect on Th1 cell
infiltration may lead to a Th1/Th2 imbalance that allows tumor cells
to resist immune attack. Moreover, NK CD56dim cells have been
shown to kill tumor cells, whereas NK CD56bright cells are generally
thought to play an “accomplice” role in tumor formation (Caligiuri,
2008). However, recent studies have found that NK CD56bright cells
have greater tumor-killing capacity than NK CD56dim cells
(Poznanski et al, 2018). Thus, the lower NK CD56bright cell
infiltration under elevated GGH expression may also allow for
tumor progression unchecked by immune attack.

Although our study demonstrates a pathogenic function for
GGH overexpression in UCEC, there were several limitations.

GGH as UCEC Prognostic Biomarker

First, we verified overexpression at the protein level using a
limited number of patient samples. Second, DEGs were
identified from expression databases and none were confirmed
by PCR or Western blotting. Third, the precise functions of these
DEGs in UCEC are largely unexplored.

CONCLUSION

Expression of GGH is elevated in UCEC, and higher
expression is associated with more severe
clinicopathological characteristics and poorer prognosis.
Overexpression of GGH may be associated with
dysregulation of multiple cancer-related gene pathways,
including those involved in cell cycle regulation, cell
motility, MAPK, STAT3, and KRAS signaling, and immune
responses. Further, GGH overexpression may reduce tumor
immune attack by altering the immunocyte infiltration profile.
This study identifies GGH as a potentially useful biomarker for
detection and prognosis of UCEC. Furthermore, GGH and
associated molecular pathways may be effective therapeutic
targets for UCEC treatment.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Shanghai Outdo Biotech
Company and Qilu Hospital, Shandong University. The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

Conceptualization, CY and GW; Funding acquisition, GW;
Methodology, CY, HQ, YZ, and WZ; Supervision, GW;
Validation, HQ and YZ; Writing-original draft, CY and GW;
Writing-review and editing, CY and GW. All authors have read
the final version of the manuscript.

FUNDING

This research was funded by the National Natural Science
Foundation of China (31700787 to GW); the Key Laboratory
of Animal Stress and Disease of Qilu Normal University
(2017ZDSYS02 to GW and CY); A Project of Shandong
Province Higher Educational Science and Technology Program

Frontiers in Genetics | www.frontiersin.org

January 2022 | Volume 12 | Article 764194


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Yu et al.

(JISLE06 to GW); Major Project of Qilu Normal University
(2015ZDL02 to GW).

ACKNOWLEDGMENTS

The authors would like to thank all members of the Key
Laboratory of Animal Stress and Disease of Qilu Normal
University for their professional suggestions. In addition, the

REFERENCES

Ando, T., Kudo, Y., lizuka, S., Tsunematsu, T., Umehara, H., Shrestha, M., et al.
(2017). Ameloblastin Induces Tumor Suppressive Phenotype and Enhances
Chemosensitivity to Doxorubicin via Src-Stat3 Inactivation in Osteosarcoma.
Sci. Rep. 7, 40187. doi:10.1038/srep40187

Azim, H. A, Jr., Peccatori, F. A, Brohée, S., Branstetter, D., Loi, S., Viale, G., et al.
(2015). RANK-ligand (RANKL) Expression in Young Breast Cancer Patients
and during Pregnancy. Breast Cancer Res. 17, 24. doi:10.1186/s13058-015-
0538-7

Barcellini, A., Roccio, M., Laliscia, C., Zanellini, F., Pettinato, D., Valvo, F,, et al.
(2020). Endometrial Cancer: when Upfront Surgery Is Not an Option. Oncology
99, 65-71. doi:10.1159/000510690

Bindea, G., Mlecnik, B., Tosolini, M., Kirilovsky, A., Waldner, M., Obenauf, A. C,,
et al. (2013). Spatiotemporal Dynamics of Intratumoral Immune Cells Reveal
the Immune Landscape in Human Cancer. Immunity 39, 782-795. doi:10.1016/
jimmuni.2013.10.003

Bray, F., Ferlay, J., Soerjomataram, I, Siegel, R. L., Torre, L. A, and Jemal, A.
(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA: A Cancer
J. Clinicians 68, 394-424. doi:10.3322/caac.21492

Caligiuri, M. A. (2008). Human Natural Killer Cells. Blood 112, 461-469.
doi:10.1182/blood-2007-09-077438

Chasov, V., Zaripov, M., Mirgayazova, R., Khadiullina, R, Zmievskaya, E.,
Ganeeva, L, et al. (2021). Promising New Tools for Targeting P53 Mutant
Cancers: Humoral and Cell-Based Immunotherapies. Front. Immunol. 12,
707734. doi:10.3389/fimmu.2021.707734

Chen, W., Zheng, R., Baade, P. D, Zhang, S., Zeng, H., Bray, F., et al. (2016). Cancer
Statistics in China, 2015. CA: A Cancer J. Clinicians 66, 115-132. d0i:10.3322/
caac.21338

de Maat, M. F. G., van de Velde, C. J. H., Benard, A., Putter, H., Morreau, H.,
van Krieken, J. H.J. M,, et al. (2010). Identification of a Quantitative MINT
Locus Methylation Profile Predicting Local Regional Recurrence of Rectal
Cancer. Clin. Cancer Res. 16, 2811-2818. doi:10.1158/1078-0432.ccr-09-
2717

Doncheva, N. T., Morris, J. H., Gorodkin, J., and Jensen, L. J. (2019). Cytoscape
StringApp: Network Analysis and Visualization of Proteomics Data.
J. Proteome Res. 18, 623-632. doi:10.1021/acs.jproteome.8b00702

Donehower, L. A., Soussi, T., Korkut, A., Liu, Y., Schultz, A., Cardenas, M., et al.
(2019). Integrated Analysis of TP53 Gene and Pathway Alterations in the
Cancer Genome Atlas. Cel Rep. 28, 1370-1384. doi:10.1016/j.celrep.2019.07.001

Ducker, G. S., and Rabinowitz, J. D. (2017). One-carbon Metabolism in Health and
Disease. Cel Metab. 25, 27-42. doi:10.1016/j.cmet.2016.08.009

Fathi, N., Rashidi, G., Khodadadi, A., Shahi, S., and Sharifi, S. (2018). STAT3 and
Apoptosis Challenges in Cancer. Int. ]. Biol. Macromolecules 117, 993-1001.
doi:10.1016/j.ijbiomac.2018.05.121

Figueiredo, J. C.,, Grau, M. V., Haile, R. W., Sandler, R. S., Summers, R. W,
Bresalier, R. S., et al. (2009). Folic Acid and Risk of Prostate Cancer: Results
from a Randomized Clinical Trial. JNCI J. Natl. Cancer Inst. 101, 432-435.
doi:10.1093/jnci/djp019

Tasonos, A., Schrag, D., Raj, G. V., and Panageas, K. S. (2008). How to Build and
Interpret a Nomogram for Cancer Prognosis. Jco 26, 1364-1370. doi:10.1200/
jc0.2007.12.9791

GGH as UCEC Prognostic Biomarker

authors would like to thank TCGA, Human Protein Atlas and
other websites for providing valuable data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.764194/
full#supplementary-material

Jiang, T., Sui, D., You, D, Yao, S., Zhang, L., Wang, Y., et al. (2018). RETRACTED
ARTICLE: MiR-29a-5p Inhibits Proliferation and Invasion and Induces
Apoptosis in Endometrial Carcinoma via Targeting TPX2. Cell Cycle 17,
1268-1278. doi:10.1080/15384101.2018.1475829

Kim, S.-E.,, Cole, P. D., Cho, R. C,, Ly, A,, Ishiguro, L., Sohn, K.-]., et al. (2013). y-
Glutamyl Hydrolase Modulation and Folate Influence Chemosensitivity of
Cancer Cells to 5-fluorouracil and Methotrexate. Br. J. Cancer 109,
2175-2188. doi:10.1038/bjc.2013.579

Kim, S.-E. (2020). Enzymes Involved in Folate Metabolism and its Implication for
Cancer Treatment. Nutr. Res. Pract. 14, 95-101. doi:10.4162/nrp.2020.14.2.95

Kim, S.-E., Hinoue, T., Kim, M. S., Sohn, K.-J., Cho, R. C., Cole, P. D., et al. (2015).
y-Glutamyl Hydrolase Modulation Significantly Influences Global and Gene-
specific DNA Methylation and Gene Expression in Human colon and Breast
Cancer Cells. Genes Nutr. 10, 444. doi:10.1007/s12263-014-0444-0

Kim, Y.-I. (2008). Folic Acid Supplementation and Cancer Risk: point. Cancer
Epidemiol. Biomarkers Prev. 17, 2220-2225. doi:10.1158/1055-9965.epi-07-
2557

Li, Q. Lei, Y., and Du, W. (2018). A Novel Target of P53, TCF21, Can Respond to
Hypoxia by MAPK Pathway Inactivation in Uterine Corpus Endometrial
Carcinoma. DNA Cel Biol. 37, 473-480. doi:10.1089/dna.2017.4062

Li, T., Fu, J., Zeng, Z., Cohen, D., Li, J., Chen, Q., et al. (2020). TIMER2.0 for
Analysis of Tumor-Infiltrating Immune Cells. Nucleic Acids Res. 48,
W509-W514. doi:10.1093/nar/gkaa407

Love, M. 1, Huber, W., and Anders, S. (2014). Moderated Estimation of Fold
Change and Dispersion for RNA-Seq Data with DESeq2. Genome Biol. 15, 550.
doi:10.1186/s13059-014-0550-8

Maezawa, Y., Sakamaki, K., Oue, N., Kimura, Y., Hashimoto, 1., Hara, K, et al.
(2020). High Gamma-Glutamyl Hydrolase and Low Folylpolyglutamate
Synthetase Expression as Prognostic Biomarkers in Patients with Locally
Advanced Gastric Cancer Who Were Administrated Postoperative Adjuvant
Chemotherapy with S-1. J. Cancer Res. Clin. Oncol. 146, 75-86. doi:10.1007/
500432-019-03087-8

Marwitz, S., Heinbockel, L., Scheufele, S., Nitschkowski, D., Kugler, C., Perner, S.,
et al. (2017). Epigenetic Modifications of the VGF Gene in Human Non-small
Cell Lung Cancer Tissues Pave the Way towards Enhanced Expression. Clin.
Epigenet 9, 123. doi:10.1186/s13148-017-0423-6

McEachron, J., Zhou, N., Spencer, C., Shanahan, L., Chatterton, C., Singhal, P., et al.
(2020). Evaluation of the Optimal Sequence of Adjuvant Chemotherapy and
Radiation Therapy in the Treatment of Advanced Endometrial Cancer.
J. Gynecol. Oncol. 31, €90. doi:10.3802/jgo0.2020.31.e90

Melamed, A., Margul, D.]., Chen, L., Keating, N. L., Del Carmen, M. G., Yang,
J., et al. (2018). Survival after Minimally Invasive Radical Hysterectomy
for Early-Stage Cervical Cancer. N. Engl. J. Med. 379, 1905-1914.
doi:10.1056/nejmoal804923

Melling, N., Rashed, M., Schroeder, C., Hube-Magg, C., Kluth, M., Lang, D, et al.
(2017). High-Level y-Glutamyl-Hydrolase (GGH) Expression Is Linked to Poor
Prognosis in ERG Negative Prostate Cancer. Ijms 18, 286. doi:10.3390/
ijms18020286

Morice, P., Leary, A., Creutzberg, C., Abu-Rustum, N., and Darai, E. (2016).
Endometrial Cancer. The Lancet 387, 1094-1108. doi:10.1016/s0140-6736(15)
00130-0

Muralidharan, N., Sundaram, R., Kodidela, S., Chengappa, K. G., Mariaselvam, C.
M., Misra, D. P,, et al. (2020). Folyl Polyglutamate Synthethase (FPGS) Gene
Polymorphisms May Influence Methotrexate Adverse Events in South Indian

Frontiers in Genetics | www.frontiersin.org

January 2022 | Volume 12 | Article 764194


https://www.frontiersin.org/articles/10.3389/fgene.2021.764194/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.764194/full#supplementary-material
https://doi.org/10.1038/srep40187
https://doi.org/10.1186/s13058-015-0538-7
https://doi.org/10.1186/s13058-015-0538-7
https://doi.org/10.1159/000510690
https://doi.org/10.1016/j.immuni.2013.10.003
https://doi.org/10.1016/j.immuni.2013.10.003
https://doi.org/10.3322/caac.21492
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.3389/fimmu.2021.707734
https://doi.org/10.3322/caac.21338
https://doi.org/10.3322/caac.21338
https://doi.org/10.1158/1078-0432.ccr-09-2717
https://doi.org/10.1158/1078-0432.ccr-09-2717
https://doi.org/10.1021/acs.jproteome.8b00702
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1016/j.ijbiomac.2018.05.121
https://doi.org/10.1093/jnci/djp019
https://doi.org/10.1200/jco.2007.12.9791
https://doi.org/10.1200/jco.2007.12.9791
https://doi.org/10.1080/15384101.2018.1475829
https://doi.org/10.1038/bjc.2013.579
https://doi.org/10.4162/nrp.2020.14.2.95
https://doi.org/10.1007/s12263-014-0444-0
https://doi.org/10.1158/1055-9965.epi-07-2557
https://doi.org/10.1158/1055-9965.epi-07-2557
https://doi.org/10.1089/dna.2017.4062
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1007/s00432-019-03087-8
https://doi.org/10.1007/s00432-019-03087-8
https://doi.org/10.1186/s13148-017-0423-6
https://doi.org/10.3802/jgo.2020.31.e90
https://doi.org/10.1056/nejmoa1804923
https://doi.org/10.3390/ijms18020286
https://doi.org/10.3390/ijms18020286
https://doi.org/10.1016/s0140-6736(15)00130-0
https://doi.org/10.1016/s0140-6736(15)00130-0
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Yu et al.

Tamil Rheumatoid Arthritis Patients. Pharmacogenomics J. 20, 342-349.
doi:10.1038/s41397-019-0097-x

Odin, E., Sondén, A., Carlsson, G., Gustavsson, B., and Wettergren, Y. (2019).
Folate Pathway Genes Linked to Mitochondrial Biogenesis and Respiration Are
Associated with Outcome of Patients with Stage III Colorectal Cancer. Tumour
Biol. 41, 1010428319846231. doi:10.1177/1010428319846231

Oleinik, N. V., Helke, K. L., Kistner-Griffin, E., Krupenko, N. I, and Krupenko, S.
A. (2014). Rho GTPases RhoA and Racl Mediate Effects of Dietary Folate on
Metastatic Potential of A549 Cancer Cells through the Control of Cofilin
Phosphorylation. J.  Biol. Chem. 289, 26383-26394. doi:10.1074/
jbc.m114.569657

Palumbo, J. S., Potter, J. M., Kaplan, L. S., Talmage, K., Jackson, D. G., and Degen,
J. L. (2002). Spontaneous Hematogenous and Lymphatic Metastasis, but Not
Primary Tumor Growth or Angiogenesis, Is Diminished in Fibrinogen-
Deficient Mice. Cancer Res. 62 (23), 6966-6972.

Pan, Y., Jia, L. P, Liu, Y., Han, Y., and Deng, Q. (2019). Alteration of Tumor
Associated Neutrophils by PIK3CA Expression in Endometrial Carcinoma
from TCGA Data. J. Ovarian Res. 12, 81. do0i:10.1186/s13048-019-0557-6

Peng, L., Guo, J. C,, Long, L., Pan, F., Zhao, ]. M., Xu, L. Y., et al. (2019). A Novel
Clinical Six-Flavoprotein-Gene Signature Predicts Prognosis in Esophageal
Squamous Cell Carcinoma. Biomed. Res. Int. 2019, 3869825. doi:10.1155/
2019/3869825

Pollard, C., Nitz, M., Baras, A., Williams, P., Moskaluk, C., and Theodorescu, D.
(2009). Genoproteomic Mining of Urothelial Cancer Suggests y-Glutamyl
Hydrolase and Diazepam-Binding Inhibitor as Putative Urinary Markers of
Outcome after Chemotherapy. Am. J. Pathol. 175, 1824-1830. doi:10.2353/
ajpath.2009.090155

Poznanski, S. M., Nham, T., Chew, M. V,, Lee, A. J., Hammill, J. A., Fan, L. Y., et al.
(2018). Expanded CD56superbrightCD16+ NK Cells from Ovarian Cancer
Patients Are Cytotoxic against Autologous Tumor in a Patient-Derived
Xenograft Murine Model. Cancer Immunol. Res. 6, 1174-1185. doi:10.1158/
2326-6066.cir-18-0144

Rhee, M. S., Wang, Y., Nair, M. G., and Galivan, J. (1993). Acquisition of Resistance
to Antifolates Caused by Enhanced Gamma-Glutamyl Hydrolase Activity.
Cancer Res. 53 (10 Suppl. 1), 2227-2230.

Robert, S. M., and Sontheimer, H. (2014). Glutamate Transporters in the Biology of
Malignant Gliomas. Cell. Mol. Life Sci. 71, 1839-1854. doi:10.1007/s00018-013-
1521-z

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J.-C., et al.
(2011). pROC: an Open-Source Package for R and S+ to Analyze and Compare
ROC Curves. BMC Bioinformatics 12, 77. doi:10.1186/1471-2105-12-77

Schneider, E., and Ryan, T. J. (2006). Gamma-glutamyl Hydrolase and Drug
Resistance. Clinica Chim. Acta 374, 25-32. doi:10.1016/j.cca.2006.05.044

Shane, B. (2001). Folate Chemistry and Metabolism*. Clin. Res. Regul. Aff. 18 (3),
137-159. doi:10.1081/crp-100108170

Shubbar, E., Helou, K., Kovacs, A., Nemes, S., Hajizadeh, S., Enerbick, C., et al.
(2013). High Levels of y-glutamyl Hydrolase (GGH) Are Associated with Poor
Prognosis and Unfavorable Clinical Outcomes in Invasive Breast Cancer. BMC
Cancer 13, 47. doi:10.1186/1471-2407-13-47

Sideris, M., Emin, E. L., Abdullah, Z., Hanrahan, J., Stefatou, K. M., Sevas, V., et al.
(2019). The Role of KRAS in Endometrial Cancer: a Mini-Review. Anticancer
Res. 39, 533-539. doi:10.21873/anticanres.13145

Silva, I. H., Nogueira-Silva, C., Figueiredo, T., Lombo, L., Faustino, I, Catarino, R.,
et al. (2013). The Impact of GGH -401C>T Polymorphism on Cisplatin-Based
Chemoradiotherapy Response and Survival in Cervical Cancer. Gene 512,
247-250. doi:10.1016/j.gene.2012.10.038

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A, et al. (2005). Gene Set Enrichment Analysis: a Knowledge-Based
Approach for Interpreting Genome-wide Expression Profiles. Proc. Natl.
Acad. Sci. 102 (43), 15545-15550. doi:10.1073/pnas.0506580102

Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al.
(2019). STRING V11: Protein-Protein Association Networks with Increased
Coverage, Supporting Functional Discovery in Genome-wide Experimental
Datasets. Nucleic Acids Res. 47, D607-D613. doi:10.1093/nar/gky1131

GGH as UCEC Prognostic Biomarker

Thakur, A., Schalk, D., Sarkar, S. H., Al-Khadimi, Z., Sarkar, F. H., and Lum, L. G.
(2012). A Th1 Cytokine-Enriched Microenvironment Enhances Tumor Killing
by Activated T Cells Armed with Bispecific Antibodies and Inhibits the
Development of Myeloid-Derived Suppressor Cells. Cancer Immunol.
Immunother. 61, 497-509. doi:10.1007/s00262-011-1116-1

Uccella, S., Mariani, A., Wang, A. H.,, Vierkant, R. A., Robien, K., Anderson, K. E.,
et al. (2011). Dietary and Supplemental Intake of One-Carbon Nutrients and
the Risk of Type I and Type II Endometrial Cancer: a Prospective Cohort Study.
Ann. Oncol. 22, 2129-2136. doi:10.1093/annonc/mdq724

Urick, M. E., and Bell, D. W. (2019). Clinical Actionability of Molecular Targets in
Endometrial Cancer. Nat. Rev. Cancer 19, 510-521. doi:10.1038/s41568-019-
0177-x

Vivian, J., Rao, A. A,, Nothaft, F. A,, Ketchum, C., Armstrong, J., Novak, A., et al.
(2017). Toil Enables Reproducible, Open Source, Big Biomedical Data Analyses.
Nat. Biotechnol. 35, 314-316. doi:10.1038/nbt.3772

Wang, M., Zhang, G., Zhang, Y., Cui, X., Wang, S., Gao, S., et al. (2020). Fibrinogen
Alpha Chain Knockout Promotes Tumor Growth and Metastasis through
Integrin-AKT Signaling Pathway in Lung Cancer. Mol. Cancer Res. 18,
943-954. doi:10.1158/1541-7786.MCR-19-1033

Wang, S.-m., Sun, L.-1, Zeng, W.-x., Wu, W.-s,, and Zhang, G.-1. (2014). Influence
of Genetic Polymorphisms of FPGS, GGH, and MTHFR on Serum
Methotrexate Levels in Chinese Children with Acute Lymphoblastic
Leukemia. Cancer Chemother. Pharmacol. 74, 283-289. doi:10.1007/s00280-
014-2507-8

Yang, J., Li, H, Hu, S., and Zhou, Y. (2020). ACE2 Correlated with Immune
Infiltration Serves as a Prognostic Biomarker in Endometrial Carcinoma and
Renal Papillary Cell Carcinoma: Implication for COVID-19. Aging 12 (8),
6518-6535. doi:10.18632/aging.103100

Yeo, W, Chan, S. L., Mo, F. K, Chu, C. M., Hui, J. W., Tong, J. H,, et al. (2015).
Phase I/II Study of Temsirolimus for Patients with Unresectable Hepatocellular
Carcinoma (HCC)- a Correlative Study to Explore Potential Biomarkers for
Response. BMC Cancer 15, 395. doi:10.1186/512885-015-1334-6

Yin, D., Galivan, J., Ao, W., and Yao, R. (2003). Characterization of the Human
y-glutamyl Hydrolase Promoter and its Gene Expression in Human Tissues
and Cancer Cell Lines. Gene 312, 281-288. doi:10.1016/s0378-1119(03)
00624-3

Yu, G, Wang, L.-G,, Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R Package
for Comparing Biological Themes Among Gene Clusters. OMICS: A J. Integr.
Biol. 16, 284-287. doi:10.1089/0mi.2011.0118

Zali, M. R, Zamanian Azodi, M., Razzaghi, Z., and Heydari, M. H. (2019).
Gallbladder Cancer Integrated Bioinformatics Analysis of Protein Profile
Data. Gastroenterol. Hepatol. Bed Bench 12 (Suppl. 1), S66-S73.

Zhu, H.-Z., Zhou, W.-J., Wan, Y.-F., Ge, K, Lu, ], and Jia, C.-K. (2020).
Downregulation of Orosomucoid 2 Acts as a Prognostic Factor Associated
with Cancer-Promoting Pathways in Liver Cancer. Wjg 26, 804-817.
doi:10.3748/wjg.v26.i8.804

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yu, Qi, Zhang, Zhao and Wu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Genetics | www.frontiersin.org

January 2022 | Volume 12 | Article 764194


https://doi.org/10.1038/s41397-019-0097-x
https://doi.org/10.1177/1010428319846231
https://doi.org/10.1074/jbc.m114.569657
https://doi.org/10.1074/jbc.m114.569657
https://doi.org/10.1186/s13048-019-0557-6
https://doi.org/10.1155/2019/3869825
https://doi.org/10.1155/2019/3869825
https://doi.org/10.2353/ajpath.2009.090155
https://doi.org/10.2353/ajpath.2009.090155
https://doi.org/10.1158/2326-6066.cir-18-0144
https://doi.org/10.1158/2326-6066.cir-18-0144
https://doi.org/10.1007/s00018-013-1521-z
https://doi.org/10.1007/s00018-013-1521-z
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1016/j.cca.2006.05.044
https://doi.org/10.1081/crp-100108170
https://doi.org/10.1186/1471-2407-13-47
https://doi.org/10.21873/anticanres.13145
https://doi.org/10.1016/j.gene.2012.10.038
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1007/s00262-011-1116-1
https://doi.org/10.1093/annonc/mdq724
https://doi.org/10.1038/s41568-019-0177-x
https://doi.org/10.1038/s41568-019-0177-x
https://doi.org/10.1038/nbt.3772
https://doi.org/10.1158/1541-7786.MCR-19-1033
https://doi.org/10.1007/s00280-014-2507-8
https://doi.org/10.1007/s00280-014-2507-8
https://doi.org/10.18632/aging.103100
https://doi.org/10.1186/s12885-015-1334-6
https://doi.org/10.1016/s0378-1119(03)00624-3
https://doi.org/10.1016/s0378-1119(03)00624-3
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.3748/wjg.v26.i8.804
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Elevated Expression of Gamma-Glutamyl Hydrolase Is Associated With Poor Prognosis and Altered Immune Signature in Uterine C ...
	Introduction
	Materials and Methods
	Immunohistochemical Staining
	Data Source and Preprocessing
	Construction and Evaluation of Nomograms
	Analysis of Differentially Expressed Genes Between High and Low GGH Expression Subgroups
	Functional and Pathways Enrichment Analysis
	Construction of Protein‒Protein Interaction Networks
	Immune Infiltration Analysis
	Statistical Analysis

	Results
	Elevated GGH Protein and mRNA Expression in UCEC
	Associations of GGH Expression Level With Clinicopathologic Variables
	Prognostic Value of GGH Expression in UCEC
	Construction of Nomograms for Patients With UCEC
	GGH-Related Genes and Their Functional Network
	Correlations Between GGH Expression and Immune Cell Infiltration

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


