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SUMMARY

Endometrial cancer (EC) is one of the most common gynecological cancers worldwide. Sentinel lymph node
(SLN) status could be a major prognostic factor in evaluation of EC, but several prospective studies need to
be performed. Here we report an in-depth proteomics analysis showing significant variations in the SLN protein landscape in EC. We show that SLNs are correlated to each tumor grade, which strengthens evidence of
SLN involvement in EC. A few proteins are overexpressed specifically at each EC tumor grade and in the corresponding SLN. These proteins, which are significantly variable in both locations, should be considered potential markers of overall survival. Five major proteins for EC and SLN (PRSS3, PTX3, ASS1, ALDH2, and
ANXA1) were identified in large-scale proteomics and validated by immunohistochemistry. This study improves stratification and diagnosis of individuals with EC as a result of proteomics profiling of SLNs.

INTRODUCTION
Sentinel lymph node (SLN) mapping is used as a surgical strategy
to perform a complete lymphadenectomy in individuals with
endometrial cancer.1 The concept of ‘‘sentinel nodes’’ appeared
in 19602 and is linked to the fact that if the SLNs are negative for
metastasis, then nodes distal from the SLNs should also be negative.3 In 1977, Cabanas4 used lymphography to describe SLNs in
individuals with penile carcinoma. SLN mapping enables
affected individuals to avoid the side effects associated with
complete lymphadenectomy and guides surgeons in decisionmaking. The use of pathologic ‘‘ultrastaging’’ and surgeon experience are key factors for successful SLN mapping, especially
with breast cancer and melanoma.1,5 The approach is based on
simply identifying the anatomical location of the SLNs.6 In the
case of gynecological malignancies, the reliability of the SLN
detection procedure has been investigated extensively in vulvar
and cervical cancer.7 SLN mapping in endometrial cancer (EC)
was introduced by Burke et al.8 and gained credibility in recent
years9 but has not yet been incorporated as a standard-of-care
procedure in EC.10 There are several factors that can explain
the low use of SLN mapping, including complex uterine drainage,
the various modalities of tracer injection, and lack of large prospective series. It has been reported that SLN mapping achieved
a detection rate of 81.7%, a metastatic SLN involvement rate of

10.9%, and a false negative rate of 12.3% in main clinical trials.10
In 2017, 55 eligible studies that included 4,915 women, were published.11,12 The overall detection rate of SLN mapping was 81%,
with a bilateral pelvic node detection rate of 50% and para-aortic
detection rate of 17% with a metastasis detection sensitivity of
96%. Thus, SLN mapping accurately predicts nodal status in
women with EC.11 Despite these promising clinical data and a
positive view of the role of SLN mapping in detecting EC, the
exact underlying molecular mechanisms relating SLNs and EC
grades have not been fully identified. Obtaining molecular information can highlight EC pathological mechanisms and serve to
identify potential prognostic and therapeutic targets.
Here we present a state-of-the-art proteomics study of SLNs
from individuals with EC to look at differences in protein expression and mutations that are associated with tumor grade and
identify affected pathways possibly involved in EC. In addition
to the mutations, the unreferenced proteins translated from the
regions described as non-coding of mRNA such as 5’ and 3’
UTRs and frameshift or from non-coding RNA (ncRNA), forming
the ‘‘ghost proteome,’’ were also investigated. Our work identifies a correlation between SLNs and EC grades based on significant protein abundance variation. Furthermore, we identify and
validate five key protein biomarkers that link EC and SLN cancer
grading that could be used later as diagnostic tools, pending
validation in larger and independent cohorts from multicenters.
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Figure 1. Global workflow
resolved analysis

of spatially

(A) Histopathological data obtained from immunocytochemistry performed with anti-P53 on
tissue sections of sentinel nodes (SNs), either
healthy (Aa) or cancerous (Ab, Ac, and Ad), from
grade I (Ab) with magnification (Ab’ and Ab’’),
grade II (Ac) with magnification (Ac’), and grade
III (Ad) with magnification (Ad’). Similarly, results
were obtained with their corresponding endometrial tissue, either healthy (Ae) or cancerous
(Af, Ag, and Ah), at grade I (Af) with magnification
(Af’ and Af’’), grade II (Ag) with magnification
(Ag’), and grade III (Ah) with magnification (Ah’).
See also IHC images in the Supplemental information).
(B) Workflow for spatially resolved proteomics
using IHC tissue sections. ROIs were subjected
to enzymatic microdigestion using trypsin followed by liquid junction microextraction, and
then subjected to shotgun proteomics analyses.

RESULTS
The aim of this study was to identify comprehensive molecular
proteomics signatures from SLNs and compare them with
early-stage endometrial carcinoma proteomes at intermediate
and high risk of recurrence, which was performed as a randomized study (Table S1). All sentinel nodes were examined by
standard staining. When negative, serial sections were
performed for standard staining and pancytokeratin immunohistochemistry (IHC). For the endometrial tissues, P53 immunostaining was performed. Figure 1A presents results of IHC from
a healthy sentinel node (Figure 1Aa) or normal endometrial tissue (Figure 1Ae), including from sentinel nodes from grade I
(Figures 1Ab–1Ab’’), grade II (Figures 1Ac and 1Ac’), and grade
III (Figures 1Ad and 1Ad’) or endometrioid grade I (Figures 1Af
and 1Af’’), grade II (Figures 1Ag and 1Ag’), and grade III (Figures 1Ah and 1Ah’). Based on these IHC results, we performed
spatially resolved shotgun proteomics on regions of interest
(ROIs) selected by a pathologist (Figure 1B). The stained slides
were then unmounted and resin was removed, and then trypsin
was deposited on the ROI using a piezo chemical inkjet printer.
The digested ROI was then subjected to liquid junction peptide
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extraction before separation with a nanoliquid chromatography (LC) coupled with
high-resolution mass spectrometry for
tandem mass spectrometry (MS/MS)
analysis. We first analyzed proteins
from sentinel nodes samples and endometrioid tissue samples separately, and
then we compared their protein profiles
together to assess common signatures
that might exist between them. In this
way, we expected to demonstrate
whether SLNs could provide a more sensitive method of assessing the spread of
apparent early-stage EC than a lymph
node dissection, which would enable a focus-targeted adjuvant
therapy decision, such as performing radiotherapy or
chemotherapy.
Shotgun proteomics of sentinel nodes
From the 24 samples (normal and grades I–III), 1,291 proteins
showed a significant difference in expression based on MSbased relative quantification. After filtering proteins based on a
minimum number of values in at least one of the four defined
groups (2 of 3 valid values), 1,005 proteins were obtained (Figure 1B; Data S1). Sixty-two specific proteins were identified
with the following repartition: 3 in the normal sentinel node, 21
in grade I, 5 in grade II, and 33 in grade III (Figure 1B; Table
S2). Comparison of the different sentinel node cancerous states
showed differences in terms of cellular components and molecular functions. Grade I tumors contained the highest level of proteins related to the nucleus and cytoplasmic constituents
compared with grade II and grade III tumors (Figure S1A),
whereas the three grades presented the same level of proteins
as detected in exosomes (Figure S1A). For the molecular functions, proteins identified in grade I tumors were more related to
an immune response, which was confirmed by STRING analysis
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(Figure S1B). Serpins, PTX3 (pentraxin-related protein 3),
CHI3L1 (chitinase-3-like protein 1), PROM1 (prominin-1),
ORM2 (alpha-1-acid glycoprotein 2), MNDA (myeloid cell nuclear
differentiation antigen), AZU1 (azurocidin), RNASE3 (eosinophil
cationic protein), ASRGL1 (isoaspartyl peptidase/L-asparaginase), and MMP8 (neutrophil collagenase) are proteins involved
in the immune response, especially the innate immune response
(Figure S1B). Grade II tumors contained only 5 specific proteins:
PLEK (Pleckstrin), PLIN1 (Perilipin-1), PLIN4 (Perilipin-4), ECM1
(extracellular matrix protein 1), and GIMAP1 (GTPase, IMAP family member 1). PLIN1 and PLIN4 are involved in the PPAR (peroxisome proliferator-activated receptors) signaling pathway.
ECM1 and PLECK are implicated in platelet degranulation and
immunity. ECM1 is also involved in angiogenesis (Figure S1C).
Grade III tumors contained proteins involved in DNA and RNA
binding, nucleic acid metabolism, transcription regulator activity,
and metabolism (Figure S1D). Several interesting proteins can be
pointed out, in particular CDC42 (cell division control protein 42
homolog), which plays a role in extension and maintenance of
formation of thin, actin-rich surface projections called filopodia.
SNW1 (NW domain-containing protein 1) is known to be implicated in epigenetics and is involved in NOTCH1-mediated transcriptional activation. Metastasis-associated protein (MTA2) is
associated with the estrogen receptor in breast cancer and predicts proliferation in non-small cell lung cancer.13 MTA2 also targets P53. MTA1, but not MTA2, has already been identified in
sentinel nodes of head and neck cancer14 and breast cancer.15
MTA1 expression was correlated positively with lymph node
metastasis and poor survival rate in EC.16 According to the
TCGA (The Cancer Genome Atlas)17, a list of 786 unfavorable
genes has been characterized, and among them, 20 are considered to be associated with lower overall survival when overexpressed.18 From this list, PTX3 protein was identified as the
only unfavorable factor in grade I.
To better understand the modulation registered across the
different lesions, a multiple-sample test ANOVA with p < 0.05
was performed. A total of 336 proteins showed a significant difference in expression among the 4 groups, as shown in a heatmap (Figure 2A). Proteomes in samples from the same group
were similar (mean Pearson correlation, 0.92) compared with
inter-group variation. The main differences were observed between normal sentinel nodes and grade I SLNs (Figure 2B). A volcano plot was made, based on combination of grades I, II, and II
together, which were compared with normal sentinel nodes; the
data revealed 91 differentially regulated proteins, with 44 proteins more represented in tumor tissue and 47 in normal tissue
(Figure 2C; Table S3). Among the 44 identified proteins more expressed in cancerous sentinel nodes, 12 are involved in the
innate immune response (protein SGT1 homolog, nucleoside
diphosphate kinase B, Drebrin-like protein, alpha-1-acid glycoprotein 2, Clusterin, DNA-dependent protein kinase catalytic
subunit, Ras-related protein Rap-1b, vesicle-associated membrane protein 8, Ras-related protein Rap-1A, major vault protein,
interleukin enhancer-binding factor 2, and Cystatin-B), 4 are
involved in necroptosis and cellular senescence (ADP/ATP
translocase 1, ADP/ATP translocase 2, ADP/ATP translocase
3, ADP/ATP translocase 4, and charged multivesicular body protein 4a), and 20 are involved in mediated transport (Figure 2D).
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Functional enrichment analysis established that tumors are connected to nucleotide metabolism, whereas proteins involved in
normal tissue are highly related to signal transduction and cell
communication (Figure 2E). The hierarchical clustering between
normal grades and the different grades showed a separation into
2 branches, i.e., one separating grade III and another separating
the other grades and normal grade. The second branch separated grade I SLNs to normal and grade II SLNs, and then the
last subbranch separated normal from grade II SLNs (Figure 2A).
Cluster 1, representing overexpressed proteins in grade I SLNs,
contains 47 proteins (Data S2). Nine are antimicrobial peptides,
i.e., dermicidin, S100-A8, S100-A9, eosinophil cationic protein,
lysozyme C, lactotransferrin, neutrophil elastase, cathepsin G,
and neutrophil gelatinase-associated lipocalin. Twenty-four proteins are involved in the innate immune response or neutrophil
degranulation (Figure S2A). The other proteins are involved in energy pathways and metabolism (Figure S2A). Cluster 2, corresponding to proteins overexpressed in grade II, contains 37 proteins that are involved in metabolism involving mitochondrial
enzymes, such as isocitrate dehydrogenase 1 (IDH1), serine hydroxymethyltransferase (SHMT2), 2-oxoglutarate dehydrogenase (OGDH), ADP/ATP (translocase 1–4), glycanic enzymes
such as UDP-glucose 6-dehydrogenase (UGDH), sialic acid synthase (NANS, N-Acetylneuraminate Synthase), 78-kDa glucoseregulated protein (HSPA5), hypoxia upregulated protein 1
(HYOU1), endoplasmin (HSP90A1), and protein disulfide-isomerase A3 (Figure S2B). Other proteins are also involved in cell
growth (Figure S2D). Cluster 3 contains 117 proteins more expressed in grade III SLNs (Data S2). ClueGo analyses established that 32 are involved in the ribonucleoprotein complex (Figure S2C, red balls), ribosomes (Figure S2C, blue balls), and
translation (Figure S2C, green balls). Among the identified proteins, ICAM-3 is known to mediate inflammatory signaling to promote cancer cell stemness.19,20 Catenin beta-1 and Stathmin are
poor prognosis markers in EC.21,22 TP53BP1 is also detected
and is known to interact with p53 and MFN1; these two genes
encode a mitochondrial membrane protein and are considered
to have tumor suppressor gene functions. However, its mutation
is also considered a poor prognosis marker in cancer.23 Functional enrichment analyses demonstrated that proteins more
represented in grade III SLNs are involved in metabolism of nucleotides, protein metabolism, and energy pathways (Figure S2D). Cluster 4 corresponds to proteins that are more represented in normal sentinel nodes; 26 cytosolic proteins have been
identified (Figure S2E) and are involved in oxygen carrier activity,
oxygen binding, and myosin binding. Gene set enrichment analysis (GSEA)24 associated with Cytoscape25 analyses of the 4
clusters is in line with the precedent analyses (Figure 2F).
Comparison of the volcano plot of the grade I, grade II, and
grade III sentinel nodes (Figures 3A–3C) established a molecular
transition between these grades. The volcano plot confirmed the
presence of a high number of differentially regulated proteins between grade I and normal SLNs (Figure 3A). No differentially
regulated proteins were detected between grade II and normal
SLNs (Figure 3B), whereas few proteins were differentially regulated between grade III and normal SLNs (Figure 3C). Thus, we
observed a clear shift from normal to grade I sentinel nodes
that keeps immune activity through antimicrobial peptides and
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Figure 2. Proteomics analysis of SLNs
(A) Hierarchical clustering of the most variable proteins between normal tissue and grades I–III (n = 3 for each category, ANOVA with permutation-based
FDR < 0.05).
(B) PCA PC1 versus PC3 of the proteomics data obtained from each grade of SN versus healthy tissue.
(C) Volcano plot of overexpressed proteins in normal SNs versus ones in carcinoma (grades I–III).
(D) STRING analysis of proteins present in cluster 1 corresponding to proteins overexpressed only in grade I SNs.
(E) Funrich biological process analyses of normal versus carcinoma SN.
(F) GSEAs associated with Cytoscape of the four clusters.
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Figure 3. Establishment of a molecular transition between SLN and EC grades
(A–C) Volcano plots of proteins under- or overexpressed in (A) grade I SNs, (B) grade II SNs, and (C) grade III SNs.
(D) Venn diagram representing specific proteins per grade versus normal and ones in common from SNs.
(E) PCA PC1 versus PC2 of EC versus normal tissue.

(legend continued on next page)
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immune factors involved in the innate immune response. The
transition from grade I to grade II can be explained by the switch
from an immune profile to cytoskeleton modifications and proliferation. We then refined the analysis with a false discovery rate
(FDR) of less than 0.01 to compare grade II with grade III SLNs
(Figure S2F). Nineteen proteins were identified to be in common
between grade II and grade III; most of these proteins are
involved in metabolism and in the Warburg effect (Figure S2F,
inset STRING analysis). Cancer cell evolution to epithelialmesenchymal transition (EMT) is suggested, as reflected by
the presence of hypoxia upregulated protein 1. However, resistance of the immune response to cancer cells is still present in
grade III. In fact, regulators of self-antigen presentation are still
present, such as Tap1, HLA-CW12 (human leukocyte antigen),
and class II HLA-DRB1.
Shotgun proteomics of EC
Proteins from the 12 samples (normal and grades I–III) were extracted and subjected to shotgun proteomics analyses. 1,280
proteins showed a significant difference in expression level. After
filtering proteins based on a minimum number of values in at
least one of the four defined groups (2/3 of valid values), 913 proteins were obtained (Data S3). According to the Venn diagram,
11 proteins were specific to healthy endometrial tissue, 24 to
grade I EC, 14 to grade II, and 19 for grade III (Figure 3D; Table
S3). Moreover, principal-component analyses (PCAs) revealed
a clear separation between the different grades and healthy
endometrial tissue (Figure 3E). The volcano plot associated
with the heatmap confirmed the presence of 2 clusters, i.e., a
cluster representative of normal endometrial tissue and cluster
2 related to EC (Figure 3F). GSEA associated with Cytoscape
confirmed that cluster 2, corresponding to proteins overexpressed in EC, are involved in translation, transcription, and
nucleotide metabolism (Figure 3F). Specific proteins identified
in grade I EC tissue are related to the immune response with
the presence of antimicrobial peptides (neutrophil elastase,
neutrophil gelatinase-associated lipocalin, bactericidal permeability-increasing protein, and azurocidin). Among the immune
factors, we identified interleukin-16 (IL-16); receptor-type tyrosine-protein phosphatase C, required for T cell activation; Integrin alpha-M; and Integrin ITGAM/ITGB2, known to be implicated
in various adhesive interactions of monocytes, macrophages,
and granulocytes. We also identified CD74, which is known to
play a role in major histocompatibility complex (MHC) class II antigen presentation. However, CD74 is a poor prognostic marker
in breast cancer26 and PTX3 in EC, according to the TCGA (Table
S3). For grade II, 4 proteins involved in the Wnt pathway have
been identified (i.e., SMARCA4, GNB2, GNB4, and 26S proteasome subunit 10 [PSMC10]) (Table S3) and in grade III, NOTUM
and PSMC6. Moreover, endosialin is known to play a role in tumor angiogenesis.27 The host cell factor c1 (HCFC1) is an immunomodulator that plays a role in limiting the anti-cancer immune
response and production of cytokines such as IL-6 or IL-8, which
can contribute to neovascularization or tumor growth.28 Volcano
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plots confirmed the high number of specific proteins identified in
the 3 stages of EC development (Figures 4A–4C).
To better understand the modulation registered across the
different lesions, a multiple-sample ANOVA with p < 0.01 was
performed (Figure 4D). A total of 384 proteins showed a significant difference in expression between the 4 groups. Hierarchical
clustering and heatmap representation established a good separation between the three EC grades (Figure 4D; Data S3). Cluster 1 contained proteins overexpressed in grade I tumors.
Among the identified proteins, 30 are involved in immune
response (Figure S3A), such as gamma interferon-inducible protein 16 (IFI16), lysozyme C, myeloperoxidase, and lactotransferrin. The other ones are related to the metabolism of RNA. For
grade II, 42 proteins implicated in cytoskeleton protein binding,
the ribosome, and actin-binding were detected in cluster 2 (Figure S3B). A network implicating TPM4, TPM2, TPM1, MYH10,
and MYH11 was identified, similar to what we found recently in
glioma.29 For grade III, some of the proteins are involved in cell
adhesion (Cadherin-13, b-catenin, tenascin, vitronectin, emilin
1, and collagen alpha-1 chains) and the extracellular matrix,
including ApoE and HSPG2 (cluster 3; Figure S3C). ApoE is
important for proliferation and survival of ovarian cancer.30 An
analysis with a FDR of 0.01 is presented in Table S4. Interestingly, we identified PTX3 and ASS1 to be overexpressed in grade
I and grade II tumors, respectively. These two proteins are
considered to be among the top 20 most unfavorable prognostic
factors according to TCGA data17 and antibody-based protein
data18 (Figure 4G).
Comparison of sentinel node and EC proteomes
A comparison analysis was performed based on the 24 samples
used previously after ANOVA with a FDR of 0.01. 659 significant
proteins were identified among 1,053. After hierarchical clustering and heatmap representation, healthy endometrial tissue
is separated from the sentinel nodes and endometrial tumor
grades. Interestingly, one branch regroups sentinel node grade
I and endometrial grade I samples. Endometrial grade II and III
tumors are also regrouped and separated from sentinel node
grades II and III (Table S5). Cluster 1 corresponds to the common
proteins overexpressed in sentinel and endometrial grade I tumor tissue (Table S5), and cluster 2 represents the common
overexpressed proteins between SLN and EC grade III tissue
(Table S5). Cluster 1 contains 22 proteins involved in immune
response (Figure 5A) with 10 antimicrobial peptides (neutrophil
gelatinase-associated lipocalin, lactotransferrin, lysozyme C,
neutrophil elastase, cathepsin G, RNAS3, myeloperoxidase,
azurocidin, S100A9, and S100A). Interestingly, cluster 1 also
contains the MNDA, which acts as a transcriptional activator/
repressor in the myeloid lineage, as well as SerpinB1 and integrins (ITGB2 and ITGA6), also involved in immunity. Besides these
immune factors, which are considered favorable prognosis factors for EC, ANXA1 is also overexpressed in grade I SLNs and EC
and is considered a favorable prognosis gene. However, ANXA3,
ANXA11, LGALS3, FTH1, CP (ceruloplasmin), SERPINB1,
FLOT1, and FLOT2 are unfavorable markers for the overall

(F) Volcano plot and Hierarchical clustering of the most variable proteins between normal tissue and grade I–III EC (n = 3 for each category, ANOVA with
permutation-based FDR < 0.05) and GSEA analyses of normal versus the 3 grades of the EC associated together. The GSEA was performed on the two
clusters identified.
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Figure 4. Proteomics analysis of grade I–III EC
(A–C) Volcano plots of proteins under- and overexpressed in (A) grade I EC, (B) grade II EC, and (C) grade III EC.
(D) Hierarchical clustering of the most variable proteins between grade I–III EC (n = 3 for each category, ANOVA with permutation-based FDR < 0.01).
(E) Survival curve and HIC (immunohistochemistry) of the ASS1 marker obtained from a pathological atlas.

survival (Figure S4A). Cluster 2 contains ALDH2, a favorable
prognosis gene for EC, and PRSS3, an unfavorable prognosis
marker. YBX1, SLC1A5, ALDOA (aldolase, fructose-bisphosphate A), ATP1A1, and UBA2 are unfavorable OS (overall survival) markers (Figure S4A) and were validated in immunocytochemistry and quantified based on pathological atlas data
(Figures S4B–S4B00 ). Moreover, correlation studies between
the different grades of SLNs (Figure 5B) or EC (Figure 5C) and between sentinel nodes and EC grades (Figure 5D) established a
positive correlation between grades when the datasets are taken
individually. Comparison of sentinel nodes and EC grades points

out a positive correlation between grade I of both tissues. Using
correlation matrices (Figure 5E), we found that PTMA (prothymosin alpha), ACTL6A, SHMT2, RBM25, and RBM4 were detected
in grade I, II, and III sentinel nodes as well as in grade I, II, and III
of EC. SUB1 and ETHE1 are expressed in grade II and III SLNs
and grade II and III EC. DCD is present in grade I and II SLNs
and grade I and II EC. YBX2, NOTUM, and RANDBP1 are found
specifically in grade III SLNs and grade III EC. NUP210 is specific
to grade II SLNs and grade II EC. PADI4, MUC5B, GOLM1,
MNDA, CHI3L1, PTX3, SP100, MMP8, AZU1, and SLC9A3R2
are specific to grade I SLNs and grade I EC.
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Figure 5. Similar marker proteins highlighted between SLN and EC according to their grades
(A) Hierarchical clustering of the most variable proteins between heathy tissue and grade I–III SNs and grade I–III EC (n = 3 for each category, ANOVA with
permutation-based FDR < 0.01). 3 clusters were identified (1–3), and GSEAs are shown as insets for clusters 1 and 2.
(B–D) Matrix (B) correlation studies between the different grades of SNs, and (C) EC grades (D) between SN and EC grades.
(E) Table of selected markers found in TCGA and detected or not detected in SNs and endometrial carcinoma (EC) at different grades as well as normal/healthy
tissue.
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Figure 6. IHC validation of the panel of survival markers identified
Representative fluorescence images of the 5 proteins of EC grades. PRSS3, PTX3, and ASS1 are associated with poor outcome, and ALDH2 and ANX1 are
considered positive outcome markers in (A) EC and (B) SLNs. Images were acquired with a confocal microscope at 403 magnification. Scale bars, 20 mm.

We established the presence of markers common between
SLNs and EC tissue that are grade dependent. Among the identified markers, PRSS3, PTX3, and ASS1 are considered poor
outcome gene marker, whereas ALDH2 and ANXA1 are positive
outcome markers. Validation was performed on 13 samples (Table S1; corresponding to 8 patients) by immunofluorescence
(Figure 6). In EC, PRSS3 is more expressed in grade III, ASS1
in grade II, and PTX3 and ANXA1 in grade I, whereas ALDH2 is
present in grade II and grade III of EC. In SLNs, PRSS3, PTX3,
and ASS1 are highly expressed compared with other markers,
such as ANXA1 and ALDH2, which are close to undetectable.
ASS1, PTX3, and PRSS3 are highly detectable in grade I,
whereas their expression is lower in grades II and III. PRSS3 is
slightly less detectable in grade II, and its detection is increased
in grade III. For PTX3, the level of detection in grades II and III is
lower than in grade I. None of them are detected in healthy pa-

tients (Figures 6A and 6B). The other markers correlated with
poor outcome (YBX1, SLC1A5, ALDOA, ATP1A1, and UBA2)
have already been tested on transcription-mediated amplification (TMA), and we confirmed their presence at elevated levels
(Figures S4B and S4B00 ). We also detected some protein markers
that can be correlated with a positive outcome, associated with
longer overall survival; these included the CD74, GOLM1,
SLC9A3R2, and SP100 proteins, according to the TCGA.
Mutations
Several studies have evaluated genetic mutation frequencies in
individuals with EC of different tumor grades.31 In this context,
we sought to determine whether these mutations can be translated and detected in proteins. For that purpose, we used a human database combined with the XMan v.2 database.32 This
database contains information about mutated peptides that
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can be found in some cancers, extracted from the COSMIC
database. Sixty-six mutated peptides were identified (Data S4).
Among the proteins from which mutated peptides were identified, we retrieved collagen alpha 1, histones, laminin 1, myosin
9, HDGF, CAP-1, fibrinogen beta unit, tenascin, PTBP1, actin,
hemoglobin subunits, integrin beta 2, ACTBL, SRP-14, annexin
6, TMP2, HCLS1, and lactotransferrin (Data S4). Laminin subunit
alpha-1 mutated peptide (Figure 7A) is only detected in EC grade
II tissue, and HDGF protein is identified in SLN grade I (Data S4).
Correlation between SLN grades and EC grades has shown that
CO1A1, histone H1A, histone 2A2C, myosin 9, ACTBL1, and
HDGF are in common with CO1A1 mutated peptides, which
were found in all samples (Data S4; Figure 7).
Ghost proteins
We have previously established the presence of proteins derived
from non-canonical human open reading frames promoting cancer metastasis in high-grade serous carcinoma (HGSC) and glioma.33–37 From our proteomics data, 36 alternative proteins
were identified, with more than 80% derived from non-coding
RNA (ncRNA), and 10% of the mRNA coding for RefProt is
derived from the 50 UTR, 11% from the 30 UTR, and 3% from
a shift in the CDS (coding sequence) (Data S5). Eleven are
common to all tissues (Data S5). Six are common to all grades
of sentinel nodes and grade II of EC tissues (Data S5). Only
Alt-RBKS, Alt-LOC100128398, Alt-RP11-193H5.1, Alt-CTA212A2.3, and Alt-HNRNPA1P58 are not expressed in normal
endometrial tissue. Alt-CTA-212A2.3, Alt-HNRNPA1P58, AltSLC13A1, and Alt-AP002884.2 are absent in normal lymph nodes (Data S5). A heatmap of the different ghost proteins demonstrates the presence of 7 alternative proteins in sentinel nodes.
Alt-HMGN2P3 and Alt-CACUL1 are overexpressed in grade II
and III SLNs. The other ones were not quantified or overexpressed
(Figure 7Ba). In endometrial tissue, Alt-ACTBP11, Alt-ACTBP8,
Alt-CTA-212A2.3, Alt-ACTG1P211, and Alt-LOC101929048 are
overexpressed in healthy endometrial tissue. Alt-CALCUL1 and
Alt-RBKS are overexpressed in grade II. Amt-NSMCE1 is overexpressed in grade III (Figure 7Bb). The combination of all tissues
gave some specific clusters. Alt-CALCUL1, Alt-HMGN2P3, and
Alt-RP11-279O17 are overexpressed only in SLN grades II and
III. Alt-ACTBP11, Alt-ACTBP8, Alt-LOC101929048, and AltRP11-193H5 are only overexpressed in healthy endometrial tissue. No clear alternative proteins in common in sentinel nodes
and endometrial tissue can be found (Figure 7Bc).
DISCUSSION
In this work, based on spatially resolved proteomics analysis of
grade I–III clinical samples derived from individuals with EC and
SLNs, we establish the presence of common proteomics
markers that are grade dependent. Compared with recent
studies using SWATH-MS (Sequential Window Acquisition of
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all Theoretical Mass Spectra) proteomics on grade II and grade
I EC, we identified all of their validated markers; i.e., CAPS,
PKM, AZU1, CNN1, S100A8, STMN1, and CTSG proteins.38
These proteins are known to have interactions with drugs;
some of these are US Food and Drug Administration (FDA)approved drugs, such as SMARCA4.39 However, these markers
are not used from SLN analyses to predict EC status. In our
study, we identify markers that cross-correlate nodal status
with EC grade. Among the markers identified in EC and SLNs,
3 markers (PRSS3, PTX3, and ASS1) are considered poor
outcome gene markers in EC, and 2 (ALDH2 and ANX1) are positive outcome markers. These markers are linked to tumor cell
motility. In fact, PTX3 contributes to melanoma cell invasion40
as well as in other cancers,41 through a Toll-like receptor 4
(TLR4)/nuclear factor kB (NF-kB) signaling pathway. ASS1 protein is required for cancer cell migration.42,43 PRSS3 is also
known to be involved in tumor metastasis.44 PRSS3 upregulates
VEGF (vascular endothelial growth factor) expression via the
PAR1-mediated ERK (extracellular signal-regulated kinases)
pathway and promote tumors progression and metastasis.45
The two positive outcome markers (ANXA1 and ALDH2) are
also involved in tumor motility, but in its modulation. ALDH2 is
known as one of the key regulators in tumor metastasis, especially in the lungs.46 ALDH2 functions as a mitogen-activated
protein kinase (MAPK) upstream to inhibit cell proliferation and
migration, promote cell apoptosis, and alter EMT by elevating
E-cadherin and attenuating vimentin. The role of ANXA1 in tumor
motility and metastasis is still unclear.47 Loss of annexin A1
expression has been observed in breast, gastric, esophageal,
prostate, bladder, head and neck, laryngeal, and oral cancer
and correlates with tumorigenesis and malignant tendency.
However, its expression has also been linked to advanced
stages of specific cancers as well as metastatic tendency and
degree of differentiation. In this case, ANXA1 expression
increased inversely to epithelial markers such as E-cadherin
and cytokeratin (CK) 8 and 18 and proportionally to mesenchymal ones such as vimentin, ezrin, and moesin.48 ANXA1
seems to regulate metastasis by favoring cell migration/invasion
intracellularly as a cytoskeleton remodeling factor and extracellularly as a ligand of formyl peptide receptor.49,50 Most of these
markers have not been reported previously in EC at the protein
level, based on IHC data, except the ASS1 protein. We validate
these markers using immunofluorescence and confirmed their
specific presence in EC, offering new tools for pathologists for
diagnosis. Other markers identified as poor outcome markers
(YBX1, SLC1A5, ALDOA, ATP1A1, and UBA2) have already
been tested on TMA, and their presence in high abundance
was confirmed, as we quantified (Figure S4B). We also detected
some positive outcome markers (CD74, GOLM1, SLC9A3R2,
and SP100) according to overall survival (from the TCGA and
pathological protein atlas).17,18 These results provide a clear
answer regarding the disagreement among cancer centers

Figure 7. Mutation and alternative proteins analyses
(A) MS/MS spectrum of mutated peptides.
(B) Hierarchical clustering of the most variable alternative proteins between healthy tissue and grade I–III (a; n = 3 for each category, ANOVA with permutationbased FDR < 0.01), healthy tissue and grade I–III EC (b; n = 3 for each category, ANOVA with permutation-based FDR < 0.01), and between healthy tissue and
grade I–III SNs and grade I–III EC (n = 3 for each category, ANOVA with permutation-based FDR < 0.01).
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regarding the value of lymph node dissection. It is clear that
lymph node metastasis is one of the most important prognostic
factors in EC. EC and SLN data identified key proteins that can
be used to establish this correlation. In fact, PTMA, ACTL6A,
SHMT2, RBM25, and RBM4 are detected in SLN and EC grades
I and II and in EC grade III, whereas SUB1 and ETHE1 are expressed in SLN and EC grades II and III.
Of interest, the DCD protein is found in SLN and EC grades I
and II. The YBX2, NOTUM, and RANDBP1 proteins are found
specifically in SLN and EC grade III. NUP210 is specific to SLN
and EC grade II. PADI4, MUC5B, GOLM1, MNDA, CHI3L1,
PTX3, SP100, MMP8, AZU1, and SLC9A3R2 are specific to grade
I SLNs and EC. We can also include proteins with specific mutations as signature markers. Col1A1, histone H1A, histone 2A2C,
myoglobin 9, ACTBL1, and HDGF were detected in all cancer tissue, whatever the grade, but lamin1 mutated peptides are only
detected in grade II EC tissue and HDGF only in SLN grade I. In
addition to these data, another family of proteins has also been
identified (i.e., Alt-CALCUL1, Alt-HMGN2P3, and Alt-RP11279O17) that is overexpressed only in SLN grades II and III.
Based on these specific markers identified in EC and SLNs
and ones that are specific to grade I, II, or III, stratification of
affected individuals can be established, which will guide treatment decisions. As we detected the 5 markers which were
analyzed blind in SLN tissues and validated in EC tissues, SLN
mapping is feasible and can accurately predict nodal status in
women with EC based on our markers. In this way, the exact underlying molecular mechanisms relating SLN and EC grades
have now been highlighted by systemic biology-proteomicsbased study, which facilitates accurate EC detection and can
be used as a therapeutic endpoint target.
Limitations of study
The study was performed on a cohort of 41 samples from 15 individuals. A larger cohort is needed to definitively establish the
markers we identified and validated for routine molecular pathology. Such a large validation cohort is under construction at the
national level and will be tested as a multicentric assay though
a national PHCR (Programme hospitalier de recherche clinique)
from the National Institute of Cancer.
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Cytoscape Consortium

https://cytoscape.org/

FunRich

Pathan et al.53

http://www.funrich.org/

ImageJ

NIH

https://imagej.nih.gov/ij/download.html

Ghost protein database (GRCh38.83,
GRCh38.p7)

Openprot

https://openprot.org/

XManV2 database

Aguilera Flores and Lazar32

https://github.com/lazarlab/XMAn-v2

Deposited data
Raw and analyzed data
Software and algorithms

Other

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michel
Salzet (michel.salzet@univ-lille.fr).
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Materials availability
This study did not generate new unique reagents.
Data and code availability
The raw data and result files used for analysis were deposited at the ProteomeXchange Consortium54 (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository with the dataset identifier PXD020410.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
A cohort of 41 samples was selected for this study including 6 healthy Endometrium, 4 Grade I endometrioid, 8 Grade II endometrioid,
4 Grade III endometrioid, 3 Normal sentinel nodes, 4 Grade I sentinel nodes, 8 Grade II sentinel nodes, 4 Grade III sentinel nodes. The
age, type of tumors and patient information has been described in Table S1. The normal tissue was analyzed from a healthy normal
tissue section (presenting no abnormalities on IHC) from a patient with p53 signature lesion. Prior to the experiments, patients were
asked to sign an informed consent, authorization form describing the experimental protocol and instrument and exposure to the hazards. No personal information and data, such as the name of the individuals and identifiers were used in these experiments. A randomized number was assigned to everyone. This clinical study (Sentirad-1502, EudraCT: 2015-001732-38): Randomized study
comparing sentinel node (SN) policy to current French initial staging protocols in early-stage endometrial carcinomas at intermediate
and high risk of recurrence is supported by the French cancer clinical research projects funding program 2014 (National Cancer Institute, INCa). The endometrioid and sentinel nodes biopsies were obtained from patients of the Centre Oscar Lambret (Lille, France). All
experiments were approved by the local Ethics Committee (CPP Nord-Ouest I on July 20th, 2015, CPP 03/008/2015) in accordance
with the French and European legislation on this topic. The study complies with the MR004 reference methodology adopted by the
French Data Protection Authority (Paris, France), and we checked that patients did not object to the use of their data and biological
samples for research purposes. Serial sections of sentinel nodes were realized every 2-3 mm and then formalin-fixed and paraffinembedded. On these tissues, HPS and immunostaining of pancytokeratins (CKAE1/3, CKAE1/4, CKAE1/5), P53, L1CAM were
performed. Twenty-four samples were selected for spatially resolved shotgun microproteomic analyses (Table S1). This sample selection has been performed by taking into account the ability to find in the same patient the same Grade in endometrial carcinoma and
in sentinel nodes tissues. This cohort is considered a diverse representative of the population as each sample is biologically investigated in triplicate.
METHOD DETAILS
Antigen retrieval
All the slides were unmounted, and the resin was removed by soaking them overnight in xylene and rinsing them with xylene and
ethanol baths. The tissues are rehydrated using 50 each successive bath of decreasing ethanol degree (2x95 , 1x30 ) and two baths
of 10mM NH4HCO3 buffer. Then, antigen retrieval was performed to relax the tissue and increase the trypsin access to biomolecules.
Slides are dipped in 90 C pH9 20mM Tris for 30 minutes, rinsed in two baths of 10mM NH4HCO3 for 2 minutes each, and dried under
vacuum at room temperature.
Microproteomic analysis
Areas of interest have been selected on the tissue. These areas were digested, extracted and then analyzed in nanoLC-MS.
Trypsin digestion on tissue
Tryptic digestion was performed using a Chemical Inkjet Printer (CHIP-100, Shimadzu, Kyoto, Japan). The regions were selected
from the tissue scanned on the software, and then the trypsin solution (40mg/mL, 50mM NH4HCO3 buffer) was deposited on these
region defined to 1mm2 for 2h. During this time, the trypsin was changed every half-hour to avoid the autolytic digestion. With 350
cycles and 450pl per spot, a total of 6.3mg was deposited. To stop the digestion, TFA 0.1% was spotted during 25 cycles.
Liquid extraction
After microdigestion, the content of the spot was collected by liquid microjunction using the TriVersa Nanomate (Advion Biosciences
Inc., Ithaca, NY, USA) using the parameters of liquid extraction and surface analysis (LESA). 3 Mixtures of different extraction solvents
have been prepared and are composed of 0.1% TFA, ACN / 0.1% TFA (8: 2, v / v) and MeOH / 0.1% TFA (7: 3, v / v). A complete LESA
sequence run 2 cycles for each mixture solvent. The first step was to aspirate 2ml of solvent into a tip, 0.6 ml was deposited on the
tissue to create a liquid microjunction with 10 aspirate-dispense cycles to perform the extraction, and the extracted solution was
collected in 0.2 mL weak binding tubes. For each interesting spot, 2 sequences are grouped together in the same bottle.
NanoLC-ESI-MS2
After liquid extraction, samples were freeze-dried in a SpeedVac concentrator (SPD131DPA, ThermoScientific, Waltham, Massachusetts, USA), reconstituted with 10mL 0.1% TFA and subjected to solid-phase extraction to remove salts and concentrate the peptides.
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This was done using a C-18 ZipTip protocol (Millipore, Saint-Quentin-en-Yvelines, France). The pipettor was set to 10mL and the ZipTip
pipette tip was washing by performing 5 aspirate-dispense cycles in ACN, and equilibrated by 5 aspirate-dispense in TFA 0.1%. To
bind peptides, 20 aspirate-dispense was performed in the sample and 10 times in TFA 0.1% to remove salts. Peptides were eluted with
20ml of ACN/0.1% TFA (8:2, v/v) by realizing 20 aspirate-dispense, and then the samples were dried for storage. Before analysis, samples were suspended in 20mL ACN/0.1% FA (2:98, v/v), deposited in nanoLC vials and 10mL were injected for analysis. The separation
prior to the MS used online reversed-phase chromatography coupled with a Proxeon Easy-nLC-1000 system (Thermo Scientific)
equipped with an Acclaim PepMap trap column (75 mm ID x 2 cm, Thermo Scientific) and C18 packed tip Acclaim PepMap RSLC column (75 mm ID x 50 cm, Thermo Scientific). Peptides were separated using an increasing amount of acetonitrile (5%–40% over 145 minutes) and a flow rate of 300 nL/min. The separation column was kept at 50 C. The LC eluent was electrosprayed directly from the
analytical column and a voltage of 2 kV was applied via the liquid junction of the nanospray source. The chromatography system
was coupled to a Thermo Scientific Q-Exactive Orbitrap mass spectrometer. The mass spectrometer was programmed to acquire
in a data-dependent mode defined to analyze the 10 most intense ions of MS analysis (Top 10). The survey scans were acquired in
the Orbitrap mass analyzer operated at 70,000 (FWHM) resolving power. The MS analysis was performed with an m/z mass range between 300 to 1600, an AGC of 3e6 ions and a maximum injection time of 120 ms. The MS/MS analysis was performed with an m/z mass
range between 200 to 2000, an AGC of 50000 ions, a maximum injection time of 60 ms and the resolution was set at 17,500 FWHM.
Higher Energy Collision Dissociation (HCD) was set to 30%. Precursors ions with charges states > +1 and < +8 were kept for the fragmentation, with a dynamic exclusion time of 20 s.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data interrogation and analyses
All MS data were processed with MaxQuant51,52 (Version 1.5.6.5) using the Andromeda55 search engine. The proteins were identified
by searching MS and MS/MS data against the Decoy version of the complete proteome for Homo sapiens in the UniProt database
(Release March 2017, 70941 entries) combined with 262 commonly detected contaminants. Trypsin specificity was used for digestion mode, with N-terminal acetylation and methionine oxidation selected as a variable modification. We allowed up to two missed
cleavages. Initial mass accuracy of 6 ppm was selected for MS spectra, and the MS/MS tolerance was set to 20 ppm for the HCD
data. For the identification parameters, FDR at the peptide spectrum matches (PSM) and protein level was set to 1%, and a minimum
of 2 peptides per protein in which 1 was unique. Relative label-free quantification of the proteins was conducted into Max-Quant using the MaxLFQ algorithm56 with default parameters. Analysis of the identified proteins was performed using Perseus software
(http://maxquant.net/perseus/) (version 1.6.12.0). The file containing the information from the identification (proteinGroup.txt) was
used. Briefly, the LFQ intensity of each sample were downloaded in Perseus and the data matrix was filtered by removing the potential contaminants, reverse and only identified by site. The LFQ intensity was logarithmized (log2[x]). Categorical annotation of
the rows was used to define the different group. Venn diagram and principal component analysis (PCA) were done to compare
the protein content of each sample. Statistical multiple-sample tests were performed using ANOVA with a p value of 1%. Normalization was achieved using a Z-score with matrix access by rows. Only proteins that were significant by ANOVA were used. The hierarchical clustering and profile plot of only the statistically significant proteins were all performed and visualized by Perseus. Each
protein cluster were selected and extracted for biological analysis. Functional annotation and characterization of the identified proteins were performed using FunRich software (version 3) and STRING (version 9.1, http://stringdb.org).57 Pearson’s correlation coefficient and matrix representation were generated in R software using corrplot package. Gene Set Enrichment Analysis (GSEA) and
Cytoscape software (version 3.6.1) were used for the biological process analysis of the clusters selected from the heatmap.
Subnetwork Enrichment Pathway Analyses and statistical Testing
The Elsevier’s Pathway Studio version 10.0 (Ariadne Genomics/Elsevier) was used to deduce relationships among differentially expressed proteomics protein candidates using the Ariadne ResNet database.58,59 ‘‘Subnetwork Enrichment Analysis’’ (SNEA) algorithm was selected to extract statistically significant altered biological and functional pathways pertaining to each identified set of
protein hits among the different groups. SNEA utilizes Fisher’s statistical test set to determine if there are nonrandom associations
between two categorical variables organized by specific relationships. Integrated Venn diagram analysis was performed using ‘‘the
InteractiVenn’’: a web-based tool for the analysis of complex datasets.60
Mutation identification
Proteins identification was also performed using the mutation-specific database.32 XMan v2 database contains 2 539 031 mutated
peptide sequences from 17 599 Homo sapiens proteins (2 377 103 are missense and 161 928 are nonsense mutations). The
interrogation was performed by Proteome Discoverer 2.3 software and Sequest HT package, using an iterative method. The precursor mass tolerance was set to 15 ppm and the fragment mass tolerance was set to 0.02 Da. For high confidence result, the
false discovery rate (FDR) values were specified to 1%. A filter with a minimum Xcorr of 2 was applied. The generated result file
was filtered using a Python script to remove unmutated peptides. All mutations were then manually checked based on MSMS spectra
profile.
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Ghost proteins identification
RAW data obtained by nanoLC-MS/MS analysis were analyzed using Proteome Discoverer V2.2 (Thermo Scientific) with the
following parameters: Trypsin as an enzyme, 2 missed cleavages, methionine oxidation as a variable modification and carbamidomethylation of cysteines as static modification, Precursor Mass Tolerance: 10 ppm and Fragment mass tolerance: 0.6 Da. The
validation was performed using Percolator with an FDR set to 1%. A consensus workflow was then applied for the statistical arrangement, using the high confidence protein identification. The protein database was uploaded from Openprot (https://openprot.org/)
and included RefProt, novel isoforms, and AltProts predicted from both Ensembl and RefSeq annotations (GRCh38.83,
GRCh38.p7).35
Confirmatory immunohistochemistry analyses
Grading group validation was performed using antibodies directed against ALDH2, ANXA1, PRSS3, ASS1 and PTX3. After dewaxing
and antigen retrieval with citrate buffer, the tissues were incubated with a primary antibody at 4 C overnight, followed by application of
a secondary antibody (Alexa fluor conjugated antibody, 1/1 000 dilutions) for 1 hour at RT. We used the following primary antibodies:
ALDH2 (Invitrogen; 1/500 dilution), ANXA1 (OriGene, 1/50 dilution), PRSS3 (Invitrogen, 1/100 dilution), ASS1 (Abcam; 1/100 dilution)
and PTX3 (Abcam, 1/100 dilution). All slides were imaged on the Zeiss LSM700 confocal microscope. Three pictures were taken for
each tumor section.
ADDITIONAL RESOURCES
More information can be obtained at https://clinicaltrials.gov/ct2/show/study/NCT02598219. ClinicalTrials.gov Identifier: NCT02598219
(Sentirad-1502).
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