
Original Research

Proteomic analysis uncovers biological diversity in molecularly defined 
endometrial carcinomas

Dawn R. Cochrane a,b,1,* , Gian Luca Negri c,1 , Jutta Huvila d , Forouh Kalantari e,  
David A. Farnell f, Nissreen Mohammad f, Emily Thompson f, Winnie Yang a, Amy Lum a ,  
Sandra E. Spencer c, Ryan Riley c, Amy Jamieson b , Samuel Leung g, Derek Chiu g,  
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A B S T R A C T

While endometrial cancer has an overall favorable prognosis, some patients have poor outcomes and may benefit 
from further refinements of the current classification systems. Molecular classification stratifies endometrial 
cancer patients into four prognostic subtypes: POLEmut, MMRd (mismatch repair deficient), p53abn, and NSMP 
(no specific molecular profile), where patients with POLEmut have the best prognosis and p53abn has the worst 
prognosis. We used proteomic profiling to assess if additional prognostic or predictive information could be 
identified across or within molecular subtypes. Global proteome profiling of formalin fixed, paraffin embedded 
samples, that had clinicopathologic and outcome data, was performed on 184 endometrial cancers encompassing 
all four molecular subtypes, including replicate samples of the same tumor, and both biopsy and final hyster
ectomy specimens. To ensure representation of each subtype, we profiled an approximately equal distribution in 
the 148 unique tumors; 34 (23%) POLEmut, 40 (27%) MMRd, 35 (24%) p53abn and 39 (26%) NSMP, rather than 
the population-based distributions. There was high reproducibility in the proteomic profiles of intra-tumor 
replicate samples, and between matched biopsy and hysterectomy tumor samples. Consensus clustering identi
fied four clusters with different prognosis, named ‘Adhesion’, ‘Immune’, ‘Proliferation’, and ‘Metabolic’ based on 
the functional characteristics of the enriched proteins. We associated protein expression features with common 
mutations, molecular subtype, and outcomes. These results demonstrate the biologic diversity within endome
trial cancers, both between and within molecular subtypes, and provide candidate features for functional and 
clinical investigation.
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Introduction

Endometrial cancers are the most common gynecologic malignancy 
in North America. While the majority of endometrial cancers are asso
ciated with excellent five-year survival, approximately 20% of patients 
with endometrial cancer recur and ultimately die from their disease. The 
Cancer Genome Atlas (TCGA)-inspired pragmatic molecular classifica
tion of endometrial cancer has transformed categorization and risk 
group assignment of endometrial cancers [1–4]. Using a combination of 
focused sequencing and immunohistochemistry (IHC) four molecular 
subtypes have been identified; POLEmut (with pathogenic mutations in 
the exonuclease domain of polymerase epsilon), mismatch repair defi
cient (MMRd; with loss of one or more mismatch repair proteins, dis
playing microsatellite instability), p53 abnormal (p53abn; with either 
complete loss or overexpression of p53 proteins), and no specific mo
lecular profile (NSMP; having none of these other specific features) 
[5–9]. Prognosis ranges from highly favourable (>95% 5-year survival) 
for patients with POLEmut tumors to very poor prognosis for patients 
with p53abn endometrial cancer, where over half of patients recur and 
die from their disease [10]. Additional predictive implications of mo
lecular subtype assignment have also become apparent, including 
de-escalation of therapy for POLEmut cancers [11], and immune 
checkpoint inhibitors (ICI) for MMRd tumors [12,13].

Proteome profiling has been used to discover the biological un
derpinnings of various cancers such as altered metabolism in hepato
cellular carcinoma [14,15] and clear cell ovarian carcinoma [16], or the 
immune microenvironment of head and neck cancers [17]. Further 
stratification of existing cancer subtypes, for example subtypes within 
triple negative breast cancers have been discovered using proteomic 
analysis [18,19]. Prognostic biomarkers, identifying patients more 
likely to relapse predict relapse [20], or predictive biomarkers, identi
fying patients more likely to respond to therapy [21] have been found 
using global proteomic profiling.

Within the framework of molecular classification of endometrial 
carcinomas, there is tremendous interest in further refining prognosis or 
providing greater precision in treatment selection. Our objective was to 
determine the value of proteomic assessment of endometrial cancers, 
across and within the landscape of the 4 molecular subtypes and to 
assess the feasibility of proteomic stratification from first diagnostic 
biopsy. Our large scale proteomic analysis of the four endometrial 
cancer molecular subtypes using patient hysterectomy and biopsy ma
terial provides a rich resource that associates biological features for a 
cohort of molecularly defined endometrial cancers with associated 
clinical characteristics and outcomes data.

Methods and materials

Cohort description

Following institutional review board approval, we identified a cohort 
of endometrial cancers that had previously undergone molecular clas
sification and with complete clinicopathologic data and outcomes. A 
total of 184 individual formalin-fixed paraffin embedded (FFPE) sam
ples extracted for proteomics, from 150 individual cases. Two samples 
were removed from the subtype analysis because one had insufficient 
proteomics signal and the other was reclassified as an ovarian tumor. 
The remaining 182 samples in the study consisted of 159 hysterectomies 
and 23 endometrial biopsies (obtained from office pipelle/sample or 
curettage). For subtype analysis, we used the hysterectomy proteomic 
data only (n=148). To examine technical reproducibility, we included 
11 replicate hysterectomy samples, defined as being from a different 
tumor block of the same case. To compare hysterectomy to biopsy, we 
included 21 biopsy samples which were matched to hysterectomy 
samples. The final cohort (n=148) used for subtype analysis contained 
34 POLEmut, 40 MMRd, 35 p53abn, and 39 NSMP. The cohort was 
designed to contain a balanced number of each molecular subtype, 

rather than the distribution within the population. 10μM scrolls to a 
total of 5cm2 of tumor area were taken of each tumor, with macro
dissection performed when necessary to ensure high tumor content.

Protein isolation, reduction, and alkylation, FFPE tissue

Tubes containing 10 µM slices of tissue were centrifuged for 1 min at 
20,000 x g. Xylenes (800 μL, CAT #214736) was added to each tube, 
gently pipette mixed, and incubated for 5 min to deparaffinize the 
sample. Samples were centrifuged for 1 min at 20,000 x g and the su
pernatant discarded, then washed with an additional 800 μL of xylenes. 
100 μL of lysis buffer (500 mM Tris-Cl pH 8, (CAT#C4706, Sigma), 2% 
w/v sodium dodecyl sulfate (Bio-Rad, CAT#1610302), 1% v/v NP40 
(CAT#492016-100ML, Merck Millipore), 1% v/v Triton X100 
(CAT#T8787, Sigma), 5 mM EDTA (Thermo Fisher, CAT#15575020), 
50 mM sodium chloride (CAT#S7653, Sigma), 10 mM tris(2- 
carboxyethyl)phosphine hydrochloride, 40 mM chloroacetamide (in 
HPLC water) was added to the sample and the solution was heated at 
95◦C for 90 min with mixing at 1000 rpm. Tubes were cooled to room 
temperature prior to sample cleanup using the single pot solid phase 
enhanced sample preparation (SP3) method [22].

SP3 sample cleanup

SP3 was adapted from the published method [22]. Specifically, 
Sera-Mag SP3 1:1 bead mix (Sera-Mag Speed Beads, GE Life Sciences, 
CAT#45152105050350 and CAT#65152105050350) was rinsed once 
with HPLC water and diluted to a final working concentration of 20 
μg/μL. 200 μg of this bead mixture was added to the entire FFPE sample 
and mixed by pipetting to generate a homogeneous solution. To induce 
protein binding to the beads, ethanol (Sigma, CAT#34852) was added to 
achieve a final concentration of 50% (v/v). Bead-protein solutions were 
pipette mixed to ensure a homogeneous distribution of the beads and 
incubated for 5 min at room temperature. After incubation, tubes were 
placed on a magnetic rack for 1 min and the supernatant was removed 
and discarded. The beads were rinsed three times with 200 μL of 80% 
ethanol, and the supernatant was discarded. Rinsed beads were recon
stituted in 100 μL 0.2 M HEPES pH 8 containing 2 μg trypsin/rLysC mix 
(Promega, CAT#V5071), and pipette mixed. Mixtures were incubated 
overnight (14+ hours) at 37◦C in a thermomixer (Eppendorf, 
CAT#05-400-205). The supernatants were recovered using a magnetic 
rack and transferred to fresh 1.5 mL polypropylene Eppendorf tubes 
with a snap-lock lid (Eppendorf, CAT#022363204). Samples were 
stored at -80◦C and 10% of the resulting peptide mixture was used for 
QC of the sample prior to labeling.

TMT labeling

TMT 11-plex labeling kits were obtained from Pierce 
(CAT#A34808). Each TMT label (5 mg per vial) was reconstituted in 
500 μL of acetonitrile and frozen at -80◦C. Prior to labeling, TMT labels 
were removed from the freezer and allowed to equilibrate at room 
temperature. TMT label was added to the peptide sample in two volu
metrically equal steps of 10 µL (100 µg), 30 min apart at room tem
perature. Reactions were quenched by addition of 10 µL of 1 M glycine 
(CAT#G8898, Sigma). Labeled peptides were concentrated in a Lab
conco centrivap concentrator (CAT#781001010234) with a Thermo
Savant RVT400 refrigerated vapor trap (CAT#RVT400-230) to remove 
acetonitrile, and the differentially labeled peptides were combined. All 
samples were labeled with one of 11 TMT labels and batched prior to 
mass spectrometry. Batches contained 8 tumor samples, one SuperMix 
control (a mixture of lysates of 13 common cancer cell lines [19], a 
pooled all sample control (PIS; pooled internal standard), and another 
sample pool that was not used in the analysis. TMT channel assignments 
for the 23 plexes are described in Supplemental Table 1. The control 
channels increased the likelihood that the same peptides would be 
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detected in all batches and were utilized in normalization of the data 
between batches.

SepPak clean-up

SepPak C18, 50 mg columns were purchased from Waters (CAT#
WAT054960). TMT labeled samples were acidified with trifluoroacetic 
acid (Sigma, CAT#T6508-100ML) to a final concentration of 1%. Col
umns were washed with two aliquots of 1 mL 0.1% trifluoroacetic acid 
in HPLC grade acetonitrile (Sigma, CAT#34851) and conditioned using 
two aliquots of 1 mL 0.1% trifluoroacetic acid in HPLC grade water. 
Samples were loaded and rinsed with three aliquots of 1 mL of 0.1% 
formic acid (Sigma, CAT#33015) in HPLC grade water and peptides 
were eluted using two aliquots of 600 µL 0.1% formic acid in 20%/80% 
HPLC water/HPLC acetonitrile. Sample volume was reduced to less than 
200 µL by vacuum centrifugation.

HPLC fractionation

High-pH reversed phase separation was performed on an Agilent 
1100 HPLC system equipped with a diode array detector (254, 260, and 
280 nm). Fractionation was performed on a Kinetix EVO C18 column 
(2.1 x 150 mm, 1.7 μm core shell, 100Å, Phenomenex). Elution was 
performed at a flow rate of 0.25 mL/min using a gradient of mobile 
phase A (10 mM ammonium bicarbonate, pH 8) and B (acetonitrile), 
from 3% to 35% over 60 min. Fractions were collected every minute 
across the elution window (8-52 min) for a total of 48 fractions which 
were concatenated to 12 final fractions (e.g. 1 + 13 + 25 + 37 = fraction 
1; 2 + 14 + 26 + 38 = fraction 2, etc). Fractions were dried in a vacuum 
centrifuge and reconstituted in 0.1% formic acid HPLC water prior to 
mass spectrometry analysis.

Mass spectrometry (MS) analysis

Analysis of peptide fractions was carried out on an Orbitrap Fusion 
Tribrid MS platform (Thermo Scientific). Samples were introduced using 
an Easy-nLC 1000 system (Thermo Scientific). Columns used for trap
ping and separations were packed in-house. Trapping columns were 
packed in 100 μm internal diameter capillaries to a length of 2.5-5 mm 
with C18 beads (Reprosil-Pur, Dr. Maisch, 3 μm particle size). Trapping 
was carried out for a total volume of 10 μL at a flow of 25 µL/min. After 
trapping, gradient elution of peptides was performed on a C18 (Reprosil- 
Pur, Dr. Maisch, 3 μm particle size) column packed in-house to a length 
of 25 cm in 100 μm internal diameter capillaries with a laser-pulled and 
fritted electrospray tip. Elution was performed at a flow rate of 450 nL/ 
min. Mobile phase B (HPLC acetonitrile and 0.1% formic acid) was 
increased from 3-7% in mobile phase A (water and 0.1% formic acid) 
over 2 min, to 25% B over 94 min, to 40% B over 17 min, then a 1 min 
increase to 80% and the column was washed for 6 min.

Data acquisition on the ThermoFisher Orbitrap Fusion was carried 
out using a data-dependent method. MS1 survey scans in positive ion 
mode covering the normal mass range of 350 – 1200 were acquired at a 
resolution of 120,000 (at m/z 200), with quadrupole isolation enabled, 
an S-Lens RF Level of 60%, a maximum fill time of 100 ms, a single 
microscan, and an automatic gain control (AGC) target value of 4e5. For 
MS2 scan triggering, peptide monoisotopic precursor selection was 
enabled, charge state filtering was limited to 2 – 6 and undetermined 
charge states were included and charge states of 25 and higher were 
excluded. Dynamic exclusion of previously selected masses after 1 
observation was enabled for 60 s with a tolerance of 20 ppm. MS2 scans 
were acquired in the Orbitrap normal scan range mode at a resolution of 
50,000 with a starting mass of 120 after HCD fragmentation. A 
maximum fill time of 86 ms, quadrupole isolation, isolation offset off, an 
isolation window of 1.4 m/z, fixed collision energy of 40%, injection for 
all available parallelizable time turned OFF, and an AGC target value of 
1.2e5. The total allowable cycle time was set to 3 s. MS1 scans were 

acquired in profile mode, and MS2 in centroid format.

Data processing of mass spectrometry data

Raw MS data were searched using Sequest HT algorithm through 
Proteome Discoverer suite (v2.4) (Thermo Scientific), against a human 
reference (2018/08/03 Swissprot; 20,369 sequences). Precursor and 
fragment mass tolerance were set at 10 ppm and 0.05 Da, respectively. 
Dynamic modifications included Oxidation (15.995 Da, M), Acetylation 
(42.011 Da, N-Term), Methylation (14.016 Da,K) and TMT (229.163 Da, 
K). Static modification included Carbamidomethyl (57.021 Da, C), and 
TMT (229.163 Da, N-Term). Peptide-to-spectrum matches (PSM) were 
filtered using Percolator by searching the results against a decoy 
sequence set, only PSMs with FDR < 1% were retained in the down
stream analysis. PSMs were further filtered out if they had a signal-to- 
noise ratio (S/N) lower than 10 in the PIS channel and if they mapped 
to more than one unique protein. To normalize input signal, channel 
total intensity was scaled to 1e08. Each S/N was normalized to PIS 
channel (ratio) and, for each peptide, the median ratio of the 3 PSMs 
with the lowest isolation interference was used. Peptides were then 
median-aggregated to the protein level. Proteins with fewer than two 
identified peptides were excluded from analysis in the global proteome 
data. To estimate protein relative abundance, the S/N sum of the 3 
highest abundance PSMs was taken and the average across channel was 
multiplied to S/N protein ratios obtained previously.

Differential protein expression analysis was performed with Differ
ential Expression analysis of quantitative Mass Spectrometry data 
(DEqMS) R package [23]. Gene set enrichment analysis on differential 
expression was performed on the pre-ranked t-statistic with the R 
package fgsea [24] (minSize = 2,maxSize = 500), using the GO term 
signature derived from the Molecular Signature Database (MSigDB) 
[25]. Samples were clustered by selecting proteins that were quantified 
in all samples and that showed the highest variability (top 25% median 
absolute deviation) across the cohort. ConsensusClusterPlus R package 
[26,27] was used with the following parameters (maxK = 8, clusterAlg 
= ’km’,distance = ’euclidean’,reps = 3000, seed = 3326). The number 
of final clusters used was determined based on inspection of consensus 
matrix and examining the change in consensus cumulative distribution 
function area with delta plots. The "survminer" and "survival" R packages 
were used to conduct statistical survival analysis.

A previously published endometrial carcinoma cohort [28] was used 
to identify commonalities and disparities in the differential protein 
expression analysis between genomic subtypes and between endome
trioid and serous histotypes. Data were downloaded from Proteomic 
Data Commons (PDC) [29] and the log2 transformed protein abundance 
relative to a reference (“Unshared Log Ratio”) was used for downstream 
analysis with DEqMS as above.

Data availability

The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE [30] partner repository 
with the dataset identifier PXD057700.

Additional methods for immunohistochemistry, organoid culture, 
CRISPR-Cas9 knockouts, and western blotting can be found in Supple
mental Methods and Materials.

Results

Proteomics cohort description

Global proteome profiling using the clinical SP3-CTP workflow [22] 
was performed on 184 tumor samples. Two samples were removed from 
the final analysis; one sample lacking sufficient proteomics signal and 
one that was reclassified as an ovarian carcinoma, leaving 182 endo
metrial carcinoma samples included in the study (Fig. 1A, Supplemental 
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Table 1). Proteomics was performed on 159 hysterectomy samples ob
tained from 148 patients. There were 11 replicate hysterectomy sam
ples, representing different regions of the endometrial tumor. A total of 
23 endometrial carcinoma biopsy samples were also assessed, with 21 of 
these having matched hysterectomy samples.

Our cohort had approximately equal distribution of the 4 molecular 
subtypes; 34 (23%) POLEmut, 40 (27%) MMRd, 35 (24%) p53abn and 
39 (26%) NSMP endometrial cancers (Fig. 1B, Supplemental Table 2). 
The clinicopathologic features of the cohort are summarized in Fig. 1B 
and C, and detailed in Supplemental Table 2. The majority of p53abn 

Fig. 1. Cohort Description. A. Schematic of proteomic workflow depicting the number of samples across the 4 molecular cohorts. Of the 182 samples in the study, 
159 were hysterectomies and 23 were biopsies. The study included 11 replicate hysterectomy samples, defined as being from a different tumor block of the same case. 
There were 21 biopsy samples which were matched to hysterectomy samples and 2 biopsies that were not matched to hysterectomy. For subtype analysis, the 
proteomic data from 148 hysterectomy samples was used, consisting of 34 POLEmut, 40 MMRd, 35 p53abn, and 39 NSMP. The cohort features including histotype, 
grade, lymphovascular invasion (LVI), lymph node positivity and progression free survival (PFS) are displayed for individual samples (B) and as bar plots (C). PFS of 
1 indicates a progression event within 5 years, while 0 indicates no progression event. MMMT indicates malignant mixed Mullerian tumor.
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endometrial cancers were grade 3 endometrioid, serous and carcino
sarcoma (MMMT) histotypes, whereas the endometrioid histotype was 
predominant in the other molecular subtypes (Fig. 1B, C). The greatest 
number of disease progression events within 5 years was observed in 
patients with p53abn endometrial cancers (Fig. 1B, C). Lymphovascular 
space invasion (LVI) was observed less frequently in the NSMP subtype 
(Fig. 1B, C and Supplemental Table 1).

In total, we quantified 6089 proteins, with a minimum coverage of 2 
peptides, one of which was unique, with 3706 proteins quantified in 
each sample across the 23 TMT-11 batches. We tested for reproducibility 
between duplicate hysterectomy samples by analyzing the 11 biological 
replicate samples run, where a different tumor block from the same 
patient was sampled. The correlation between tumors sampled in 
different locations of the endometrium was very high, most having a 
Pearson correlation coefficient greater than 0.9, with the 3 lowest cor
relations (0.895, 0.905, 0.929) found within POLEmut cases, possibly 
reflecting tumor heterogeneity secondary to ultramutated phenotype 
(Fig. S1). Matched hysterectomy and biopsy samples were analyzed for 
21 cases; the Pearson correlation coefficient was above 0.9 for all but 
one sample (Fig. S2A). Differential protein expression analysis between 
matched diagnostic biopsies and hysterectomies showed higher blood 
components (e.g. hemoglobin and fibrinogen proteins) in the biopsies 
and higher matrix proteins (e.g. collagens) in the hysterectomies 
(Fig. S2B). Removal of the blood and matrix proteins from the analysis 
increased the correlation between matched biopsy and hysterectomy in 
most of the samples by an average of 0.0043 (Fig. S2C).

Consensus clustering of proteomic data

Consensus clustering was performed on hysterectomy samples from 
148 patients, resulting in four proteomic clusters (Fig. 2A). Pathway 
analysis (Fig. 2B) and differential protein expression (Fig. S3) was used 
to name the clusters. We named Cluster 1 the ‘Adhesion’ cluster, as it is 
enriched in proteins involved in actin, collagen, and integrin binding. 
Cluster 2 is named the ‘Immune’ cluster because it is enriched in proteins 
in the pathway for leukocyte activation. Cluster 3 is enriched in path
ways involved DNA replication, transcription and translation and is 
called the ‘Proliferation’ cluster. Cluster 4 is named the ‘Metabolic’ 
cluster, as it is enriched for some metabolic processes. The breakdown of 
the stage, histotype, and molecular subtype for each proteomic cluster is 
shown in Fig. S4. Cluster 1 is predominantly endometrioid and low stage 
with a mixture of molecular subtypes, but a higher proportion of 
POLEmut tumors than in the other clusters. Cluster 2 has more serous 
cases than cluster 1, mostly low stage and a mixture of molecular sub
types. Cluster 3 is enriched for high stage, p53abn and serous histotypes. 
Cluster 4 is almost exclusively endometrioid, with the lowest proportion 
of high stage cases and predominantly MMRd and NSMP. The clusters 
have different survival characteristics with the Proliferation Cluster 
(Cluster 3) having the worst prognosis and the Immune Cluster (Cluster 
2) having the best prognosis for both overall and disease specific sur
vival (Fig. 2C). The Adhesion (Cluster 1) and Metabolic (Cluster 4) 
clusters have intermediate survival.

Differential protein expression between molecular subtypes

Protein expression was compared between the four ProMisE molec
ular subtypes (Figs. 3A, S5A). p53 protein was more highly expressed in 
the p53abn group compared to the other groups (Fig. 3A, B). Other 
proteins that have been previously shown to be associated with 
aggressive clinical course or serous histomorphology were also enriched 
in the p53abn endometrial cancers, including UCHL1, L1RE1 (LINE-1), 
ISG15, and IGF2BP3 [31–37]. Growth factor receptor bound protein 7 
(GRB7), was also found to be more highly expressed in p53abn tumors 
(Fig. 3A, D). IHC for GRB7 confirmed high protein levels in p53abn 
compared to other subgroups, with more tumors displaying high in
tensity staining (Fig. 3D), percent positive tumor cells and a higher 

H-score (Fig. S6). The gene encoding GRB7 is adjacent to ERBB2 on 
chromosome 7 and these genes are often co-amplified [38–42]. Using 
IHC, we found only a weak correlation between GRB7 and HER2 
expression (Fig. S6B), suggesting that only a subset of GRB7 positive 
tumors have genomic amplifications encompassing the ERBB2 and GRB7 
loci. In some cases, the focal staining positivity of HER2 and GRB7 
expression were matched, suggesting genomic co-amplification in these 
tumors (Fig. S6C). High GRB7 is associated with worse disease specific 
survival (hazard ratio; HR=2.39, Fig. 3E) and progression free survival 
(HR=1.87, Fig. S6D) in the whole cohort, while there was no significant 
association of GRB7 with survival within the individual molecular 
subtypes (not shown).

Comparison with published proteomics dataset

We compared our proteomics dataset with a previously published 
dataset of 95 tumors, of which 7% were POLE ultramutated (POLEmut), 
26% MSI hypermutated (MMRd), 21% CN-high (p53abn), and 45% CN- 
low (NSMP). When comparing the proteins enriched and depleted 
within each molecular subtype, we found good correlation between our 
proteomic data and this previous proteomic study [28], with the best 
correlation found in MMRd, p53abn, NSMP groups (all with p<2.2e-16, 
Fig. S5). In the ultramutated POLEmut tumors, genetic instability results 
in high intratumoral heterogeneity and there is less correlation between 
our study and previously published data (p=0.00073) [28]. As has been 
found previously [28], RPL22L1 is enriched in the MMRd group 
compared to the others (Fig. S5B). In the MMRd subtype, there is an 
abundance of proteins involved in steroid signaling such as PDIA2, 
SCGB2A1, and SCGB1D2 [43–45], and cell adhesion and polarity such as 
PATJ, CEACAM5, and LAD1 [46–48]. The NSMP group is enriched in 
keratins (KRT5, KRT6A, and KRT75) and metabolic proteins that have 
previously been implicated in cancer such as ASRGL1, DPEP1, and 
ACSL5 [49–51]. Interestingly, we found no correlation for proteins 
upregulated in the POLEmut subtype except for HLA and linker Histone 
H1.1 proteins [52].

Comparison of protein expression between endometrioid and serous 
histotype in our cohort showed an enrichment for many proteins that 
have been previously associated with serous or p53abn endometrial 
cancers, including UCHL1, HMGA1, IGF2BP3, P53, and L1RE1 
(Fig. S7A). The endometrioid tumors were enriched for proteins such as 
PIGR, ASRGL1, and HGD (Fig. S7A). We compared our results with those 
in the Dou et al. proteomic study which had also performed a compar
ison of serous and non-serous tumors [28] and found good correlation 
(Pearson’s R = 0.63) between the two studies (Fig. S7B).

Protein expression in relation to ARID1A status

ARID1A mutations, leading to a loss of ARID1A protein expression, 
are found in 18-60% of endometrial cancers, depending on grade and 
histotype [53–55]. ARID1A status was determined by IHC for all samples 
in the cohort. In tumors that express ARID1A, there was an increase in 
proteins involved in the retinoic acid pathway (RBP1, CRABP2, ADH1B, 
and ALDH1A2) and in the ARID1A negative tumors an enrichment for 
proteins related to anti-microbial response (SLP1, LYZ, CAMP, DPP4, 
GBP1, GBP2, GBP5, RNASE3, BPI, and CYBA), and specifically proteins 
related to neutrophils (MPO, CTSG, AZU1, and LCN2) (Fig. 4A). IHC was 
performed for ARID1A, RBP1, CRABP2, and MPO confirming that 
ARID1A positive tumors tend to express RBP1 and CRABP2, while 
ARID1A negative express MPO (Fig. 4B). The Spearman’s correlations 
between ARID1A expression and RBP1 was 0.22 (p=0.0065), 0.28 
(p=0.00045) between ARID1A and CRABP2, and 0.21 (p=0.01) be
tween ARID1A and MPO (Fig. S8). We found a positive correlation be
tween RBP1 and ARID1A by western blot in endometrial and clear cell 
ovarian cancer cell lines (Fig. S9A). In isogenic lines where ARID1A has 
been depleted using CRISPR-Cas9, RBP1 levels were decreased 
(Fig. S9B). Similarly, in organoids we derived from normal endometrial 
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Fig. 2. Clustering of the proteomic data. A. Heatmap of consensus clustering of the top 25% most variable proteins (N = 927) resulting in four clusters. The 
histotype, molecular subtype, and stage are shown above. B. Heatmap showing the Normalized Enrichment Score of pathways associated with each of the four 
clusters. The clusters were renamed based on gene and pathway enrichment as Adhesion (Cluster 1), Immune (Cluster 2), Proliferation (Cluster 3), and Metabolic 
(Cluster 4). C. Kaplan-Meier survival curves are shown for the four clusters, disease specific survival (DSS, top) and overall survival (OS, bottom). The p-value for 
each pair of clusters is shown at the bottom left of the plots.
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Fig. 3. Differential protein expression among molecular subtypes. A. Volcano plot comparing protein expression between p53abn (right) and the other mo
lecular subtypes (left). B. Protein abundance of p53 measured from proteomics among the four molecular subtypes. C. Protein abundance of Grb7 among the 
molecular subtypes. D. Endometrial tumor TMA (16-005, 475 cases) was immunostained for Grb7 and intensity scored as 0 (negative), 1 (weak), 2 (moderate) and 3 
(strong). Proportion of the different intensities of Grb7 staining among the molecular subtypes and representative image of staining (20X magnification). E. Kaplan- 
Meier survival curve for disease specific survival for Grb7 H-score (calculated by multiplying intensity by percent positive staining) in all molecular subtypes.
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cells with CRISPR-Cas9 depletion of ARID1A, the organoids were larger 
than organoids expressing ARID1A (Fig. S10C), and RBP1 levels were 
decreased compared to the normal organoids (Fig. S9D).

Proteins related to outcomes

Survival analysis, demonstrating the association of proteins to 

disease specific survival (DSS) are shown in Figs. 5 and S10. Among the 
proteins showing potential prognostic value across the whole cohort of 
endometrial cancers (all molecular subtypes), TOMM34, TSFM, PXDN, 
and XPNPEP3 appeared promising. We tested multiple antibodies for 
validation by IHC, however, the available antibodies did not have the 
sensitivity and specificity needed for validation studies (PXDN, 
XPNPEP3) or failed to show a statistically significant difference in 

Fig. 4. Correlation between ARID1A expression and retinoic acid pathway and neutrophil infiltration. A. Volcano plot of proteins showing higher abundance 
in ARID1A positive (right side) or ARID1A negative (left side) tumors with proteins related to the retinoic acid pathway and bacterial response/neutrophils high
lighted. B. Endometrial tumor TMA (16-005, 475 cases) was immunostained for ARID1A, RBP1, CRABP2 and MPO with representative images shown (20X 
magnification).
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survival in our validation cohort (TOMM34, TSFM, data not shown). We 
also looked at specific proteins within the ProMisE molecular subtypes, 
and found that NCL was associated with worse DSS within the NSMP 
group (Fig. 5A). In a cohort of 157 endometrial cancers (TMA 11-010), 
there was worse DSS within the NSMP group using the optimal cut point 
in percent positive scoring (HR=9.656, p= 0.0331, Fig. S11). In a second 

larger cohort of 475 endometrial cancers (TMA 16-005), there was no 
significant difference found in DSS within the NSMP group (not shown), 
however there was a significant difference in DSS over the whole cohort 
(HR = 1.878, p= 0.0470, Fig. 5C, D).

Fig. 5. Proteins associated with clinical outcomes. A. Volcano plot of disease specific survival hazard ratios within the NSMP subtype. B. Forest plot showing 
hazard ratios within MMRd, NSMP, and p53abn subtypes for selected proteins. C. Endometrial tumor TMA (16-005, 475 cases) was stained for NCL. Images of 
different percent positive NCL staining are shown (Magnification 20X). D. Kaplan-Meier curve for progression free survival for high and low NCL percent positive.
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Discussion

Molecular classification in endometrial cancer has enabled consis
tent pathology classification and reporting, informs prognosis and risk 
group assignment, and can direct adjuvant conventional or targeted 
therapies. We performed SP3-CTP [22] proteomic characterization of 
endometrial cancers to potentially further refine molecular classifica
tion, analyzing 148 unique endometrial tumors derived from FFPE 
materials, including 34 POLEmut, 40 MMRd, 35 p53abn, and 39 NSMP 
tumors. We observed a high degree of reproducibility between replicate 
proteomic samples taken from the same patient and different areas of 
the hysterectomy specimen. While the reproducibility was still very 
high, the samples with the most variability were in the patients with 
POLEmut tumors, which carry a very high mutational burden (ultra
mutated) and have high genomic intra-tumoral heterogeneity.

Our study included 23 endometrial biopsies, of which 22 also had 
matched hysterectomy specimens from the same individual. Hysterec
tomies are generally performed several weeks to months after endo
metrial biopsy. We were able to achieve high quality proteomic data 
from biopsy specimens, and demonstrate a high degree of concordance 
with the matched biopsy-hysterectomy samples, suggesting the protein 
expression in these tumors remains relatively stable between the time of 
biopsy to hysterectomy. The ability to achieve whole proteome profiling 
from biopsy is extremely important as increasingly, molecular classifi
cation of endometrial cancer is being performed on these diagnostic 
samples and used to direct surgery and treatment, therefore proteomic 
refinement at this early time point would be hugely beneficial. Notably, 
we found an enrichment of blood proteins in biopsy samples and 
extracellular matrix proteins in the hysterectomy samples, both of which 
would need to be taken into account in interpreting proteomic data in 
future studies, and with removal of these components the concordance 
between samples from the same patient was increased.

Unsupervised clustering of the proteomic data from all 4 molecular 
subtypes of endometrial cancer generated four clusters; ‘Adhesion’, 
‘Immune’, ‘Proliferation’, and ‘Metabolic’. Pathway analysis showed 
enrichment for pathways involved DNA replication, transcription, and 
translation in the ‘Proliferation’ cluster. The proteins expressed in tu
mors of the ‘Proliferation’ cluster are associated with a high rate of 
proliferation and markers of poor outcome, such as a serous histotype 
and p53abn subtype. The proteins included ISG15, PRKDC, MCM4, and 
MCM6 [34,56–58] which are proliferation markers, STAT1, a protein 
associated with serous endometrial cancer (most of which are p53abn) 
[59], and LINE-1, which has been correlated with p53abn endometrial 
tumors, copy number alteration and replication stress [33,60]. The 
majority of patients in the ‘Proliferation’ cluster had tumors of p53abn 
subtype, high stage and grade, non-endometrioid histotype, and more 
rapid progression events (within two years) than the other clusters. 
Survival for the ‘Proliferation’ cluster was worse compared to the other 
clusters, as would be expected with a higher proportion of p53abn and 
high stage cases. However, there are patients in molecular subtypes 
other than p53abn that do unexpectedly poorly and it is possible that the 
tumors that cluster with the p53abn in the ‘Proliferation” have similar 
underlying biology, such as a high proliferative rate, and are at higher 
risk of recurrence.

As the leukocyte activation pathway was associated with Cluster 2, 
as well as proteins expressed by immune cells (LYZ, MPO1, AZU1) it was 
named the ‘Immune’ cluster. Interestingly, this cluster was not enriched 
in MMRd and POLEmut tumors (although representatives from these 
and all molecular subtypes were noted) and had more p53abn, high 
stage, and high grade cases compared to the ‘Adhesion’ and ‘Metabolic’ 
clusters. Despite the high proportion of p53abn endometrial cancers the 
‘Immune’ cluster had the better survival of all the clusters. The improved 
survival may be explained by a high level of immune infiltrates, which 
has been associated with better outcomes in endometrial cancer and 
other cancers. There is already strong evidence and FDA approval for ICI 
therapy in MMRd endometrial tumors, however, there is a great need to 

identify additional biomarkers to determine which mismatch repair 
proficient (MMRp) endometrial cancers may benefit from ICI’s. The 
Cluster 2 ‘Immune’ proteomic subset may represent an opportunity to 
identify patients who may benefit from ICI’s [61–66], which would need 
testing in a prospective cohort.

The ‘Metabolic’ and ‘Adhesion’ clusters had intermediate survival 
and consist largely of endometrioid histotype. While these clusters 
provide little information on prognosis, they do give insight into the 
biology underlying the tumors in these two clusters. Proteins enriched in 
the ‘Adhesion’ cluster compared to the other clusters include proteins 
involved in cell-cell adhesion and the actin cytoskeleton (CNN1, TAGLN, 
TPM1) [67–69] which may serve to enhance tumor cell motility. In the 
‘Metabolic’ cluster, protein expression fell into pathways involved in 
purine nucleotide metabolism and nucleotide-sugar biosysthesis. Pu
rines are building blocks of RNA and DNA, and provide energy to the cell 
which is required for proliferation, and purine metabolism is often 
altered in cancers [70]. Biosynthesis of nucleotide sugars is necessary for 
glycosylation of cell surface proteins, which in turn can affect cell-cell 
interactions, communication, and motility [71].

Comparisons of differential protein expression between serous and 
endometrioid histotypes in our data were consistent with previous 
studies demonstrating enrichment of UCHL1, HMGA1, and TP53 (p53) 
in serous tumors [32,72]. Additionally, serous cancers expressed pro
teins involved in invasion and metastasis (IGF2BP3, UCHL1) [32,73], 
poor prognosis (IGF2BP3, UCHL1, BCAM, HMGA1) [32,72–74], and 
interferon response (MX1, STAT1) [59,75]. In contrast, endometrioid 
histology tumors expressed proteins related to better prognosis (PIGR, 
ASRGL1) [51,76,77], estrogen receptor positivity (KIAA1324) [78], and 
metabolism (ASRGL1, HGD) [51].

We compared the present proteomic study to a previous study of 95 
tumors, of which 83 were endometrioid and 12 serous [28]. In addition 
to global proteomics, their cohort was also characterized using 
phospho-proteomics, genomics and epigenomics. The distribution of 
molecular subtypes in the Dou et al. proteomic cohort was more similar 
to the population with 7% POLE ultramutated (POLEmut), 26% MSI 
hypermutated (MMRd), 21% CN-high (p53abn), and 45% CN-low 
(NSMP), whereas our cohort represented a more balanced distribution. 
The Dou et al. cohort was collected prospectively and therefore did not 
have outcome data, while our cohort was retrospective with clinical 
follow up. The protein expression patterns within molecular subtypes in 
our cohort and those found by Dou et al. [28] were largely similar, 
particularly within the NSMP, p53abn, and MMRd subtypes 
(p<2.2e-16). The lowest correlations between our studies and that in 
Dou et al. were in the POLEmut tumors. POLEmut tumors have an 
ultramutator phenotype with greater than 100 mutations per megabase 
[79] and the intratumoral heterogeneity in POLEmut tumors is observed 
visually in POLEmut tumors that also have TP53 mutations, frequently 
displaying a subclonal abnormal p53 IHC pattern [80]. Given the 
ultramutator phenotype and the high degree of intratumoral heteroge
neity, it is expected that the least amount of correlation in protein 
expression between the two studies is observed in the POLEmut subtype. 
Despite the lesser degree of correlation, the expression of some proteins 
was consistent between the two studies. The POLEmut tumors in both 
our studies and Dou et al. were enriched for Histone H1.1 proteins. An 
accumulation of histone genes in cancers with POLE mutations have 
previously been described [81], as well as an increase in origins of 
replication among histone genes [82]. Since origins of replication tend 
to be around transcriptional start sites and in areas of open chromatin, 
the accumulation of replication origins near histone genes may be 
indicative of more transcriptional activity in these areas, leading to an 
increased abundance of histone proteins.

RPL22L1 was found to be enriched in our patients of MMRd subtype, 
as has been previously reported [28]. Increased expression of RPL22L1 
protein could be a way to compensate for frequent mutations of its ho
molog, RPL22, in tumors with microsatellite instability [83]. RPL22L1 
has been found to promote proliferation, migration, invasion, and 
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therapy resistance in several cancer types [84–86] and could perform 
similar functions in MMRd endometrial cancers. In addition, proteins 
involved in various steroid hormone signaling pathways were abundant 
in MMRd tumors compared to other subtypes including NSMP tumors 
where we had predicted enrichment. These proteins included PDIA2, 
which in benign endometrial tissue has lower expression levels in 
secretory as compared to proliferative endometrium [43], and SCGB2A1 
and SCGB1D2, which are transcriptional targets of the androgen re
ceptor [44]. Proteins involved in polarity and cell adhesion, such as 
PATK, CEACAM5, and LAD1 were found to be highly expressed in 
MMRd tumors. These proteins have been linked to increased migration, 
invasion and anoikis resistance [87–94].

Some of the proteins expressed highly in NSMP tumors are often 
expressed in normal cells and are associated with tumors and better 
outcomes. The keratins found to be expressed more highly in NSMP 
tumors compared to other subtypes (KRT5, KRT6A, and KRT75) are 
basal cell markers and can be also found in endometrial hyperplasia 
[95]. In the uterus, EZH2 represses abnormal stratification of the 
epithelium and expression of KRT5 and KRT6A [95–97]. Similarly, the 
estrogen receptor (ER) also controls expression of basal cell keratins 
(KRT5, KRT6) in normal endometrium and excess ER signaling has been 
linked to endometrial hyperplasia [98,99]. EZH2 and the ER work 
together during uterine development to ensure proper epithelial differ
entiation [100]. Loss of EZH2 and excess ER signaling are indicative of 
endometrial cancer precursors and early tumorigenesis, aberrant high 
EZH2 expression and loss of ER are features of more aggressive endo
metrial tumors [101–103]. As NSMP tumors express keratins that sug
gests they retain EZH2 and ER signaling, this is consistent with NSMP 
tumors often being low grade and having good outcomes. Compared to 
the other three molecular subytpes, our NSMP tumors also expressed 
higher levels of ASRGL1, a metabolic protein that is usually lost in more 
aggressive endometrial cancers [77,104].

Within p53abn endometrial cancers, p53 protein was more highly 
expressed compared to the other 3 molecular groups, consistent with 
most p53abn tumors having missense mutations that cause an accu
mulation in p53 protein [105,106]. As would be expected, the proteins 
more highly expressed in the p53abn cases have previously been asso
ciated with serous histomorphology and more aggressive features. We 
also found GRB7 to be expressed at high levels in p53abn tumors. GRB7 
is an adaptor protein that interacts with receptor tyrosine kinases, 
including EGFR and HER2 [107]. The GRB7 gene is near the ERBB2 
(HER2) gene, and in several cancer types including breast [38,108], 
esophageal [40,42], and gastric cancers [109], ERBB2 and GRB7 are 
co-amplified and both overexpressed. Co-overexpression of GRB7 and 
HER2 leads to worse clinical outcomes compared to overexpression of 
HER2 alone [110]. Overexpression of GRB7 decreases apoptosis and 
increases proliferation, migration, invasion, and metastasis [111–116]. 
In our data, there was poor correlation between GRB7 and HER2 protein 
expression, suggesting that in our cohort, overexpression of GRB7 was 
not necessarily linked to GRB7 and ERBB2 co-amplification in most 
cases. In our cohort we found that high GRB7 expression was associated 
with poor survival. Pre-clinical studies on peptides that bind the SH2 
domain of GRB7, preventing interaction with receptor tyrosine kinases 
have showed promise in blocking migration, invasion, and metastasis in 
experimental model systems [117–119]. This suggests that GRB7 may be 
a targetable feature for patients with p53abn endometrial cancers.

Some recurrent mutations appear across all molecular subtypes, 
including ARID1A mutations resulting in loss of ARID1A protein 
expression; observed in up to 60% of endometrial cancers [53–55]. We 
performed differential protein abundance analysis on endometrial tu
mors that expressed ARID1A and those that do not express ARID1A. We 
used IHC to determine ARID1A expression and while we did not have 
mutation data, most ARID1A deficient tumors will be the result of 
ARID1A mutations [55]. We found that tumors with loss of ARID1A 
expression were enriched with proteins related to an 
anti-microbial/neutrophil response. There are many cancer types in 

which tumor associated neutrophils (TANs) have been associated with 
poor prognosis [120–124], however this is complicated by some reports 
of TANs being associated with good prognosis [125,126]. This may 
suggest that there is a context specific effect of TANs that remains to be 
elucidated. In a mouse model of endometrial cancer, neutrophils inhibit 
tumor formation and progression [127]. There have been some links 
with Arid1A loss and immune response in mouse models. In Arid1A 
knockout mice, the inflammatory response is decreased with fewer 
neutrophils being recruited in the skin in response to damage [128]. 
Arid1A loss in the liver resulted in higher levels of neutrophil infiltration 
compared to Arid1A proficient livers, and the hepatocellular carcinomas 
arising in the Arid1A knockout mice displayed higher neutrophil infil
tration compared to adjacent normal tissue [129]. TANs may play a 
significant role in resistance to immunotherapy and anti-angiogenesis 
therapies [130,131], and therefore this could be a consideration when 
designing targeted treatments for ARID1A deficient endometrial tumors.

In tumors with ARID1A expression, we observed increased expres
sion of proteins involved in retinoic acid signaling, including RBP1, 
which binds retinol in the cytoplasm and CRABP2, which transports 
retinoic acid to the nucleus where it interacts with retinoic acid re
ceptors to affect transcription. We demonstrate that depletion of 
ARID1A in cell lines and organoid molecules causes a decrease in RBP1 
protein levels. Retinoic acid signaling is important for differentiation in 
the endometrium. RBP1 is expressed in normal endometrial epithelium 
and tends to be lost in atypical endometrial hyperplasia and in some 
endometrial tumors, with levels decreasing with higher tumor grade 
[132,133]. High CRABP2 expression is associated with poor survival in 
endometrial cancer [134,135]. The role of retinoic acid signaling as it 
relates to ARID1A remains to be elucidated.

The proteomic data were analyzed across the full endometrial cancer 
cohort and within the four molecular subtypes to test for associations 
with individual proteins and clinical outcomes. While some statistically 
significant differences in survival based of the expression of some pro
teins were found, the outcomes were not large enough or consistent 
enough to be of immediate clinical utility, but could be useful in un
derstanding how the expression of some proteins impact the biology of 
the tumors and resultant clinical outcome variability. We found high 
nucleolin (NCL) to be associated with poor survival in NSMP subtype 
patients and confirmed this using IHC assessment in a small cohort of 
157 endometrial cancers. In a second larger validation cohort of 475 
endometrial cancers, NCL expression was associated with worse prog
nosis overall but not within NSMP. NCL has been previously reported to 
be prognostic in endometrial cancer [136,137], however molecular 
subtypes were not taken into consideration in these other series. In 
future studies, it would be informative to test the value of NCL in 
refining prognosis within NSMP tumors in the context of other known 
stratification features, such as artificial intelligence histopathology 
image analysis [138], and/or ER expression levels [139,140]. While the 
primary function of NCL in the cell is in rRNA and ribosome biosyn
thesis, NCL has been implicated in many cellular functions including cell 
cycle, apoptosis, DNA replication and repair, telomerase regulation, and 
chromatin remodeling [141].While the majority of NCL expression is in 
the nucleus, NCL can be expressed to some degree in the cytoplasm and 
plasma membrane of tumor cells [142,143]. Since NCL is expressed on 
the cell surface of tumor cells at a much higher level than normal cells, 
efforts are being made to use it to direct therapeutics, either to bind li
gands that will deliver a toxic agent or as a target of immunotherapy 
[144–148]. It remains to be seen whether NCL is expressed at high 
enough levels in the cytoplasm to make it a viable therapeutic target in 
endometrial cancers.

While other studies have included proteomic analyses that include 
protein modifications, such as phospho-, acetyl-, and glyco-proteomics 
on prospective cohorts [28,149], we focused on global proteomic 
characterization of a retrospective cohort of molecularly defined endo
metrial cancers that have been well characterized, with associated 
clinical and outcome data, and cohorts of characterized endometrial 
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cancers used for validation. We were able to achieve a large proteomic 
dataset from FFPE materials. With 148 individual endometrial tumors, 
we were able to define proteomic clusters that were largely independent 
of molecular subtype, with the exception of an enrichment of p53abn 
cases in the proliferative cluster. These proteomic clusters contribute 
towards a better understanding of the biology underpinning this disease 
and the diversity that exists within the molecular subtypes. We found 
differences in protein expression between tumors grouped by patholo
gist assigned histotypes, ARID1A protein expression, and outcomes. 
However, the relatively small number of cases within each of the mo
lecular subtypes, and the diversity of profiles within subtypes (especially 
within the highly mutated POLEmut tumors) limits further conclusions 
from our data.

We anticipate additional molecular, proteomic and biomarker 
studies linked to outcomes may add further stratification to endometrial 
cancer molecular classification. Our study thus provides both the 
experimental replication and justification for future functional and 
biomarker studies to better define and clarify diagnostic and prognostic 
biomarkers, and for the investigation of driving oncogenic processes for 
potential treatments.
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