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SUMMARY
Endometrial cancer is one of the most frequently diagnosed gynecological cancers worldwide, and its prev-
alence has increased by more than 50% over the last two decades. Despite the understanding of the major
signaling pathways driving the growth and metastasis of endometrial cancer, clinical trials targeting these
signals have reported poor outcomes. The heterogeneous nature of endometrial cancer is suspected to
be one of the key reasons for the failure of targeted therapies. In this study, we perform a sequential window
acquisition of all theoretical fragment ion spectra (SWATH)-based comparative proteomic analysis of 63 tu-
mor biopsies collected from 20 patients and define differences in protein signature in multiple regions of the
same tumor. We develop organoids from multiple biopsies collected from the same tumor and show that or-
ganoids capture heterogeneity in endometrial cancer growth. Overall, using quantitative proteomics and pa-
tient-derived organoids, we define the heterogeneous nature of endometrial cancer within a patient’s tumor.
INTRODUCTION

Endometrial cancer (EC) is currently the most common cancer of

the female genital tract in developed countries.1 The incidence of

EC has continued to increase overmore than 50%during the last

two decades, with 66,570 new cases and 12,940 deaths re-

corded in 2021 in the United States alone.2,3 The main hallmark

symptom of EC is abnormal uterine bleeding, which is present in

more than 90% of patients.4 Treatment options for patients with

EC are limited to surgery (hysterectomy and bilateral salpingo-

oophorectomy) followed by adjuvant therapy (chemotherapy or

hormonal agents) depending on the clinical and histopatholog-

ical characteristics of the disease.5,6 While primary surgical

treatment is beneficial in most patients with EC, about 15%–

20% of patients are still likely to develop the recurrent disease

even if no symptoms of advanced or metastatic disease are pre-

sent at the time of diagnosis.7 According to the International

Federation of Gynecology and Obstetrics (FIGO), the chance of

recurrence is 10%–20% in stages I–II and 50%–70% in stages

III–IV.8 Therefore, a better understanding of EC is urgently

needed to develop unique drug targets and new treatment

strategies.
Cell Reports
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Recent genomic analysis has resulted in the identification of

four different clusters of human EC. These include (1) polymer-

ase ε (POLE) ultramutated, (2) microsatellite instability (MSI) hy-

permutated, (3) copy-number low, and (4) copy-number high.9

Activating genetic alterations in the PI3K-mTOR pathway are

commonly present in human patients with EC, and similar alter-

ations inmousemodels result in the development of ECs that are

histologically, phenotypically, and molecularly similar to human

EC.9–11 Suppression of PI3K-mTOR signaling using rapalogs in

human cancer cells and mouse models results in the inhibition

of growth of EC,12 providing a strong rationale for testing rapa-

logs in human patients with EC. Despite this evidence, clinical tri-

als with rapalogs have reported amodest response in human pa-

tients, and alterations in PTEN and PIK3CA are unable to predict

response to rapalogs.13,14 Data from preclinical and clinical trials

suggest that ECs initially respond to rapalog treatments, result-

ing in stable disease. However, tumors stop responding over

time and overcome the inhibition of PI3K-mTOR signaling.15

Multiregional sequencing of normal human endometrium and

endometriotic lesions revealed distinct mutations, including al-

terations in PI3KCA and PTEN, in different glands and in discrete

regions of the same tissue, suggesting that endometrial cells are
Medicine 3, 100738, September 20, 2022 ª 2022 The Author(s). 1
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Figure 1. Schematic representation for the

SWATH-based proteomics workflow

(A–D) Adjacent normal endometrium (A) and three

(B–D) tumor samples were isolated in different

sites of the endometrium cancer region from indi-

vidual patients before protein digestion and LC-

MS/MS analysis. Each peptides sample was in-

jected separately in a data-dependent acquisition

(DDA) mode, to generate a spectral library, and in a

SWATH (DIA) mode. The spectral library generated

from the DDA runs was used by Peakview and

Markerview to extract the peptide and the quanti-

fication information on each of the SWATH runs.

Experimental procedures are described in the

STAR Methods.
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genetically heterogeneous.16,17 This heterogeneity might

contribute to the poor response observed in clinical trials for

many single agent-based targeted therapies and the evolution

toward drug resistance. The simultaneous presence of multiple

subclones in a tumor is one of the major challenges for devel-

oping targeted therapies against EC. Intra-tumor heterogeneity

in ECmay influence the course of the disease, affect patient sur-

vival, and impact treatment decision-making.18 Together, little is
2 Cell Reports Medicine 3, 100738, September 20, 2022
understood regarding the heterogeneous

nature of EC, particularly at the proteomic

level.

In the present study, we isolated tumor

biopsies from different regions of patient

EC tissue. Next, we performed a sequen-

tial window acquisition of all theoretical

fragment ion spectra (SWATH)-based

comparative analysis to profile the protein

content in each core area within patient

EC tissue. SWATH-mass spectrometry

(MS) reproducibly measures the same

peptides across all samples and has

emerged as a versatile tool for high quan-

titative accuracy and in-depth analysis of

a large number of proteins from complex

samples.19 By using this approach, we

have characterized the protein heteroge-

neity within the same patient with EC.

We have also developed organoids from

multiple regions of the cancer tissue

within a patient and showed differences

in the growth of these EC organoids.

RESULTS

Proteomic analysis reveals
heterogeneous protein expression
profiles in patients with EC
To characterize EC heterogeneity at the

proteomic level, we compared the protein

composition from each different region of

EC tissue samples derived from individual

patients (Figure 1). The details of the indi-
vidual patients and their clinical history are shown in Table 1.

The selected cases were representative of the patients with EC

with regard to age, tumor type, and FIGO stage. We first isolated

protein from tumor tissue samples obtained from approximately

2–4 sites of ECanddigested theECproteins into peptides for sub-

sequent liquid chromatography-tandemMS (LC-MS/MS) analysis

(2–4 tumor samples per patient; total n = 63 tumors from 20 pa-

tients; Figure 1). We then used a label-free SWATH-MS strategy



Table 1. Clinical characteristics of patients

Patient

index Age (years) Tumor type Grade Site of tumor Size

Myometrial

invasion (%) Operative specimen

1 69 endometrioid carcinoma FIGO grade 2 fundus,

right side

25 3 18 3 15 mm 47.8 simple hysterectomy, bilateral

salpingo-oophorectomy, sentinel nodes

2 69 endometrioid carcinoma FIGO grade 1 fundus,

cornu

50 3 50 3 20 mm

(3 dimensions for

macroscopic tumors only)

47.5 hysterectomy and bilateral salpingo-

oophorectomy, lymph nodes

3 50 endometrioid carcinoma FIGO grade 2 fundus,

cornu, isthmus

40 3 18 3 15 mm

(3 dimensions for

macroscopic tumors only)

16.67 simple hysterectomy, bilateral

salpingo-oophorectomy

4 60 endometrioid carcinoma FIGO grade 2 fundus

and the right

cornu

18 3 15 3 13 mm at the

fundus (macroscopic

measurement)

37.5 total abdominal hysterectomy and right

salpingo-oophorectomy

5 72 endometrioid carcinoma FIGO grade 1 fundus to

lower uterine

segment and

right

cornu

40 3 25 3 10 mm 50 simple hysterectomy, including

bilateral oophorectomy (previous bilateral

salpingectomy)

6 70 endometrioid carcinoma FIGO grade 1 fundus and cornu microscopic 29.09 simple hysterectomy, bilateral salpingo-

oophorectomy

7 51 endometrioid carcinoma FIGO grade 1 endometrial cavity microscopic 8.3% uterus, tubes, ovaries

8 43 endometrioid carcinoma FIGO grade 1 fundus to mid

portion of endometrial

cavity

50 3 38 3 20 mm – simple hysterectomy, bilateral salpingo-

oophorectomy, bilateral sentinel external

iliac lymph nodes

9 62 endometrioid carcinoma FIGO grade 1 scattered foci

microscopic

not measurable,

microscopic only

15.38 simple hysterectomy, bilateral salpingo-

oophorectomy

10 47 endometrioid carcinoma FIGO grade 1 fundus, cornu,

isthmus, all

microscopic – simple hysterectomy, bilateral salpingo-

oophorectomy

11 70 endometrioid carcinoma FIGO grade 2 entire endometrial

surface

44 mm supero-inferior,

40 mm left to right, and

26 mm

12.5 simple hysterectomy, bilateral salpingo-

oophorectomy, nodes, vulvar biopsies

12 58 endometrioid carcinoma FIGO grade 2 entire endometrial

cavity

80 3 65 3 60 mm 100 simple hysterectomy, bilateral salpingo-

oophorectomy, nodes, peritoneal cyst

13 75 serous papillary carcinoma

associated with endometrial

intraepithelial carcinoma (EIC)

High grade fundus, cornu, isthmus,

all

35 3 20 3 6 mm

(for macroscopic tumors

only)

47.06 simple hysterectomy, bilateral salpingo-

oophorectomy, nodes, omentectomy,

peritoneal cytology

14 51 endometrioid carcinoma FIGO grade 1 lower body microscopic – simple hysterectomy, bilateral salpingo-

oophorectomy, nodes, omentectomy,

peritoneal cytology

15 60 endometrioid carcinoma FIGO grade 2 fundus 19 3 6 3 4 mm 38.46 simple hysterectomy, bilateral salpingo-

oophorectomy

(Continued on next page)
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to quantify and compare proteins in different areas within EC tis-

sue. For the SWATH analysis, a spectral library of 2,175 proteins

was created with a false discovery rate (FDR) <1% from the 15

fractions with the data-dependent acquisition (DDA) method on

a TripleTOF q6600 mass spectrometer (Figure S1; Table S1). We

then plotted Venn diagrams to check the degree of overlapping

proteins expressedwithin each site of the EC region in a single pa-

tient. From the Venn diagrams, a combined total of 1,447, 1,587,

1,464, 1,769, 1,521, 1,311, 916, 1,665, 1,356, 1,345, 1,221,

1,651, 1,567, 1,481, 1,205, 1,670, 1,112, 1,354, 1,317, and 1,518

unique proteinswere identified inmultiple EC tissues in the twenty

patients, respectively. Proteomic analysis of EC in patient 1 led to

the identification of up to 1,447 proteins, and 65, 43, and 28 pro-

teins are uniquely present in samples EC 1.1, EC1.2, and EC1.3,

respectively (Figure 2). Altogether, these 136 proteins represent

promising biomarkers and explain the diversity of protein profile

ofEC,as theyare found ina singleEC locationbut arenotdetected

in other locations within the same tumor. Comprehensive data

(including accession number, gene ID, and protein length: number

of amino acids) of identified proteins found in the different sites of

EC from patient 1 are listed in Table S2.

We next analyzed endometrial heterogeneity in patient 2 (sam-

ples EC 2.1, EC 2.2, EC 2.3, and EC2.4) in which tumor cells were

located throughout the uterine cavity, and we detected a total of

1,587 proteins (Figure 2). More specifically, we highlighted the

differentially expressed proteins that belong to each region,

and they contained 36 proteins in sample EC 2.1, 22 proteins

in EC 2.2, 16 proteins in EC 2.3, and 12 proteins in EC 2.4 (Fig-

ure 2; Table S2).

In an analysis of patient 3, we compared the protein composi-

tion of sample EC 3.1 that is positioned specifically at the edge of

the tumor versus sample EC 3.2 that is located inmiddle of tumor

and identified 1,464 proteins altogether (Figure 2). Of these 1,464

proteins, 144 proteins were not detected in the central region of

the tumor (sample EC3.2) (Figure 2). We further validated the re-

maining 54 tumors from 17 patients and found that the multiple

tumors within all independent patients also contained heteroge-

neous protein expression (Figure 2). Overall, our proteomic anal-

ysis highlighted that tumor tissue samples collected from

different sites of EC within the same patient can harbor diverse

protein profiles, probably representing different clones of cells

forming these tumors.

Proteomic changes in tumors with patient age and
tumor size
We next investigated whether changes in tumor proteome were

correlated with patient age or tumor characteristics. Age is a sig-

nificant risk factor for EC development, and significant changes

in tumor local and endocrine environment occur with age.20,21

Menopause in women occurs at an average of 51 years of

age.22 We detected a total of 1,985 proteins in pre- and post-

menopausal patients with EC and found that 5.8% of proteins

were exclusively higher in post- compared with premenopausal

patients (Figure 3A). ECs in postmenopausal patients are usually

derived from atrophic endometrium, and their growth is indepen-

dent of hormones.20 116 proteins that are exclusively present in

postmenopausal ECs could potentially represent cancer drivers

involved in the pathogenesis of this disease in aged women



Figure 2. Intra-tumor heterogeneity proteomic

profile of patients with endometrial cancer

Venn diagram illustrating the number of exclusive

proteins found in each site within the same tumor from

individual patients (n = 63 biopsies from 20 patients).

The color code in the Venn diagram corresponds to

the isolated site of the endometrial cancer region (see

gross surgical images). Comparison in the number of

protein identification at FDR <1%.
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Figure 3. Comparison of quantifiable proteins by SWATH in patients with endometrial cancer

(A, C, and E) Venn diagram depicts overlapped and unique quantifiable proteins identified in patients with endometrial cancer (EC) based on menopausal status,

tumor size, and the depth of myometrial invasion.

(B, D, and F) Volcano plots showing the difference of fold change (x axis) and significance of the difference (y axis) in patients with EC between pre- and

postmenopausal group, tumor sizes, and myometrial invasion. Proteins that pass a p value threshold for either up- or down-regulated expression are highlighted

in green and red, respectively. The top significant up- and down-regulated proteins associated with respective categories are shown in the table.

6 Cell Reports Medicine 3, 100738, September 20, 2022
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(Figure 3A). Volcano plot analysis detected 74 statistically signif-

icant up-regulated proteins in post- compared with premeno-

pausal patients (Figure 3B). Here, we have highlighted the top

five significant up-regulated proteins, and these are RNA-bind-

ing protein Ewing sarcoma breakpoint region 1 (EWSR1; log2

fold change [FC] = 3.01, p = 0.0005); tubulin alpha-1A chain (TU-

BA1A; log2FC = 2.77, p = 0.001); fructose-2,6-bisphosphatase

TIGAR (TIGAR; log2FC = 2.38, p = 0.003); signal peptidase com-

plex catalytic subunit SEC11A (SEC11A; log2FC = 2.17, p =

0.001); and centromere protein V (CENPV; log2FC = 2.07, p =

0.002) (Figure 3B). We also examined the proteins that were

significantly down-regulated in postmenopausal women (91 pro-

teins; Table S2), and the top five candidates are thymosin beta-4

(TMSB4X; log2FC = �3.38, p = 0.00005); collagen alpha-2(I)

chain (COL1A2; log2FC = �2.97, p = 0.000003); protein S100-

A16 (S100A16, log2FC = �2.78, p = 0.001); nebulette (NEBL;

log2FC = �2.73, p = 0.0007); and mimecan (OGN; log2FC =

�2.47, p = 0.0001; Figure 3B). We examined the expression level

of these proteins in the Human Protein Atlas (HPA) database23

and found that majority of these proteins (EWSR1, TUBA1A,

TIGAR, CENPV, COL1A2, S100A16, and NEBL) were up-regu-

lated in ECs compared with normal endometrium tissue samples

(Figure S2).

Previously, we have established that some proteins are differ-

entially expressed in large uterine smooth muscle tumors

compared with small tumors.24 Here, we compared the prote-

ome of macroscopic tumors (tumor volume >10 mm3) with

microscopic tumors (<10 mm3; Table 1) to identify proteins

that might be involved in promoting the growth of ECs. As ex-

pected, we found a significant number of proteins (1,835) that

were commonly identified across the two tumor-size groups

(Figure 3C). Our analysis also revealed a high number of differen-

tially expressed proteins including 134 (6.8%) and 16 (0.8%) pro-

teins exclusively found in macro- and microscopic tumors,

respectively (Figure 3C). Volcano plot analysis revealed seven

proteins that were significantly up-regulated in larger tumors,

and these are EWSR1 (log2FC = 2.43, p = 0.0003); enoyl-coen-

zyme A (CoA) hydratase mitochondrial (ECHS1; log2FC = 1.35,

p = 0.0004); D-3-phosphoglycerate dehydrogenase (PHGDH;

log2FC = 1.24, p = 0.000008); 14-3-3 protein epsilon (YWHAE;

log2FC = 1.16, p = 0.0005); hydroxyacyl-CoA dehydrogenase

mitochondrial (HADH; log2FC = 1.15, p = 0.0002); signal recog-

nition particle subunit SRP68 (SRP68; log2FC = 1.01, p =

0.00004), and caprin-1 (CAPRIN1; log2FC = 0.82, p = 0.00002)

(Figure 3D). These seven proteins are more strongly expressed

in EC than normal tissues (Figure S2), in agreement with our pro-

teomic data. We also observed 32 proteins that were signifi-

cantly more up-regulated in microscopic than larger tumors.

Here, we have highlighted only the top five significant proteins,

including hemoglobin subunit beta (HBB), band 3 anion transport

protein (SLC4A1), fibrillin-1 (FBN1), transforming growth factor

beta-1-induced transcript 1 protein (TGF-b1I1), and HBD (Fig-

ure 3D; see Table S2 for information on FC and p values).

Proteomic changes associated with myometrial
invasion of cancer cells
The endometrium is surrounded by a thick layer of smooth mus-

cle known as myometrium. Normally, endometrial cells are not
present in the myometrium. However, during the spread of EC,

cancer cells invade the myometrium.10,21 The depth of invasion

in the myometrium is indicative of the aggressive nature of EC.

We categorized our patients based on the amount of myometrial

invasion that was noted on histopathology reports of these pa-

tients by a pathologist. For myometrial invasion, we set a per-

centage score of greater than 10% to indicate that this group

of patients has a higher depth of tumor infiltration into the myo-

metrium.We detected 79 (4%) proteins only in highly invasive tu-

mors and 22 (1.1%) proteins in less invasive tumors (<10% tumor

invasion) (Figure 3E). For volcano plot analysis for myometrial in-

vasion, we detected fifteen proteins that were statistically signif-

icant in their expression compared with the myometrial invasion

less than 10% deep (Figure 3F). The top five candidate proteins

are EWSR1 (logFC = 1.94, p = 0.0029); TIGAR (logFC = 1.72, p =

0.0034); Na(+)/H(+) exchange regulatory cofactor NHE-RF1

(SLC9A3R1; logFC = 1.67, p = 0.0003); DnaJ homolog subfamily

Bmember 11 (DNAJB11; logFC = 1.43, p = 0.0011); and histone-

binding protein RBBP4 (RBBP4; logFC = 1.38, p = 0.00007) (Fig-

ure 3F; Table S2). In addition, 48 proteins were down-regulated

during deep myometrial invasion (>10%) including myosin-11

(MYH11; logFC = �2.88, p = 0.0011); NEBL (logFC = �2.46,

p = 0.0001); COL1A2 (logFC=�2.40, p = 0.00001); OGN (logFC=

�2.37, p = 0.001); and granulysin (GNLY; logFC = �2.24, p =

0.0005) (Figure 3F; Table S2). Overall, our comparative analysis

of the proteome of ECs revealed protein signatures associated

with tumor invasion.

Quantitation of proteins correlated with tumor grade
We next explored the proteomic profiles of different tumor

grades in patients with EC. We first compared patients with

grade 1 and 2 endometrioid carcinoma. Venn diagram analysis

identified 1,860 proteins were commonly shared in grade 1 and

2 samples (Figure S3A). Of the total of 1,894 proteins identified

in patients with EC with grade 2 tumors, only eight proteins

were significantly up-regulated in grade 2 compared with grade

1 (Figure S3B). All of these proteins, EWSR1; marginal zone B-

and B1-cell-specific protein (MZB1); interferon-induced GTP-

binding protein Mx1 (MX1); sialic acid synthase (NANS); trans-

membrane emp24 domain-containing protein 9 (TMED9); tubulin

polymerization-promoting protein family member 3 (TPPP3);

heterogeneous nuclear ribonucleoprotein F (HNRNPF) and

nucleolar and coiled-body phosphoprotein 1 (NOLC1), were

found to be present at a greater abundance in the grade 2 sam-

ples (Figure S3B; Table S2; p < 0.01). On the other hand, 26 pro-

teins were significantly down-regulated in grade 2 compared

with grade 1 (Figure S3B; Table S2; p < 0.01). This includes pro-

teins such as HBA1, COL1A2, SLC4A1, COL5A1, and fibrinogen

alpha chain (FGA) (Figure S3B).

We also compared high-grade serous patients with grade 1

and 2 endometrioid carcinoma. 1,632 differentially expressed

proteins between high-grade serous and grade 1 were screened

out using the Venn diagram (Figure S3C). Analysis of patients

with high-grade serous versus grade 1 EC revealed that 30 pro-

teins were significantly up-regulated in high-grade serous and

18 were down-regulated (Figure S3C; Table S2). The top five

significantly up- and down-regulated proteins are shown

in Figure S3D. Comparative analysis of patients with grade 2
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endometrioid carcinoma with high-grade serous patients re-

vealed that 288 proteins were found exclusively in grade 2 pa-

tients andwere not detected in high-grade samples (Figure S3E).

From the set of 1,929 proteins, 6 proteins showed significantly

elevated expression in the high-grade serous cohort compared

with patients with grade 2 EC. These proteins are U1 small

nuclear ribonucleoprotein C (SNRPC), COL1A1, COL1A2,

translocation protein SEC63 homolog (SEC63), L-lactate dehy-

drogenase B chain (LDHB), and ABHD14B (Figure S3F;

Table S2; p < 0.01). In contrast, the expression of 7 proteins

was down-regulated, including lactotransferrin (LTF); glutathione

S-transferase P (GSTP1); serine-tRNA ligase cytoplasmic

(SARS1); sodium/potassium-transporting ATPase subunit

beta-1 (ATP1B1); isoleucine-tRNA ligase cytoplasmic (IARS1);

purine nucleoside phosphorylase (PNP); and 14-3-3 protein

sigma (SFN), in high-grade serous patients (Figure S3F;

Table S2; p < 0.01). Collectively, our results showed that tumors

of different histological grades show diverse protein profiles at

the proteomic level.

High EWSR1 expression is related to aggressive disease
in older patients with EC
EWSR1 is an RNA/DNA-binding protein involved in multiple

cellular processes, and its misregulation is observed in many hu-

man diseases.25 Our proteomic analysis has revealed that high

EWSR1 protein expression is present in large-size and invasive

tumors, especially in postmenopausal patients (Figure 3 and

S2). Next, we analyzed the status of EWSR1 in publicly available

human tissue databases.26–28 Both single-cell RNA sequencing

(scRNA-seq) and immunohistochemical analysis showed

EWSR1 expression mainly in epithelial and stromal cells of the

human endometrium (Figures S4A and S4B). In the cancer

genome atlas for EC, high expression of EWSR1 at both mRNA

and protein levels was observed in different subtypes of EC (Fig-

ure S4C). Tumors with altered EWSR1 expression were signifi-

cantly different from unaltered EC samples and showed dysre-

gulation in proteins involved in the DNA-repair pathway, such

as TP53 and XRCC1 (Figures S4D–S4H). Immunohistochem-

ical-based localization of EWSR1 in 70 tissue cores representing

35 different patients with EC revealed significantly higher expres-

sion of EWSR1 protein in older patients compared with their

younger counterparts (Figures S4I and S4J). Overall, these find-

ings suggest that higher EWSR1 expression marks a subset of

endometrial tumors in aged women with highly aggressive

pathology.

Analysis of patients with EC with alterations in DNA
mismatch repair (MMR) proteins
EC is common in women with sporadic or hereditary (Lynch syn-

drome) defects in the MMR system.29,30 The MMR system is

responsible for the repair of base substitutions together with de-

letions-insertions that might occur during DNA replication.29,30

The loss of MMR proteins often occurs in a pairwise manner,

where the loss of MLH1 is accompanied by the absence of

PMS2 and MLH2 loss is usually presented with the concurrent

loss of MSH6.31 Patients with ECwith the defectiveMMR system

present with favorable clinical outcomes and show high sensi-

tivity to adjuvant chemotherapy.29,30 Therefore, it is essential
8 Cell Reports Medicine 3, 100738, September 20, 2022
that these patients are identified at the early stages and treated

accordingly. We examined our patient cohort of 20 to see if we

had some patients with a defective MMR system. We performed

immunohistochemical localization of four proteins (MLH1,

MLH2, MSH6, or PMS2) belonging to the MMR system and

found that two patients with EC demonstrated loss of expression

of MLH1/PMS2 proteins in epithelial cancer cells but not in the

stroma (Figure 4A). We then compared patients with the defec-

tive versus intactMMRsystems at the protein level and observed

75 (3.9%) and 80 (4.1%) exclusive proteins restricted to MLH�/

PMS2� and MLH+/PMS2+, respectively (Figure 4B). Volcano

plot analysis further detected a total of 43 proteins, of which 40

were more abundant, while 3 were less abundant, in MLH+ve/

PMS2+ve tumors compared with MLH-ve/PMS2�ve (Figure 4C).

Of the 40 more abundant proteins, HBA1, COL1A2, transcrip-

tional coactivator YAP1 (YAP1), parathymosin (PTMS), and cell

division cycle and apoptosis regulator protein 1 (CCAR) were

found to be the most significant in MLH1+/PMS2+ tumors (Fig-

ure 4C). Moreover, we found three proteins, namely Crk-like pro-

tein (CRKL), dolichyl-diphosphooligosaccharide-protein glyco-

syltransferase subunit DAD1 (DAD1), and aspartyl/asparginyl

beta-hydoxylase (ASPH), that were down-regulated in MLH+/

PMS2+ tumors (Figure 4C). These data suggest that CRKL,

DAD1, and ASPH expression could serve as a prognostic

biomarker in differentiating between MMR intact and deficient

tumors in patients with EC.

Common signaling proteins across all the patients with
cancer
Despite EC heterogeneity, all patients with EC are treated with

a relatively similar treatment regime.21 Therefore, we were

interested in identifying common pathways or protein net-

works that are present in the majority of patients with EC. To

do this, we extracted the list of common EC proteins identified

from individual patients and compared them with their corre-

sponding adjacent normal endometrium (ANE) tissues. We

repeated this analysis for the other patients with EC. Only

those EC proteins that were not found in the healthy control

were further included in the Venn diagrams and then

compared across patients with EC based on their tumor clas-

sification (grades I and II, respectively; Table 1). Nested Venn

diagram of these EC grade I proteins that were present in tu-

mors but absent in ANE led to the detection of 1,637 proteins.

A calcium-binding protein, namely grancalcin (GCA), was one

that was commonly detected across six out of eight patients

with grade I EC (Figure 5A). In contrast to grade I patients,

five proteins were frequently detected from five out of six pa-

tients with grade II EC, and they are mRNA turnover protein 4

homolog (MRTO4); minor histocompatibility antigen H13

(HM13); proteasome subunit beta type-9 (PSMB9); transmem-

brane emp24 domain-containing protein 7 (TMED7); and gluta-

mine-fructose-6-phosphate aminotransferase 1 (GFPT1) (Fig-

ure 5B). All of these proteins (GCA, MRTO4, HM13, PSMB9,

TMED7, and GFPT1) may be potential markers for distinguish-

ing histological grade in EC.

To discern the most prevalent and significantly perturbed ca-

nonical pathways in 20 patients with EC, we imported our data-

sets of the common protein profiles identified from different



Figure 4. Analysis of endometrial cancers with the defects in the DNA mismatch repair (MMR) system

(A) Group 1 of patients with EC showed loss of MLH1 and PMS2 proteins compared with patient group 2 (MLH1+/PMS2+). Epithelial cells are marked by black

arrows and the stromal cells by blue arrows. Scale bars, 100 mm.

(B) Venn diagram depicts overlapped and unique quantifiable proteins identified in patients with EC harboring MMR (MLH1/PMS2 negative versus MLH1/PMS2

positive).

(C) Volcano plots show the difference in fold change (x axis) and the significance of the difference (y axis) in patients with EC between positive and negativeMLH1/

PMS2. Proteins that pass a p value threshold for either up- or down-regulated expression are highlighted in green and red, respectively. The top significant up-

and down-regulated proteins are shown in the table.
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locations within an EC tissue into the ingenuity pathway analysis

(IPA) database. We then extracted the top ten pathways found in

a single patient and mapped them across the other patients with

EC (Figure 5C). The functional pathways or networks with the

highest confidence scores were then determined by right-tailed
Fisher’s exact test. IPA analysis across all patients with EC

showed significant association with eukaryotic initiation factor

2 (eIF2) signaling. It is worth noting that eIF2 is essential for regu-

lating protein synthesis at the level of translation initiation.32 Mis-

regulation of protein synthesis linked to the high expression of
Cell Reports Medicine 3, 100738, September 20, 2022 9



Figure 5. Assessment of common proteins across different patients

Nested and Edward’s Venn diagrams visualize the number of shared and differentially expressed EC proteins that are not found in the healthy controls in 8

patients with grade 1 EC and 6 patients with grade 2 EC , respectively.

(A) GCA (circled in red) was one of the frequently detected proteins from six out of eight patients with grade 1 EC.

(B) MRTO4, HM13, PSMB9, TMED7 (circled in green), and GFPT1 (circled in red) were commonly identified in five out of six patients with grade 2 EC.

(C) Ingenuity pathway analysis (IPA) highlights the common top 10 canonical pathways significantly altered and detected across 20 patients with EC.

Article
ll

OPEN ACCESS
eIF2a has been reported inmany cancers (Hodgkin’s lymphoma,

lung, gastrointestinal, and melanoma),33,34 and this protein may

play a similar role during EC tumor progression. IPA analysis also

identified the involvement of two other signaling networks in 19

patients with EC, and they are regulation of eIF4 and ribosomal

protein S6 kinase beta-1 (p70S6K) signaling and mTOR

signaling. Our findings suggested that targeting of these com-

mon signaling pathways found in the majority of patients with

EC may hold promise to overcoming EC. The top 10 most signif-
10 Cell Reports Medicine 3, 100738, September 20, 2022
icant canonical pathways in the respective 20 patients with EC

are listed in Figure S5.

Patient-derived EC organoids represent the
heterogeneity of the native tumor
Patient-derived organoids (PDOs) have now become a preferred

method of modeling cancer because they retain the cellular and

molecular characteristic of the patient tumor and mimic a pa-

tient’s clinical responses to treatments.35 PDOs are typically



Figure 6. Patient-derived endometrial cancer organoids capture

heterogeneity of the primary tumor

(A–X) Gross images of patients’ uteri and organoids derived from the different

regions of patient tumors (n = 16 biopsies from 4 patients with EC). Bar charts

represent the cell viability of organoids derived from different sites of ECwithin

the same patient at 10 days of culture. Statistical analysis was performed using

an unpaired t test. Data are presented as mean ± SEM. Significant differences

are indicated by *p < 0.05, **p < 0.01, and ***p < 0.001.
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developed from a single tiny biopsy representing the patient tu-

mor.36 To model EC heterogeneity, we developed organoids

from four different biopsies representing four different tumor re-

gions from a single patient (Figure 6). Fresh tumor biopsies were

collected from tumormass present in the uterus and immediately

processed to grow organoids. In total, organoids were devel-

oped from 16 EC biopsies collected from four patients. Grossly,

EC organoids derived from different regions of a patient

tumor appeared different in shape and size (Figure 6). These

morphology differences in PDOs were present irrespective of

the size of the native tumor from where these biopsies were ob-

tained (Figure 6). We analyzed the growth of PDOs after 10 days

of culture using a standard cell viability assay37 and observed

significant differences in the growth of EC organoids represent-

ing different regions of the same tumor (Figure 6). Collectively,

these results confirmed that the proteomic differences we have

observed within the same tumor of a patient also translate to dif-

ferences in the growth rate of tumor cells.
DISCUSSION

EC remains the most common gynecological cancer in developed

countries.38,39 Despite efforts into finding new prevention, diag-

nostic, and therapeutic targets, the mortality and morbidity rates

associatedwith ECcontinue to rise.40 The current treatment strate-

gies for ECs are limited to surgery and adjuvant therapies. There-

fore, an in-depth understanding of the molecular mechanisms un-

derlying this heterogeneous disease, particularly at the protein

level,will allowfor the identificationofnewtreatmentoptions forEC.

One of the main challenges for the characterization of bio-

markers and treatment selection for EC is intra-tumor heterogene-

ity. This phenomenon refers to the co-existence of distinct sub-

populations of cancer cells with different genetic and phenotypic

profiles within a given primary tumor and between a given primary

tumor and its metastases.41,42 The diversity of these cancer cell

populations can be attributed to activation of signaling or meta-

bolic pathways, tumorigenicity, metastasis, migration, and

escape from anti-tumor immunity.43,44 In this study, we explored

endometrial heterogeneity using MS to define the proteome of

EC and identify the unique expression of proteins found in the

different locations of EC within individual patients. Our research

data showed that tissue samples taken from several sites of EC

from the same patient possess diverse proteomic profiles.

Genomic analysis of benign human endometrium has depicted

that the genomic architecture of epithelial cells in the uterus is het-

erogeneous,17 which is consistent with our observations at the

proteomic level inEC.Ourdatashowthat thereareproteinsunique

to each sample, ranging from 86 to 327 exclusive proteins per pa-

tient. This demonstrates that unique groups of proteins only exist
Cell Reports Medicine 3, 100738, September 20, 2022 11
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in one EC location but are not found in other locations within the

same tumor. Furthermore, we assessed all of these EC proteins

in relation to their patient menopausal conditions, tumor size and

grade, and the depth of myometrial invasion. From this analysis,

EWSR1, a multifunctional protein, was one of the most signifi-

cantly up-regulated candidates in the postmenopausal patient

group. EWSR1, also known to be involved in the development of

Ewing sarcoma,45 is a nuclear protein encoding 656 amino acids

that traffic between the nucleus and cytoplasm.46,47 EWSR1 be-

longs to the TET family of RNA-binding proteins, and it is impli-

cated in transcriptional regulation and RNA processing.48–50

EWSR1 mainly contains an N-terminal transcription activation

domain and a C-terminal nucleic acid binding domain.51 EWSR1

is known to be involved in a diverse range of human solid tumors

besides Ewing sarcoma, including primitive neuroectodermal tu-

mors,52 desmoplastic small round cell tumor,53 angiomatoid

fibrous histiocytoma,54 and myoepithelial tumors of the skin, soft

tissue, and bone.55 Our data have identified the expression levels

of EWSR1 is high in patients with EC during postmenopausal

stages, aswell as up-regulated inmacroscopic andmore invasive

tumors. In this regard, the overexpression of EWSR1 in EC repre-

sents the most valuable candidate for further functional and clin-

ical investigations. The exactmechanisms underlying the invasive

propertiesofEWSR1 inECare still largelyuncertain, but transloca-

tion of EWSR1 and its binding partner is known to promote tumor-

igenesis.56,57 It is, therefore, possible that the altered interac-

tions between EWSR1 and its various partner encoding

transcriptional regulators are involved in the process of endome-

trial carcinogenesis.

Compared with postmenopausal patients with EC, TMSB4X

protein has been found to be highly overexpressed in premeno-

pausal patients with EC. TMSB4X is a small 5 kDa protein

comprising 44 amino acids that act as a regulator for actin poly-

merization.58 Enhanced levels of TMSB4X is detected in various

cancers linked topancreatic,59 colorectal,60 and gastric.61Aprevi-

ous study has reported that TMSB4X has been implicated in hu-

man tumor progression, metastasis, and cell motility.62 Although

no study has explored the role of TMSB4X in EC, our proteomic

screening on the TMSB4 overexpression sheds light on an unex-

pected pathway that drives EC metastasis. TMSB4X could be

served as a potential therapeutic target, particularly in premeno-

pausal patients with EC.

A comparison of expression levels between macro- versus

microscopic revealed that HBB, a globin protein, was one of the

highest up-regulatedproteins inmicroscopic tumors. It is possible

that these tumors grow as they progress, and these microscopic

tumors could indicate early stages of EC. Therefore, because of

elevated levels of HBB in microscopic tumors, this HBB protein

may have the potential as a drug target to prevent the progression

of EC. We also examined the protein expression of myometrial in-

vasion in these patients with EC. Deep myometrial infiltration is

associated with increased undifferentiated tumors, invasion of

lymph-vascular, and reduced global survival.63 Our proteomic

analysis pointed to EWSR1 and MYH11 up-regulation during my-

ometrial infiltration >10% and <10%, respectively. MYH11 en-

codes the smoothmuscle myosin heavy chain, essential for regu-

lating smoothmuscle contraction.64 IntenseMYH11expression is

strongly associated with endoplasmic reticulum (ER) stress
12 Cell Reports Medicine 3, 100738, September 20, 2022
response caused by the accumulation of misfolded proteins and

induces autophagy in human diseases, including neurodegenera-

tive disorders and cancer.64–66 We can only speculate that the

MYH11 protein may contribute similar drive during myometrial

infiltration processes in EC, but further work will be needed to

determine the exact mechanisms. EWSR1 and MYH11 could

potentially serve as markers to differentiate the early and late

stages of invasion in EC.

In addition, we also investigated patients with ECwith potential

Lynch syndrome-associated DNA MMR protein expression.

Lynch syndrome, also known as hereditary non-polyposis colo-

rectal cancer (HNPCC), is an autosomal dominant disorder that

is responsible for themajority of inherited EC cases.67 This condi-

tion is mainly caused by germ-line mutations in the DNA MMR

genes MLH1, MSH2, MSH6, or PMS2.68 Alterations in the MMR

genes are also known to occur in sporadic ECs.29,30 We detected

the lossofMLH1andPMS2proteins in theepithelial cancercellsof

two patients with EC. The loss of MLH1 and PMS2 has been

recently reported during the early histological changes associated

with the development of endometrial neoplasia, and they have

been proposed as markers for distinguishing neoplastic lesions

from benign endometrium.69 We then compared the two patients

with EC (MLH1�ve/PMS2�ve) with the selected five patients with

EC (MLH1+ve/PMS2+ve) at the protein level. The present study ex-

plores differential protein expression of Lynch syndrome-associ-

ated DNA MMR between the two groups of patients with EC

(MLH1�ve/PMS2�ve versus MLH1+ve/PMS2+ve). Interestingly,

comparative analysis of these two groups revealed that CRK-

like proto-oncogene, adaptor protein (CRKL), defender against

cell death 1 (DAD1), and Aspartate beta-hydroxylase (ASPH)

were significantly down-regulated in tumors positive for MLH1/

PMS2 compared with MLH1�ve/PMS2�ve. CRKL is a signaling

adapter protein that playsa vital role in cell proliferationandmigra-

tion.70 Overexpression of CRKL has been associatedwith various

cancer types, including breast cancer,71 lung cancer,72 and

pancreatic cancer.73 DAD1 is a regulatory protein that inhibits

apoptotic cell death and is a downstream target of the nuclear fac-

tor kB (NF-kB) survival pathway.74 Elevated levels of NF-kB and

DAD1 have been linked with perineural invasion in prostate can-

cer.75 ASPH is a type II transmembrane protein located in the

endoplasmic reticulum,where its function is required for themalig-

nant transformation of cells and promotes tumor progression.76

These threeproteins representpotentialmarkers fordifferentiating

ECs associated with Lynch syndrome and/or defectiveMMR sys-

tems. The patient number with MLH1�ve/PMS2�ve ECs was

limiting in this study, and therefore, further studies using a larger

cohort of these patients are required to validate these results.

Together, our work has defined EC heterogeneity using quanti-

tative proteomics and PDOs. Our work suggests that a single bi-

opsy-based protocol might not be appropriate for conducting

clinical trials with targeted therapies in ECs and, possibly, in other

solid cancers. Importantly, our datasets will be useful in further in-

vestigations into the mechanisms of endometrial heterogeneity.

LIMITATIONS OF THE STUDY

The study analyzed 63 biopsies from 20 patients using LC-MS

and developed organoids using 16 biopsies collected from 4
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patients. Our spectral library for SWATH-MS consists of 2,175

proteins, which is on the lower side of the coverage predicted

to be achieved using data-independent acquisition (DIA)/

SWATH methods. We believe that the highly complex nature of

primary tumors and applying a strict threshold of 99% confi-

dence (<1% FDR) to select peptides might have affected the to-

tal number of proteins detected in this study. A follow-up study

using a larger cohort of patients is now required to validate

some of the key observations of the present study. Our study

identified prognostic biomarkers differentiating between MMR-

intact (MLH1+ve/PMS2+ve) and MMR-deficient (MLH1�ve/

PMS2�ve) tumors. However, our sample size was limited for pa-

tients with Lynch syndrome (MLH1�ve/PMS2�ve). Therefore, a

follow-up study with a larger cohort of patients with Lynch syn-

drome is needed to confirm these prognostic markers.
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68. Peltomäki, P. (2003). Role of DNA mismatch repair defects in the patho-

genesis of human cancer. J. Clin. Oncol. 21, 1174–1179. https://doi.org/

10.1200/jco.2003.04.060.

69. McKenzie, R., Scott, R.J., Otton, G., and Scurry, J. (2016). Early changes

of endometrial neoplasia revealed by loss of mismatch repair gene protein

expression in a patient diagnosed with Lynch syndrome. Pathology 48,

78–80. https://doi.org/10.1016/j.pathol.2015.11.003.

70. Birge, R.B., Kalodimos, C., Inagaki, F., and Tanaka, S. (2009). Crk and

CrkL adaptor proteins: networks for physiological and pathological

signaling. Cell Commun. Signal. 7, 13. https://doi.org/10.1186/1478-

811X-7-13.

71. Zhao, T., Miao, Z., Wang, Z., Xu, Y., Wu, J., Liu, X., You, Y., and Li, J.

(2013). Overexpression of CRKL correlates withmalignant cell proliferation

in breast cancer. Tumour Biol. 34, 2891–2897. https://doi.org/10.1007/

s13277-013-0851-7.

72. Lin, F., Chengyao, X., Qingchang, L., Qianze, D., Enhua, W., and Yan, W.

(2015). CRKL promotes lung cancer cell invasion through ERK-MMP9

pathway. Mol. Carcinog. 54 (Suppl 1), E35–E44. https://doi.org/10.1002/

mc.22148.

73. Fu, L., Dong, Q., Xie, C., Wang, Y., and Li, Q. (2015). CRKL protein over-

expression enhances cell proliferation and invasion in pancreatic cancer.

Tumour Biol. 36, 1015–1022. https://doi.org/10.1007/s13277-014-2706-

2.

74. Patel, N.M., Nozaki, S., Shortle, N.H., Bhat-Nakshatri, P., Newton, T.R.,

Rice, S., Gelfanov, V., Boswell, S.H., Goulet, R.J., Jr., Sledge, G.W., Jr.,

and Nakshatri, H. (2000). Paclitaxel sensitivity of breast cancer cells with

constitutively active NF-kappaB is enhanced by IkappaBalpha super-

repressor and parthenolide. Oncogene 19, 4159–4169. https://doi.org/

10.1038/sj.onc.1203768.

75. Ayala, G.E., Dai, H., Ittmann, M., Li, R., Powell, M., Frolov, A., Wheeler,

T.M., Thompson, T.C., and Rowley, D. (2004). Growth and survival mech-

anisms associated with perineural invasion in prostate cancer. Cancer

Res. 64, 6082–6090. https://doi.org/10.1158/0008-5472.CAN-04-0838.

76. Kanwal, M., Smahel, M., Olsen, M., Smahelova, J., and Tachezy, R. (2020).

Aspartate beta-hydroxylase as a target for cancer therapy. J. Exp. Clin.

Cancer Res. 39, 163. https://doi.org/10.1186/s13046-020-01669-w.

77. Ko, Y.A., Jamaluddin, M.F.B., Adebayo, M., Bajwa, P., Scott, R.J., Dhar-

marajan, A.M., Nahar, P., and Tanwar, P.S. (2018). Extracellular matrix

(ECM) activates beta-catenin signaling in uterine fibroids. Reproduction

155, 61–71. https://doi.org/10.1530/rep-17-0339.

78. Robertson, G. (2003). Screening for endometrial cancer. Med. J. Aust.

178, 657–659.

79. Hulsen, T., de Vlieg, J., and Alkema, W. (2008). BioVenn - a web applica-

tion for the comparison and visualization of biological lists using
Cell Reports Medicine 3, 100738, September 20, 2022 15

https://doi.org/10.1155/2011/218483
https://doi.org/10.1093/bfgp/ell015
https://doi.org/10.1093/jmcb/mjp025
https://doi.org/10.1093/jmcb/mjp025
https://doi.org/10.1016/j.molcel.2011.05.035
https://doi.org/10.1016/j.jmb.2006.08.018
https://doi.org/10.1038/sj.onc.1204598
https://doi.org/10.1038/sj.onc.1204598
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref53
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref53
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref53
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref53
https://doi.org/10.1158/1078-0432.ccr-07-1744
https://doi.org/10.1158/1078-0432.ccr-07-1744
https://doi.org/10.1002/gcc.20819
https://doi.org/10.1002/gcc.20819
https://doi.org/10.1038/ng0893-341
https://doi.org/10.1038/ng0893-341
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref57
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref57
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref57
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref57
https://doi.org/10.1529/biophysj.105.063081
https://doi.org/10.1529/biophysj.105.063081
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref59
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref59
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref59
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref59
https://doi.org/10.18632/oncotarget.6103
https://doi.org/10.18632/oncotarget.6103
https://doi.org/10.1002/ijc.27490
https://doi.org/10.1093/jnci/djg100
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref63
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref63
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref63
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref63
https://doi.org/10.1074/jbc.M113.499277
https://doi.org/10.1172/jci62973
https://doi.org/10.4161/auto.20139
https://doi.org/10.1373/clinchem.2013.206888
https://doi.org/10.1373/clinchem.2013.206888
https://doi.org/10.1200/jco.2003.04.060
https://doi.org/10.1200/jco.2003.04.060
https://doi.org/10.1016/j.pathol.2015.11.003
https://doi.org/10.1186/1478-811X-7-13
https://doi.org/10.1186/1478-811X-7-13
https://doi.org/10.1007/s13277-013-0851-7
https://doi.org/10.1007/s13277-013-0851-7
https://doi.org/10.1002/mc.22148
https://doi.org/10.1002/mc.22148
https://doi.org/10.1007/s13277-014-2706-2
https://doi.org/10.1007/s13277-014-2706-2
https://doi.org/10.1038/sj.onc.1203768
https://doi.org/10.1038/sj.onc.1203768
https://doi.org/10.1158/0008-5472.CAN-04-0838
https://doi.org/10.1186/s13046-020-01669-w
https://doi.org/10.1530/rep-17-0339
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref78
http://refhub.elsevier.com/S2666-3791(22)00287-7/sref78


Article
ll

OPEN ACCESS
area-proportional Venn diagrams. BMCGenom. 9, 488. https://doi.org/10.

1186/1471-2164-9-488.

80. Lin, G., Chai, J., Yuan, S., Mai, C., Cai, L., Murphy, R.W., Zhou, W., and

Luo, J. (2016). VennPainter: a tool for the comparison and identification

of candidate genes based on Venn diagrams. PLoS One 11, e0154315.

https://doi.org/10.1371/journal.pone.0154315.

81. Syed, S.M., Kumar, M., Ghosh, A., Tomasetig, F., Ali, A., Whan, R.M., Al-

terman, D., and Tanwar, P.S. (2020). Endometrial Axin2(+) cells drive

epithelial homeostasis, regeneration, and cancer following oncogenic

transformation. Cell Stem Cell 26, 64–80.e13. https://doi.org/10.1016/j.

stem.2019.11.012.

82. Venkata, V.D., Jamaluddin, M.F.B., Goad, J., Drury, H.R., Tadros, M.A.,

Lim, R., Karakoti, A., O’Sullivan, R., Ius, Y., Jaaback, K., et al. (2022).
16 Cell Reports Medicine 3, 100738, September 20, 2022
Development and characterization of human fetal female reproductive

tract organoids to understand Mullerian duct anomalies. Proc. Natl.

Acad. Sci. USA 119, e2118054119. https://doi.org/10.1073/pnas.

2118054119.

83. Liu, W., Xie, L., He, Y.H., Wu, Z.Y., Liu, L.X., Bai, X.F., Deng, D.X., Xu, X.E.,

Liao, L.D., Lin, W., et al. (2021). Large-scale and high-resolution mass

spectrometry-based proteomics profiling defines molecular subtypes of

esophageal cancer for therapeutic targeting. Nat. Commun. 12, 4961.

https://doi.org/10.1038/s41467-021-25202-5.

84. Jamaluddin, M.F.B., Nahar, P., and Tanwar, P.S. (2018). Proteomic char-

acterization of the extracellular matrix of human uterine fibroids. Endocri-

nology 159, 2656–2669. https://doi.org/10.1210/en.2018-00151.

https://doi.org/10.1186/1471-2164-9-488
https://doi.org/10.1186/1471-2164-9-488
https://doi.org/10.1371/journal.pone.0154315
https://doi.org/10.1016/j.stem.2019.11.012
https://doi.org/10.1016/j.stem.2019.11.012
https://doi.org/10.1073/pnas.2118054119
https://doi.org/10.1073/pnas.2118054119
https://doi.org/10.1038/s41467-021-25202-5
https://doi.org/10.1210/en.2018-00151


Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-MLH (M1) mouse monoclonal primary antibody Ventana Cat#07862237001

Anti-MSH2 (G219-1129) mouse monoclonal primary antibody Ventana Cat#07862253001

Anti-PMS2 (A16-4) mouse monoclonal primary antibody Ventana Cat#07862261001

Anti-MSH6 (SP93) rabbit monoclonal primary antibody Ventana Cat#07862245001

Biological samples

Human adjacent normal endometrium and tumor samples This paper N/A

Chemicals, peptides, and recombinant proteins

Sodium carbonate Honeywell Fluka Cat#71347; CAS: 497-19-8

Complete mini protease inhibitor cocktail Roche Cat#4693124001

PhosStop Roche Cat#4906837001

Urea Sigma-Aldrich Cat#51456; CAS: 57-13-6

Thiourea Sigma-Aldrich Cat#T7875; CAS: 62-56-6

Dithiothreitol Sigma-Aldrich Cat#D0632; CAS: 3483-12-3

Iodoacetamide Sigma-Aldrich Cat#A3221; CAS: 144-48-9

Trypsin/Lys-C Mix Promega Cat#V5072

Triethylammonium bicarbonate Sigma-Aldrich Cat#T7408; CAS: 15715-58-9

Trifluoroacetic acid Sigma-Aldrich Cat#T6508; CAS:76-05-1

Acetonitrile LC/MS grade Thermo Scientific Cat#51101; CAS: 75-05-8

Fetal bovine serum Bovogen Cat#SFBS-F

L-glutamine HyClone Cat#SH30034.01

Penicillin-streptomycin Thermo Fisher Scientific Cat#15070-063

Accumax Thermo Fisher Scientific Cat#0046656

Matrigel: Cultrex� reduced growth factor

basement membrane matrix

Trevigen Cat#3433-010-01

GlutaMAX (100X) Thermo Fisher Scientific (Gibco) Cat#35050-061

B27 supplement Thermo Fisher Scientific (Gibco) Cat#12587-010

N-2 supplement Thermo Fisher Scientific (Gibco) Cat#17502-048

Nicotinamide Sigma-Aldrich Cat#N0636; CAS:98-92-0

N-acetyl-L-cysteine Sigma-Aldrich Cat#A9165; CAS:616-91-1

b-Estradiol Sigma-Aldrich Cat#E8875; CAS:50-28-2

Human EGF recombinant Peprotech Cat#100-15-500

Human FGF-10 Peprotech Cat#100-26-250

ITS liquid media supplement (100x) Sigma-Aldrich Cat#I3146

A83-01 Tocris/Sapphire Bioscience Cat#S7692

TrypLE express Thermo Fisher Scientific (Gibco) Cat#12604-021

Y-27632 dihydrochloride Sapphire Bioscience Cat#S1049

DMEM/F12 HAM Sigma-Aldrich Cat#D8437

HBSS/Modified HyClone Cat#SH30031.02

HEPES solution Sigma-Aldrich Cat#H0887; CAS:7365-45-9

Advanced DMEM/F12 Thermo Fisher Scientific Cat#12634-010

Critical commercial assays

Qubit 2.0 Fluorometer Assay Invitrogen N/A

PrestoBlue cell viability assay Thermo Fisher Scientific A13261

DC Protein Assay Biorad Cat#5000113; 5000114
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Deposited data

MS proteomic data – MS

spectral library and SWATH data

This paper PRIDE dataset identifier: PXD031784

Project DOI: 10.6019/PXD031784

Experimental models: Cell lines

L-WRN cells ATCC Cat#CRL-3276; RRID: CVCL_DA06

Software and algorithms

GraphPad Prism version 9.3.0 GraphPad https://www.graphpad.com/

Protein Pilot version 4.5 Applied Biosystems MDS Sciex https://proteinpilot.software.informer.

com/4.5/

PeakView version 2.0 Sciex https://sciex.com/products/software/

peakview-software

MarkerView version 1.2 Sciex https://sciex.com/products/software/

markerview-software

Perseus version 1.6.5.0 (Tyanova et al., 2016) https://maxquant.net/perseus/

Venny 2.1.0 (BioinfoGP) (Oliveros, 2007) https://bioinfogp.cnb.csic.es/tools/

venny/

Venn Painter 1.2.0 (Lin et al., 2010) https://bio.tools/VennPainter

Ingenuity pathway analysis Qiagen https://analysis.ingenuity.com/pa/

installer/select

Gitools version 2.3.1 (Perez-Llamas et al., 2011) http://www.gitools.org/

Other

Oasis PRiME HLB Cartridge

1cc/30 mg columns for peptide desalting

Waters 186008055

TSKgel Amide-80 HILIC columns

packed with 3 mm particles

(4.6 mm ID x 15 cm) for HILIC fractionation

Tosoh Biosciences https://www.separations.eu.

tosohbioscience.com/solutions/

hplc-products/hydrophilic-interaction/

tskgel-amide-80
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Prof.

Pradeep Tanwar (pradeep.tanwar@newcastle.edu.au).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability
d The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner re-

pository with the dataset identifier PXD031784 and 10.6019/PXD03178.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human EC tissues were collected in accordance with the guidelines of the Institutional Human Research Ethics Committee at the

University of Newcastle, NSW, Australia. The tumor samples were obtained during surgical hysterectomies after obtaining informed

consent from EC patients. None of the patients received any chemotherapy before surgery. The fresh tumor tissue specimens were

immediately transferred to the laboratory, extensively washed with phosphate buffered saline (PBS) to remove excess blood, snap

frozen, and kept in liquid nitrogen until use.77
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METHOD DETAILS

Protein extraction and digestion
Tumor tissue samples isolated from about 2 to 4 sites of EC and one adjacent normal endometrium (ANE) from each of the twenty

patients (total n = 79, tissue samples: 63 tumors and 16 ANE samples) were subjected to protein extraction. The amount of tumor

tissue collected depended on the size of the visible tumor in the uterus at the time of surgery. Tissue samples were collected imme-

diately after the removal of the tumor from the patient body but not after the completion of the surgery, which usually takes an addi-

tional 1-4h after the removal of the tumor, to minimize any changes in tumor protein profile. The ANE tissues had the endometrial

thickness of 1–5 mm, which is clinically considered normal,78 and were histopathologically validated by a pathologist. We also ob-

tained patients’ histopathological reports and confirmed that the ANE tissues were normal. In four patients, adjacent normal tissue

was unavailable due to the extensive spread of cancer in the cavity of their uteri. To extract protein, we homogenized 10–60 mg (�4–

10mm) of tissue in ice-cold lysis buffer that contained 0.1MNa2CO3 pH 11.3, protease (Sigma, St. Louis,MO, USA) and phosphatase

inhibitors (Roche, Indianapolis, IN, USA) using beadbug homogenizer (Benchmark Scientific, Edison, NJ, USA) for 15 s intervals and

incubated for 1 h at 4�C. We had protein yields in a range of 500–2000ug corresponding to the size of the tumor tissue used. The

soluble proteins were resuspended in urea (6M urea, 2M thiourea). Dithiothreitol (DTT) was added to a final concentration of

10 mM and samples were incubated for 30 min at room temperature. Subsequently, iodoacetamide (Sigma-Aldrich, St. Louis,

MO, USA) was added to a final concentration of 20 mM and incubated for 30 min at room temperature in the dark. Lys-C/trypsin

(Promega,Madison,WI, USA) was used at 1:50 ratio to protein and incubated at room temperature for 3 h. Samples were then diluted

to <0.75M by the addition of 50 mM triethylammonium bicarbonate, pH 7.8 and digested overnight at 37�C. The following day, sam-

ples were cleaned up using the solid phase extraction (SPE) columns (Oasis PRIME HLB, Waters, Rydalmere, NSW Australia), and

eluted with increasing concentrations of acetonitrile (Acn; 60%, 80 and 100%) in 0.1% trifluoroacetic acid. Peptide concentrations

were determined using a Qubit 2.0 Fluorometer assay (Invitrogen, Eugene, OR, USA).

Library generation for SWATH analysis and LC-MS/MS acquisition
Approximately 30 mg of tryptic peptides from tumor and ANE were fractionated by hydrophilic interaction chromatography (HILIC)

using a Dionex UltiMate 3000 capLC system (Dionex, Sunnyvale, CA) equipped with TSKgel Amide-80 HILIC columns packed

with 3 mm particles (4.6 mm ID x 15 cm) (Tosoh Biosciences, PA, USA) connected in line. 15 fractions (SFig. 1) were collected

with the followingmobile phases: 0.1%TFA in HPLCwater (solvent A) and 0.1%TFA in Acn (solvent B). Peptides were resolved using

a 35-min linear gradient from 98% to 25% solvent B, with a constant flow of 6 mL/min. Fractions were collected into LC-MS grade

glass vials (123 32 mm glass screw neck vial (Waters, Milford, MA USA), dried, and resuspended in 2% Acn containing 0.1% formic

acid. 10 mL from each fraction was injected on the Sciex TripleTOF q6600 mass spectrometer fitted with a DuoSpray ion source (AB

SCIEX) and coupled to an Agilent 1200 HPLC (Agilent, California) equipped with a trapping column (75 mm3 15 cm ChromXP, C18,

3 mm, 120 Å) and C18 RP column (ChromXP C18, 3 mm 120 Å 15 cm). Samples were run using a 70 min multi-step gradient from 5 to

98% solvent B (solvent A 0.1% formic acid in HPLC water; solvent B: 0.1% formic acid in Acn) at a flow rate of 5 mL/min. Data were

acquired using floating ion spray voltage of 5.5 kV, curtain gas of 35 psi, and an interface heater temperature of 150�C. ADDAmethod

was set up with the MS survey range set between 35 and 1250 amu followed by dependent MS/MS scans with a mass range set

between 350 and 1250 amu (50 m s) of the 20 most intense ions in the high sensitivity mode with a 2+-5+ charge state inclusive. Dy-

namic exclusion was set for a period of 15 s.

Data files were then searched against the Uniprot human database (Swissprot, all isoforms, accessed 25/10/2018, with 42,413

entries) with Protein Pilot 4.5, with Cys alkylation set to iodoacetamide and a 95% protein confidence cutoff. The resulting protein

pilot.group file was used to generate the library which was used for SWATH processing and quantification.

SWATH analysis and data processing
Tryptic peptides samples from tumors (5 mg) and ANEs (5 mg) were injected in data independent acquisition (DIA) mode for SWATH

analysis. The LC gradient conditions for the SWATH experiment were the same as those used for the data dependent experiments.

The mass spectrometer was operated with a 25 ms TOF MS scan followed by product ion mode of 100 variable width isolation win-

dows covering amass range of 400–1250, with a cycle time of 2.5 s. An overlap of 1 Da between eachwindowwas used. The SWATH

analysis data were processedwith PeakView 2.0 andMarkerView 1.2. For quantification using PeakView 2.0, thresholds were set at a

99% peptide confidence, 1% FDR, and the XIC width was set at 20 ppm. Modified and shared peptides were excluded, such that

shared peptides were only removed from proteins confidently identified in the spectral library, removing 240 peptides (these proteins

are quantified using only unique peptides). The data was exported toMarkerView, then exported as a text file. For eachMS spectrum,

the peaks were ranked by intensity, and the bottom peaks with less than 2.004 were considered to be very low abundance and non-

existence. The 2.004 intensity value can be user modified, and we tested several values, with similar results. Using Perseus (1.6.5.0),

the samples were log2 transformed andmedian normalized. For volcano plot analysis, an FDR threshold of 0.05% and s0 value of 0.1

were set. We used Venny 2.1.0 (BioinfoGP), BioVenn79 and VennPainter 1.2.080 to create scaled or unscaled Venn diagrams respec-

tively, illustrating the number of shared and differentially expressed proteins within each site of the EC region.
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Ingenuity pathway analysis (IPA)
The list of identified EC proteins commonly found in each site within the same tumor from individual patients were further analyzed

using QIAGEN’s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, CA, USA) to interpret the differentially expressed proteins

in the context of predominant canonical pathways and networks. Our results in this database were measured from the following set-

tings: (a) a p value <0.05 (Fisher exact test) and (b) a ratio of the number of proteins in the dataset that map to the pathway divided by

the total number of proteins that are present in the canonical pathway.

Mismatch repair (MMR) protein detection
We examined protein expression for MLH1, MSH2, PMS2 and MSH6 in 28 tumor tissues by immunohistochemical staining as

described previously24 using following antibodies (MLH1 (M1); MSH2 (G219-1129); PMS2 (EPR3947); MSH6 (44) [Ventana, AZ,

USA]). The stained slides were analyzed by a pathologist. Images were captured using Olympus DP72microscope (Olympus, Tokyo,

Japan) with a 20X objective lens.

Patient-derived endometrial cancer organoids
Organoids from freshly collected tissue biopsies from four patients (16 biopsies from four patients) were developed and maintained

using a published protocol.81,82 Briefly, fresh tumor biopsies were washed with PBS (PBS) containing 1%penicillin/streptomycin and

amphotericin to remove excess blood. Tissue samples were cut into small pieces using a scalpel blade and incubated with accumax

(Thermo Fisher Scientific) for 45 min at 37�C on a shaker. After the enzymatic digestion, 10% v/v fetal bovine serum (FBS) (Bovogen,

VIC, AUS) was added, and the whole mixture with cells was passed through a 100 mm cell strainer to collect epithelial cells. For or-

ganoid culture, epithelial cells (15,000 cells/well) were resuspended in 30% medium and 70% Matrigel and were placed as 50 mL

droplets in each well of a 24-well cell culture plate. All droplets were incubated at 37�C for 20 min to solidify and then overlaid

with a human endometrial organoid culture medium containing 25% Wnt3A-R-spondin3-noggin conditioned media (WRN-CM)

and 75% Advanced DMEM-F12, supplemented with 1% Glutamax (Thermo Fisher Scientific), 1% HEPES (Sigma), 1% penicillin-

streptomycin (Thermo Fisher Scientific), 2% B27 (Thermo Fisher Scientific), 1% N2 (Thermo Fisher Scientific), 1% insulin-trans-

ferrin-selenium (Sigma), 0.2% Primocin (Invivogen, CA, USA), 50 ng/mL human EGF (Peprotech), 100 ng/mL human FGF10 (Pepro-

tech, NJ, USA), 1.25 mM N-acetyl-L-cysteine (Sigma), 1 mM nicotinamide (Sigma), 2 nM Estrogen (Sigma), 0.5 mM A83-01 (Tocris,

UK). Culture Mediumwas changed every 2–3 days and after 10 days of culture, organoids were harvested for further processing. Cell

viability assessment was done using PrestoBlue cell viability assay (Thermo Fisher Scientific) according to the manufacturer’s

protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study involved isolating multiple tumor tissue samples from various locations of EC from a single patient (approximately 2–4 bio-

logical samples per patient). We used twenty EC patients to verify the heterogeneous nature of EC within the same patient. In total 79

biological samples (n = 16 ANE and n = 63 tumors) were subjected to LC-MS/MS. For each patient, an ANE tissue (n = 16 patients)

was included in the LC-MS/MS analysis to identify common proteins that were only detected in EC but not in the ANE. We have

collected fresh tissue samples immediately after surgical resection and before pathological analysis. For the comparison between

two groups, t-tests were performed and proteins with p < 0.05 were considered to be statistically significant. All statistical analyses

were performed using the Perseus 1.6.5.0 which is freely available from the MaxQuant website. In IPA analyses, a Fisher exact test

was used to calculate a p value determining the probability that the association between the proteins in the dataset and the canonical

pathway is described by chance alone. Pathways with a p < 0.05 were considered to be statistically significant. The sample size was

determined based on previous studies,83,84 and no statistical method was used to predetermine sample size. Consenting adult fe-

male patients were included in the study based on pathological confirmation of endometrial cancer. No collected data were excluded

from the analysis. For analysis, patients’ tumor samples were stratified based on histopathological features, age, and menopausal

status. For LC-MS/MS, all samples were processed and run through the mass spectrometer using the same parameters.
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