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SUMMARY

Enriched tumor epithelium, tumor-associated stroma, and whole tissue were
collected by laser microdissection from thin sections across spatially separated
levels of ten high-grade serous ovarian carcinomas (HGSOCs) and analyzed by
mass spectrometry, reverse phase protein arrays, and RNA sequencing. Unsuper-
vised analyses of protein abundance data revealed independent clustering of an
enriched stroma and enriched tumor epithelium, with whole tumor tissue clus-
tering driven by overall tumor ‘‘purity.’’ Comparing these data to previously
defined prognostic HGSOC molecular subtypes revealed protein and transcript
expression from tumor epithelium correlated with the differentiated subtype,
whereas stromal proteins (and transcripts) correlated with the mesenchymal sub-
type. Protein and transcript abundance in the tumor epithelium and stroma ex-
hibited decreased correlation in samples collected just hundreds of microns
apart. These data reveal substantial tumor microenvironment protein heteroge-
neity that directly bears on prognostic signatures, biomarker discovery, and can-
cer pathophysiology and underscore the need to enrich cellular subpopulations
for expression profiling.

INTRODUCTION

Ovarian cancer is the fifth leading cause of death in women in the U.S. (Siegel et al., 2020), with nearly 22,000

new cases and 14,000 deaths projected to occur in 2021. Most ovarian cancer cases are diagnosed at an

advanced stage and exhibit heterogeneous populations and subpopulations of tumor cells that limit suc-

cessful therapeutic intervention. The 5-year survival rate of patients diagnosed with metastatic ovarian can-

cer is less than 30% (Noone Am et al., 2018).

Numerous high-throughput sequencing studies aimed at broadly characterizing the genomic landscape of

specific cancer types have been or are being conducted (The Cancer Genome Atlas Research Network,

2011). Although adding substantially to our molecular understanding of cancer, these studies have resulted

in limited clinical translation, due in part to an ever increasing body of evidence that points to previously

underappreciated levels of heterogeneity in the tumor microenvironment (TME) (Chen et al., 2018).

Substantial molecular and pathologic intra-tumoral differences in high-grade serous ovarian carcinoma

(HGSOC) tumors and their relationship with TME dynamics have been described (Jimenez-Sanchez

et al., 2017; Schwarz et al., 2015). One study demonstrated that stable and/or regressing tumors lacked

common neoepitopes and mutations compared to progressing tumors in the same patient (Jimenez-San-

chez et al., 2017), implicating non-somatic factors within the TME as critical determinants of immune

response and overall tumor fate. Multiregional sampling has revealed extensive variation between

subpopulations of cells within a single tumor (Shih et al., 2018; Zhang et al., 2018; Bashashati et al.,

2013), suggesting individual tumor samples have multiple subtype signatures present with differing levels

of activation (Verhaak et al., 2013). Single-cell RNA-seq of HGSOC samples has revealed grade-specific and
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cell-type-specific transcriptional profiles representative of individual cell types, such as tumor epithelium,

stromal cells, and immune cells present within individual tumor specimens (Shih et al., 2018). Further, the

presence of subclonal cell populations within primary and/or metastatic tumors has been demonstrated to

influence the state of immune infiltration and activation (Zhang et al., 2018).

In this study, we investigated proteomic and transcriptomic 3-dimensional (3D) heterogeneity in the TME of

patients with HGSOC tumors using laser microdissection (LMD) of spatially separated tumor-enriched re-

gions, stromal cell populations, as well as whole tumor collections throughout distinct levels from each

specimen block. These results reveal stark molecular heterogeneity in the HGSOC TME and underscore

the need to account for both compartmental and multi-level heterogeneity in molecular profiling analyses

of HGSOCs. The translational relevance of these results for clinical care cannot be understated, as we show

variable distribution of disease and/or therapeutic biomarkers in both tumor and stroma, and that the abil-

ity to detect these markers is subject to regional variations in local expression levels. We have also created

an interactive web portal for interrogation of these proteomic data (https://lmdomics.org/

HGSOCheterogeneity/), allowing users to examine the intratumoral heterogeneity of expression for pro-

teins of interest.

RESULTS

Molecular analyses of LMD-enriched cellular populations within HGSOC tumors using

locoregional multi-sampling

Consecutive thin sections (�200) were generated from fresh frozen HGSOC tumors (n = 10 patients) to sup-

port multi-region sampling by LMD followed by integrated quantitative proteomic and transcriptomic an-

alyses (Figures 1A and S1). All patients had advanced stage (stage III or IV) ovarian or tubo-ovarian disease

(Table S1). Specimens were obtained from ovarian and/or tubo-ovarian tissue and other pelvic masses to

include the omentum. Some of the patients were chemotherapy naı̈ve (n = 6) at the time of surgical resec-

tion, while others had received neoadjuvant chemotherapy (n = 4). Representative hematoxylin and eosin

(H&E) stained sections were reviewed by a board-certified pathologist (U.N.M.R.) to confirm histologic

characteristics and tumor cellularity within each level (Table S1).

Enriched tumor epithelium, stromal cells, as well as whole tumor collections representing all material on a

single tissue section, were collected at spatially distinct intervals (‘‘levels’’) from alternating sections

throughout the tumor blocks (Figure 1A; Table S2). In case 343WM, additional LMD collections were con-

ducted to generate spatially separated ‘‘cores’’ (with additional technical replicate ‘‘cores’’) representing

defined sub-populations of the tumor epithelium from alternating tissue sections that spanned the entirety

of the patient tumor block from four spatially diverse quadrants (i.e., 1–4) and were combined into four in-

dependent sample sets, including close biological collection ‘‘replicates’’ (i.e. 1A, 1B, 2A, 2B, etc) to sup-

port comparative proteome and transcriptome analyses (Figure 1A). Representative polyethylene naphtha-

late membrane slides after LMD were imaged, along with adjacent H&E stained tissue sections (Figure 1B),

to enable co-registration and automated quantification of tumor and stromal cell populations collected

(Table S3). There were marked differences regarding estimation of tumor purity between automated

and manual evaluations. Automated digital image analysis estimated 23–56% tumor cellularity at different

depths of the block, calculated based on tumor regions of interest collected by LMD/whole tissue area (Ta-

ble S3). Automated estimates revealed an average cell number of 7,527 G 172 for tumor cells (n = 15 col-

lections) and 3,899G 263 for stroma cells (n = 6 collections) collected by LMD per mm2 of tissue area while

manual review estimated 75–95% tumor cellularity (Table S1). Differences between automated and manual

review of tumor cellularity can likely be attributed to the presence of small regions of interceding stroma

and other cell types in and around the tumor epithelium, which were excluded from the LMD tumor epithe-

lium collections.

Multi-region protein samples were analyzed by mass spectrometry-based, quantitative proteomics using a

multiplexed, isobaric tagging methodology (tandem mass tags, TMT-10 or TMTpro-16; Table S4) and

reverse phase protein microarray (RPPA). RNA samples were analyzed by targeted RNA-seq analyses.

For 343WM, a total of 6,053 proteins (Table S5) and 20,535 transcripts (Table S6) were quantified across

all samples. For the remaining 9 cases, an average of 9,223 G 511 proteins were measured within each pa-

tient-specific TMT multiplex, and 6,199 proteins were co-quantified across all 9 patients (Table S7). We

further generated RNA-seq analyses for cases 343WB and 343WH and quantified over 19,000 transcripts

(Table S8). Wemade themerged global proteinmatrix generated from the 9 patients available as a publicly
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accessible database which is accessible at https://lmdomics.org/HGSOCheterogeneity/. The goal of

providing this resource is to support biomarker discovery and investigations into cancer pathophysiology

by enabling researchers to investigate protein(s) of interest between LMD-enriched cell populations of tu-

mor and stroma versus whole tumor, as well as relating to local abundance variability spanning the 5 tissue

levels from each case, and the conservation of this heterogeneity across these patients.

Tumor and stromal cell populations exhibit diverse molecular profiles and regional variability

Unsupervised hierarchical cluster analysis and principal component analysis (PCA) of variably abundant

proteins (Table S9) or transcripts (Table S10) from case 343WM revealed distinct sub-clustering of tumor

cores, enriched tumor epithelium and stroma, as well as whole tumor collections (Figures 2A–2D). Two pre-

dominant clusters stratifying tumor cores and the tumor epithelium from stroma and whole tumor

Figure 1. Study workflow

Illustration of histological tissue preparation, laser microdissection, proteomic analyses, and transcriptomic analysis (A),

with representative pre-LMD and post-LMD images from the top and bottom levels of the tissue fromCase 343WM (B). (A)

Specimen blocks obtained from 10 patients with HGSOC were each cut into �200 consecutive thin tissue sections (left ),

which were laser microdissected for enrichment of tumor epithelium, stroma, or whole tumor collections (middle panel)

for analysis via quantitative proteomics and transcriptomics (right panel). One case (343WM; middle panel, top) was

uniquely used for laser microdissection (LMD) enrichment of four tumor epithelium cores with adjacent replicate regions

from each of 100 or 50 slides evenly distributed through the depth of the specimen for MS proteomics or transcriptomics,

respectively. For 343WM, additional sets of 9 slides from spatially separated levels within the specimen block were each

microdissected for all remaining tumor and stroma after collecting the cores by LMD, as well as a nearest neighboring

whole tumor collection. The remainder of the specimen was cryopulverized in liquid nitrogen. The specimen blocks from

the remaining 9 cases (middle panel, bottom) were divided into 5 levels (quintiles) of equal depth. Within each level,

interlaced sections were used for LMD enrichment of tumor epithelium, stroma, and whole tumor collections for each

downstream analytical purpose. Proteins and transcripts isolated from each of these distinct collections were analyzed by

isobaric tagging and high-resolution liquid chromatography-tandem mass spectrometry, reverse phase protein

microarray, and/or next generation sequencing. (B) Representative pre-LMD and post-LMD images are shown for 343WM

from tissue sections at the top and bottom levels used for proteomic analysis. The number in the bottom right corner of

eachmicrograph indicates the slide number shown. The scale bar in the bottom left corner of eachmicrograph indicates a

length of 4 mm.
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collections are evident. Notably, the cryopulverized tissue proteome exhibited an intermediate cluster be-

tween these two sample groups (Figures 2A and 2B), suggesting this sample type represents a mixture of

these cellular populations. The proteins measured in the cryopulverized tissue also reflect contributions

from the inclusion of blood, necrosis, and fat within this sample, which had been excluded from the whole

tumor collections.

Similar clustering was seen across tissue cell-type collections of the additional 9 patients with HGSOC. Me-

dian Pearson correlations between the LMD-enriched samples from 343WM and the additional 9 cases

were 0.68 and 0.24 for the tumor and stroma, respectively. The lower correlation of LMD-enriched stroma

samples between these datasets is likely related to the high and variable number of admixed stromal cells,

such as cancer-associated fibroblasts (CAFs) and immune cells, within this microenvironment (He et al.,

2021; Winterhoff et al., 2017; Verardo et al., 2014; Jiménez-Sánchez et al., 2020). Unsupervised hierarchical

Figure 2. Unsupervised hierarchical cluster analysis and principal component analysis of LMD-enriched samples

by differentially abundant protein and transcript expression

(A, B) 1,928 differentially abundant proteins and (C, D) 3,861 transcripts with median absolute deviation (MAD) > 0.5 from

case 343WM and (E, F) 6,199 differentially abundant proteins with MAD>1 in the 9-patient specimen set. (E, F) Protein

abundances are represented across n = 123 samples derived from n = 9 patients consisting of LMD-enriched tumor

epithelium (n = 45 total; 5 levels/patient), LMD-enriched stroma (n = 33 total; 2–5 levels/patient), and whole tumor (n = 45

total; 5 levels/patient) samples. Highlighted box depicts the median tumor purity values from manual pathology review

for each of the whole tumor collections as they appear in the heatmap, ordered from left to right. Dark elongated border

line distinguishes the whole tumor collections which clustered with LMD-enriched stroma (left) from those that clustered

with LMD-enriched tumor (right). Red and blue ‘‘X’’ marks represent interceding LMD-enriched stroma or tumor

collections, respectively.
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cluster analysis of proteins (Table S11; Figures 2E and 2F) and transcripts (Table S12; Figures S2A and S2B)

revealed distinct clustering of the LMD-enriched tumor epithelium from the LMD-enriched stroma. Impor-

tantly, the extent to which the whole tumor tissue collection more closely associated with tumor epithelium

or stroma was directly related to the tumor ‘‘purity,’’ namely, whole tumor tissues with a high percentage of

tumor epithelium clustered with LMD-enriched tumor epithelium and those with a lower percentage of tu-

mor epithelium clustered more strongly with LMD-enriched stroma (Table S1).

We next examined the abundance of representative epithelial cell markers, i.e., Keratin Type I Cytoskeletal

19 (KRT19) (Shih et al., 2018), and Cadherin 1 (CDH1) (Rosso et al., 2017), and ovarian cancer-related tumor

markers CA125/Mucin-16 (CA-125/MUC16) (Feeley and Wells, 2001), as well as representative stromal

markers versican (VCAN) (Ghosh et al., 2010) and fibroblast activation protein alpha (FAP) (Scanlan et al.,

1994) across each tissue collection type (Figure 3A). As anticipated, CDH1 and KRT19 protein and transcript

abundances were higher in tumor cores and LMD-enriched tumor epithelial collections and comparatively

decreased in LMD-enriched stroma and whole tumor collections. VCAN and FAP abundance, in contrast,

was elevated in LMD-enriched stroma and whole tumor collections, consistent with these proteins being

stromal in origin (Yang et al., 2016; Ghosh et al., 2010). While the overall expression trends were consistent

across all levels or cores for a given analyte in the LMD-enriched tumor or stroma collections, substantial

regional variability, particularly in protein abundance, between different levels was also apparent. Patient-

specific relative standard deviations (RSDs) were calculated to measure the heterogeneity of protein

expression between collection levels within each LMD-enriched tumor compartment. The median across

all levels/patients of KRT19 and CDH1 protein abundance measurements was 62.3% and 47.4% in the

LMD-enriched tumor collections, respectively, and 29.7% and 35.5% for VCAN and FAP in the LMD-en-

riched stroma collections, respectively. Cell-type enrichment analyses using the transcript and protein

data from 343WM were performed (Table S13) (Aran et al., 2017), and except for Cores 4A/B, all of the

LMD tumor cores and LMD-enriched tumor epithelium collections correlated most strongly with epithelial

cell admixture signatures, while the LMD-enriched stroma and whole tumor collections had the highest cor-

relation with fibroblast and stroma cell signatures, as well as microenvironment scores (Figure 3A). Overall,

these highly significant (p < 0.0001) associations between epithelial and stromal marker proteins KRT19,

CDH1, VCAN, and FAP with LMD-enriched tumor epithelium and stroma, respectively, were observed us-

ing the proteomic data from the additional 9 HGSOC cases assessed (Figure 3B). Further, relative abun-

dance of these proteins was largely more consistent across tumor or stroma collections in comparison

with whole tumor collections likely as product intratumoral tumor heterogeneity. Cell type and microenvi-

ronment gene signature scores were also significantly different in the additional 9 patients with HGSOC

tumors assessed, in which LMD-enriched tumor was again enriched for epithelial cells, while LMD-enriched

stroma had the highest scores for fibroblasts, stroma, and microenvironment (p < 0.0001; Figure 3C; Table

S14).

We additionally examined the abundance of MUC16 which was significantly enriched in the LMD-enriched

tumor relative to stroma (p < 0.01; Figure S3) in the proteomic data overall for the additional 9 patients.

Uniquely, however, MUC16 was elevated in LMD-enriched stroma for cases 343VT and 343WQ. CA-125

is monitored as a clinical biomarker in serum for ovarian cancer progression and regression (Vergote

et al., 1987; Bast et al., 1983; Canney et al., 1984) and is an epitope of the extracellular domain of the

MUC16 protein (Yin et al., 2002; O’Brien et al., 2001, 2002) which can be shed from HGSOC cells via pro-

teolytic cleavage (Fendrick et al., 1993). We hypothesized that the abundance of proteins shed or secreted

from tumor cells may exhibit greater variability within the TME due to circulation within interstitial spaces as

well as local vasculature. We therefore compared abundance trends of proteins exhibiting a signal peptide

sequence targeting a protein for secretion or that are characterized as being localized to the extracellular

space by Gene Ontology, relative to proteins lacking these characteristics across all collection levels to

assess whether the variance in protein abundance across levels was higher in proteins with signal peptides

or which are putatively localized to the extracellular space. Cases 343WM, 343WK, 343WQ, and 343WH

were selected for this analysis as proteomic data from all levels/case of each LMD-enriched tumor and

stroma were available. We found that proteins with signal peptide sequences had significantly higher vari-

ance (p < 0.0001) than proteins lacking these sequences (Table S15) and further that the variance of extra-

cellular proteins was also significantly higher (p < 0.001) than that of those lacking this classification.

Integrated analyses of protein and transcript data revealed 5,742 co-quantified proteins and transcripts

from 343WM across all tissue types (Figure 4; Table S16). Proteins and their transcripts for a given LMD

ll
OPEN ACCESS

iScience 24, 102757, July 23, 2021 5

iScience
Article



collection type showed positive correlation with other samples from the same LMD collection type (e.g.

Core 1A protein clustered most strongly with its corresponding transcript and next nearest replicate

core collection). Notably, stromal transcripts clustered most strongly with their cognate proteins from

the whole tumor collections. In comparison of replicate tumor cores, the strongest correlations, apart

from intra-core comparisons, were between the ‘‘A’’ and ‘‘B’’ replicates for each core. The A and B repli-

cates for each core at the proteome-only and transcriptome-only levels had Spearman rho values between

0.65–0.91 and 0.75–0.84, respectively. For replicate cores at the protein and corresponding transcript

Figure 3. Protein and transcript abundance of epithelial and stromal markers in HGSOC as well as cellular

admixture analyses (xCell (Aran et al., 2017))

(A) Heatmaps depicting protein and transcript abundances and cellular admixture enrichment scores from 343WM for

replicate tumor cores and by depth within the specimen block for LMD-enriched tumor, stroma, and whole tumor

collections. Protein abundance from the cryopulverized tumor is included. Size and color of each shape reflects Spearman

correlation. (B) Boxplots depicting relative protein abundances for KRT19, CDH1, FAP, and VCAN and (C) cellular

admixture scores in the n = 9 patient specimen set. ES = LMD-enriched stroma; ET = LMD-enriched tumor; WT = whole

tumor. p values with (*) indicate statistically significant differential expression (p < 0.0001) between ES and ET.
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levels, the Spearman rho values were 0.38–0.51. Correlation of protein and transcript abundance in other

patient tumors showed 5,379 co-quantified proteins and transcripts measured from LMD-enriched tumor,

stroma, and whole tumor from one level each for cases 343WH and 343WB (Table S17). Correlations were

strongest within the same LMD collection type (Figure S4). For 343WH, the LMD-enriched stroma proteins

correlated most strongly with the corresponding LMD-enriched stroma transcripts but were also positively

correlated with whole tumor transcripts, consistent with 343WM. The tumor cellularity was marginally

higher in 343WH (median tumor cellularity 85–95%) relative to 343WM (median tumor cellularity 80–95%)

(Table S1), which likely accounts for differences in relatedness between the LMD-enriched stroma protein

and either whole tumor RNA or LMD-enriched stroma RNA.

We further measured 281 antibodies (Table S18) against native and/or post-translationally modified pro-

teins for RPPA analysis (Table S19). PCA clustering of LMD-enriched samples using 63 differentially abun-

dant proteins with median absolute deviation (MAD) >1 revealed similar results as seen using the mass

spectrometry (MS)-based proteomic and RNA-seq transcriptomic datasets; the RPPA samples clustered

independently by LMD collection type, with the whole tumor collections having mixed relatedness to en-

riched collections depending on overall tumor purity (Figure S5). Integrated analyses of MS-based and

RPPA proteome data (Table S20) revealed 54 proteins as co-quantified between platforms and showed

similar findings as above indicating generally positive correlation of protein abundances between LMD-en-

riched tumor (average Spearman rho: 0.252 G 0.138; Figure S6A) and stroma (average Spearman rho:

0.400 G 0.097; Figure S6B) across all cases, with the exceptions of LMD-enriched tumor from 343VT and,

to a lesser extent, 343WH showingmixed relatedness to other cases. However, the whole tumor collections

(Figure S6C) displayed markedly poorer concordance (average Spearman rho: 0.006 G 0.156) between the

two analytical platforms.

Comparison of proteomic and transcriptomic data from case 343WM revealed common canonical path-

ways (ingenuity pathway analysis) that were consistently altered within LMD collection types (Table S21).

Aryl hydrocarbon receptor signaling and the endocannabinoid cancer inhibition pathway were among

the top 5 canonical pathways most activated in LMD-enriched tumor epithelium relative to stroma at based

on protein and transcript abundances. Conversely, IL-8 signaling and GP6 signaling were among the path-

ways predicted to be inhibited, i.e. least activated in enriched tumor epithelium relative to stroma. Addi-

tional pathways differentially altered between tumor and stroma included activation of organismal death,

morbidity and mortality, bleeding, organization of the cytoplasm and skeleton, as well as cell movement

and migration in both proteome and transcriptome data sets (Table S22). Genes encoding known targets

of Food and Drug Administration (FDA)-approved drugs (Sun et al., 2017) which were differentially ex-

pressed (linear models for microarray data adjusted p value <0.01) between the LMD-enriched tumor

and LMD-enriched stroma were identified in the proteomic and transcriptomic data with Log2 fold changes

> G1 (Table S23). Drugs targeting the identified genes include a mixture of those being used currently for

clinical management of HGSOC disease, such as bevacizumab (a monoclonal antibody against vascular

endothelial growth factor (VEGF) (Krämer and Lipp, 2007)), as well as many drugs that are not.

For the additional 9 HGSOC cases, we examined pathway enrichment using data for 381 proteins which dis-

played the same pattern of enrichment across all cases and which had Log2 fold changes > G1 (Table S24).

Figure 4. Protein-RNA Spearman correlation matrix

for case 343WM

Spearman correlation analysis of 5,742 genes that were

co-measured as proteins and corresponding transcripts

in 343WM. Size and color of each circle reflects

Spearman correlation.
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Overall, the canonical pathways (Tables S25 and S26) enriched in LMD tumor epithelium relative to stroma

generally overlapped with those from case 343WM suggesting these pathways are highly enriched within tu-

mor or stroma cell populations of HGSOC tumors. The proteomic data from these 9 cases revealed that the

protein target of FDA-approved olaparib (PARP1) was enriched in tumor, while targets of estramustine, sora-

fenib, regorafenib, and pazopanib (MAP1A and PDGFRB) were enriched in stroma (Table S27).

Intratumoral molecular heterogeneity impacts prognostic molecular signatures correlating

with altered disease outcome in HGSOC

Several large-scale studies have aimed to identify prognostic molecular signatures for outcomes of pa-

tients with HGSOC, most of which have been from genomic and/or transcriptomic data from whole tumor

specimen preparations from tumors that are typically qualified for inclusion using tumor cellularity/purity

thresholds determined from pathologic inspection (The Cancer Genome Atlas Research Network, 2011;

Konecny et al., 2014; Tucker et al., 2014; Liu et al., 2015; Leong et al., 2015; Wang et al., 2017; Verhaak

et al., 2013). Per the categorization of tumors into immunoreactive, differentiated, proliferative, andmesen-

chymal subtypes, patients whose tumors are characterized by mesenchymal signatures have the worst

prognosis. Consensus signatures generated by Chen et al (Chen et al., 2018) represent molecular subtype

classifications and a random forest probability for composite classifiers, i.e. consensusOV generated from

four previously published HGSOC molecular subtype classification systems (Helland et al., 2011; Verhaak

et al., 2013; Konecny et al., 2014; Chen et al., 2018; Bentink et al., 2012). We used these consensus signa-

tures to examine correlations between each spatially resolved tissue collection type relative to these

HGSOC prognostic subtypes (Figure 5; Table S28; Table S29). This analysis revealed that transcripts

from LMD-enriched tumor cores and tumor epithelium from case 343WM were strongly correlated with

differentiated and/or proliferative molecular subtypes (Figure 5A). Conversely, transcripts from the LMD-

enriched stromamost strongly correlated to the prognostically poormesenchymal subtype. Molecular sub-

type profiles for enriched tumor and stroma were largely recapitulated using proteome data for case

343WM (Figure 5A) and in the additional 9 HGSOC cases (Figure 5B). The whole tumor collections showed

variable correlations across molecular subtypes, the extent to which seemingly depended on the percent

stromal and tumor epithelium admixture contributions to overall tumor purity.

The consensusOV classifier also reports a real-valuedmargin score to discriminate between patients whose

tumors possess well-defined versus indeterminate subtypes, in which marginally classifiable tumors are

called based on the difference between the top two subtype scores (Chen et al., 2018). We examined

the margins of classification using the proteomic data from the 9-patient dataset (Figure 5C). An analysis

of variance on the margins indicated significant variation among the tumor tissue collection types (p <

0.001). A post hoc Tukey honestly significant difference test indicated that the LMD-enriched tumor

(including the LMD-enriched tumor cores from 343WM) and stroma collections were significantly different

from the whole tumor collections (Figure 5C). While themean of themargin scores from all levels for each of

the 9 additional cases demonstrated a significantly improved reliability of margin classification, the prote-

omic data from LMD-enriched collections from 343WMwhen examined individually did not show the same

improvement in margin classification (data not shown). LMD-enriched stroma and tumor cell populations

differed from each other (p < 0.01) and fromwhole tumor (p < 0.001). Data from the whole tumor collections

had the lowest margins of differentiation and thus were frequently indeterminately classified at any

threshold. Enrichment by LMD resulted in reliable subtype classification more frequently. Importantly,

some LMD-enriched collections within the same patient were reliably marginally classified into different

subtypes depending on sampling level, representing intrinsic heterogeneity within the TME.

Methyltransferase nicotinamide N-methyltransferase (NNMT) was recently identified as a master regulator of

CAF function, which contributes to ovarian cancer proliferation, migration, and metastasis and results in the

presence of a conserved metastasis-associated stromal proteomic signature distinguishing primary lesions

from omental metastases (Eckert et al., 2019). The abundance of NNMT was elevated in all LMD-enriched

stroma collections relative to LMD-enriched tumor, irrespective of primary (343WK) versusmetastatic omental

(343VT, 343VX, 343WB, 343WH, 343WJ, 343WQ) or non-omental (343WN, 343WP) origin (Figure S7). Measure-

ment of NNMT in the whole tumor collections was reflective of overall levels of tumor purity, resulting in inter-

mediate abundances dependent on the relative proportions of stroma and tumor in the TME.

We additionally investigated performance of a suboptimal cytoreduction associated network (SCAN)

signature (Liu et al., 2015) correlating with stroma activation and tumor invasiveness in transcriptome
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data from case 343WM. The 11-gene surgical debulking signature from Liu et al most strongly correlated

with our LMD-enriched stroma and whole tumor tissue collections (Figure S8), consistent with the correla-

tion of the SCAN signature with stromal involvement.

Figure 5. Protein and transcript abundance of markers correlating with prognostic molecular signatures of

altered disease outcome in HGSOC

(A) Transcript abundances for markers correlated with suboptimal surgical debulking identified by Liu et al (2015) (Liu

et al., 2015), and protein and transcript abundances correlating with prognostic molecular subtypes identified by Konecny

et al (2014) (Konecny et al., 2014) measured in 343WM. (B) Stacked bar graphs depicting the probability of each collection

type (LMD-enriched stroma, LMD-enriched tumor, and whole tumor) per level per patient belonging to consensus

molecular subtypes identified by Chen et al (2018) (Chen et al., 2018) based on protein abundance. (C) Boxplots depicting

the distributions of margin classification thresholds across all levels from the proteomic data from the 9-patient dataset

for each collection type. Significance determined by a post hoc Tukey honestly significant difference test indicated that all

three groups were significantly different from each other. Both LMD-enriched stroma and LMD-enriched tumor differed

from whole tumor (***; p < 0.001). Margin means were 0.609, 0.460, and 0.238 for the LMD-enriched stroma, LMD-

enriched tumor, and whole tumor, respectively.
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We next sought to explore molecular heterogeneity within each sample collection type using a phylogenic

approach depicting relatedness between samples based on correlation of protein abundance trends

(Figure 6; Table S30). In this way, the correlations of samples within the same LMD collection type were

calculated and then compared with those from other (as specified) LMD collection types. Comparison of

enriched tumor and stroma collections in case 343WM (Figure 6A) suggests that the proteome expression

profiles of LMD-enriched stroma are more heterogeneous from a phylogenic perspective (i.e. have lower

median Spearman correlations between levels) than either of the LMD-enriched tumor epithelium collec-

tions and that the proteomic expression profile of the whole tumor is more closely related to the LMD-en-

riched stroma. Focusing on LMD-enriched tumor epithelium collections (cores and collection levels across

sections [Figure 6B]) illustrates that extent of heterogeneity between all tumor cores is statistically less than

that observed between LMD-enriched tumor collections (p < 0.0001). Further, the correlations within and

between the LMD-enriched tumor epithelium and stroma samples were calculated for cases 343WM,

343WK, 343WQ, and 343WH. These four cases were again selected as they each have equivalent numbers

of LMD-enriched tumor and stroma samples collected per case. In three of the four cases, the degree of

heterogeneity between tumor epithelium samples was statistically less (p < 0.01) than the heterogeneity

observed in the stroma (Figures 6C–6F).

Figure 6. Patient-specific dendrograms depicting Spearman correlations between LMD-enriched collections

based on differentially expressed proteins

(A) Representative relatedness of all collection types from 343WM, including tumor cores, LMD-enriched tumor

epithelium, LMD-enriched stroma, whole tumor, and cryopulverized tissue. (B) Relatedness of tumor cores versus LMD-

enriched tumor epithelium from 343WM. (C-F) Relatedness of LMD-enriched tumor versus stroma from 343WM, 343WK,

343WQ, and 343WH, respectively. With the exception of the LMD-enriched tumor cores vs LMD-enriched tumor

epithelium comparison in (B) which was calculated using proteins with a median absolute deviation (MAD) > 0.5, all

comparisons in (A) and (C-F) were made using proteins with MAD >1. Comparisons marked with (*) indicate a significant

difference (p < 0.01) between groups, with p values of 1.264 3 10�5, 0.0012, 0.0003372, 0.00097, and 0.2205 for the

comparisons in (B-F), respectively. The yellow, blue, and red ovals in (B-F) highlight the clusters of LMD-enriched tumor

cores, tumor epithelium, and stroma, respectively.
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We further investigated regional tissue variations within a single tumor specimen, case 343WQ, to assess

how intratumoral heterogeneity can impact molecular subtype classification and measurement of proteo-

mic markers (Figure 7), with similar findings seen across all cases (data not shown). The relative composition

of tumor epithelium and stroma is generally unchanged throughout the depth of the specimen block for

this patient tumor (Figure 7; left panel). Further, enriched tumor and stroma collections across each of

the 5 levels displayed consistent patterns of molecular alterations, correlations with HGSOC consensus

molecular subtypes (Chen et al., 2018), and cellular admixture scores (Aran et al., 2017), within tumor

and stromal cell populations throughout the tumor (Figure 7; right panel). In contrast, the whole tumor col-

lections displayed widely varied patterns of molecular abundances, subtype classifications, and cellular

admixture scores across the 5 levels.

Finally, we selected three patients for whom complete cancer-related medical histories were available (Fig-

ure S9) to analyze the heterogeneity of clinical marker expression between LMD levels within each patient’s

specimen. Case 343WPwas extremely sensitive to chemotherapy and surviving with no evidence of disease

as of the last follow-up, more than 5 years after diagnosis (Figure S9A). Cases 343WN (Figure S9B) and

343WQ (Figure S9C) had cancer-related deaths; these patients were moderately sensitive or resistant to

chemotherapy, respectively. We generated a composite assessment of 70 genes or gene products

analyzed in the clinical setting by Precision Therapeutics, Inc. (now Helomics [Pittsburgh, PA]; a subsidiary

of Predictive Oncology [Eagan, MN]), Caris Life Sciences (Irving, TX), Foundation Medicine (Cambridge,

MA), Quest Diagnostics (Secaucus, NJ), and/or Ambry Genetics (Alisa Viejo, CA). Of these 70 markers,

31 were measured as proteins in the n = 9 patient specimen set. The variability of protein expression

between levels for these markers was examined in cases 343WK, 343WQ, and 343WH, for whom the full

complement of 5 levels/cases for all LMD collection types were available. Relative standard deviations

of protein expression were calculated and ranked to identify the top 5 most and least variable clinical

markers (Table S31). The most variable proteins between levels within a single patient’s specimen in our

whole tumor samples (comparable with the type of tissue examined in the clinic) were ABL1, NF1,

MSH6, MLH1, and PTEN. None of these were among the top 5 most variable in our LMD-enriched tumor

samples. TOP1, RAD50, EPCAM, SMARCA4, and APC were the least variable in the whole tumor. TUBB3

and HRAS were among the top 5 most variable proteins in both LMD-enriched tumor and LMD-enriched

stroma, while FBN1 was among the least variable in both LMD-enriched compartments.

DISCUSSION

Ovarian cancers are typically diagnosed at an advanced stage after the accumulation of numerous molec-

ular alterations (Torre et al., 2018). In this study, we have demonstrated that LMD enrichment reveals exten-

sive intratumoral molecular heterogeneity, which bears directly on investigations aimed at identifying novel

Figure 7. Representative case (343WQ) depicting variable molecular expression and subtype classification by

level

H&E images show the tissue sections mounted on glass slides bounding the top of each level. The scale bar in the bottom

left corner of eachmicrograph indicates a length of 4mm. The tissue section number is notated in the bottom right corner.

The median tumor cellularity with relative standard deviation (%CV), molecular subtype, and protein abundances of

representative tumor and stroma markers present in the whole tumor collections are indicated for each level. The median

tumor cellularity calculated from review of multiple images per level with the %CV included in parenthesis (from Table S1)

is reported as percentages. Correlations with consensus molecular subtypes (Figure 5B and Table S28) are shown. The

Log2-transformed protein abundances are shown for tumor/epithelial markers (CDH1 and KRT19) and stroma markers

(FAP and VCAN) (from Table S7).
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biomarkers or into cancer pathophysiology, and has implications for diagnostic, prognostic, and therapeu-

tic predictive values, as recently described in hepatocellular carcinoma (Buczak et al., 2018).

We found that many molecular alterations were negatively correlated with established diagnostic and

prognostic signatures within LMD-enriched cell populations, such as confirmation of several mesenchymal

marker genes as emerging from stroma cells in HGSOC tissues recently identified by Zhang et al (Zhang

et al., 2019) (Figure 5). Furthermore, we observe a profoundly unique transitioning of molecular subtype

assignment based on sampling of the TME using proteomic versus transcriptomic data (Figure 5A). We

further note that the correlation of protein and transcript abundance is higher in tumor epithelium versus

stroma collections and is likely attributed to the secretory nature of ovarian stroma cells (Furuya, 2012). This

was further underscored by our findings that the variance of proteins containing signal peptide sequences

or classified as ‘‘extracellular’’ by Gene Ontology across all levels from each LMD-enriched tumor and

stroma collection was significantly greater (p < 0.0001) than the variance of proteins lacking these classifi-

cations (Table S15).

Comparison across proteomic platforms using proteins co-quantified by MS-based proteomics and RPPA

revealed similar findings as seen above with the co-quantified proteins and transcripts in which there was

general positive correlation within the same LMD-enriched tumor epithelium or stroma tissues across all

cases (Figures S6A and S6B). However, there was poor concordance between proteins co-quantified in

whole tumor collections, often even within the same case (Figure S6C). While this is likely partially attribut-

able to the limited number of features (54 proteins) used in this comparison (Ali et al., 2017), it largely re-

capitulates the findings that whole tumor collections reflect overall degrees of tumor purity and the need

for cell-type enrichment for molecular characterization.

consensusOV classification of LMD-enriched tumor, stroma, and whole tumor populations suggests that

molecular signatures developed to date have reflected variations in tumor purity that differentially corre-

late with altered outcome; specifically, lower tumor purity contributes to the assignment of tumors to

poorer prognostic outcomes (Figures 5A, 5B, and S8). LMD enrichment of cellular populations statistically

improved the reliability of subtype classifications, as measured by comparing consensusOV margin scores

(Figure 5C). The predictive value for estimating patient outcomes through molecular subtype assignment

(using the molecular prognostic signatures identified by Konecny et al (Konecny et al., 2014)) showed a me-

dian survival difference of two years depending on whether the tumor epithelium or stroma and/or mixed

tissue is sampled. Specifically, the mesenchymal subtype in the Konecny et al study correlated with our

LMD-enriched stroma, whereas the differentiated and proliferative subtypes correlated with our LMD-en-

riched tumor (Konecny et al., 2014). Notably, the contribution of the stromal microenvironment to the

mesenchymal signature has been recently described (Zhang et al., 2019; Izar et al., 2020; Schwede et al.,

2020). The observation that poor prognosis molecular subtypes (namely, mesenchymal subtype) are driven

by the admixture of stroma cells supports the existence of a pathological ovarian stroma and supports the

proposed role of CAFs contributing to disease development and/or progression (Bu et al., 2019; Jia et al.,

2016; Narikiyo et al., 2019; Eckert et al., 2019). The presence of a large ovarian stromal compartment is an

indicator of poor prognosis (Labiche et al., 2010). Tumors with more interceding stroma have lower resect-

ability, decreasing the likelihood of achieving complete resection (R0) during surgical debulking leading to

worse outcomes (Torres et al., 2018; Hamilton et al., 2011). Gene signatures in the ovarian stroma have also

been correlated with increased tumor invasiveness andmetastatic spread to the blood and lymphatics (Yue

et al., 2019). Further, assignment of the cryopulverized tissue in our study to a particular subtype was less

clear due to profound signal averaging of the proteome (Figure 5A). The cancer genome atlas and other

large-scale tumor characterization efforts to date have applied pre-determined tumor purity cutoff levels

to include predominantly high purity tumors in their studies. As a result, molecular drivers of disease pro-

gression specific to prognostically poor/low purity tumors are frequently missed (Aran et al., 2015; Chen

et al., 2018), as recently realized for colon cancer (Mao et al., 2018) and gliomas (Zhang et al., 2017).

We demonstrate that many markers previously published as correlating with residual disease and/or sub-

optimal cytoreduction in ovarian cancer are elevated in tumor stroma (Figure S8) (Tucker et al., 2014; Liu

et al., 2015). Among these, FABP4 and ADH1B expressions were associated with significantly higher levels

of residual disease (Tucker et al., 2014). Expression and shedding of AKAP12 has been recently described in

isogenic cell line models of paclitaxel resistance and elevation of AKAP12 transcript also correlated with

decreased survival in patients with HGSOC (Bateman et al., 2015). We observe that AKAP12 transcript is
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elevated in stroma versus tumor epithelium (Tables S5, S6, S7, and S8), suggesting that elevation of

AKAP12 in drug-resistant HGSOC cells may be due to chemotherapy-induced epithelial-to-mesenchymal

transition and association with poor disease outcome may correlate with patients harboring lower purity

tumors, likely mesenchymal subtype tumors. COL11A1 transcripts were also abundant in the stroma and

some of the whole tumor collections (Figure S8), consistent with findings that COL11A1 is elevated in

CAFs (Jia et al., 2016).

Extensive intratumor heterogeneity was observed in our study within each of the LMD-enriched tumor

and stroma compartments, as demonstrated by the tumor cores from case 343WM and between the

spatially separated collection levels for each of the 10 HGSOC cases assessed. A comparison of the

magnitude of heterogeneity within each LMD-enriched tissue type revealed that overall there was a

greater amount of heterogeneity in the stroma tissue relative to tumor epithelium (Figures 6C–6F).

Though more related than the stroma collections, we demonstrate heterogeneity within the

tumor epithelium resulting from locoregional differences, as replicate tumor cores displayed greater

relatedness to each other than to LMD-enriched tumor collections taken from the entire tissue area (Fig-

ures 6A and 6B). Consistent with our enriched tumor and stroma cell findings, single-cell RNA

sequencing on HGSOCs has previously revealed that individual cells of the same tissue type (tumor

epithelium or stroma) differentially clustered with molecular subtypes due to unique gene expression

profiles (Winterhoff et al., 2017). Further, heterogeneity within HGSOC molecular subtypes has been

partially attributed to activation of distinct transcription factors serving as master regulators of the

cellular phenotypes (Zhang et al., 2015; Eckert et al., 2019), as well as re-seeding of the primary site of

disease by intraperitoneal metastases (Hu et al., 2020). As mentioned, within the ovarian stromal micro-

environment, we observed the highest probability of classification as mesenchymal and/or immunoreac-

tive subtypes (Figure 5).

We prioritized 381 proteins (Table S24) which had the same pattern of expression across all patients in the

9-patient specimen set for pathway and functional analysis. It could be speculated that several candidate

proteins from this list represent the most promising targets for future clinical studies as they were consis-

tently significantly enriched in either tumor or stroma across these patients. Compartmentalized expres-

sion of genes encoding known FDA-approved anticancer drug targets (Sun et al., 2017) was found in

both the LMD-enriched tumor epithelium and stroma collections (Tables S23 and S27). The proteins en-

coded by VEGFA and FLT1 (also known as VEGFR1) are targets of bevacizumab, a monoclonal antibody

often used as an anti-angiogenic therapy for treating patients with HGSOCs (Rossi et al., 2017). In our study,

VEGFA transcript expression from case 343WMwas significantly enriched in the tumor epithelium, whereas

transcript expression of FLT1/VEGFR1 was more abundant in LMD-enriched stroma (Table S23). Dysregu-

lated VEGF/VEGFR expression has been demonstrated to contribute to epithelial ovarian cancer develop-

ment and/or progression through increased vascularization and improved survival of endothelial cells via

anti-apoptotic signaling in the newly formed vessels (Skirnisdottir et al., 2016; Masoumi Moghaddam et al.,

2012), though bevacizumab targeting of VEGF/VEGFR has disputed levels of improvement on survival of

patients with HGSOCs (Tewari et al., 2019). PARP1 protein was consistently enriched in the tumor epithe-

lium of nine patients in our study (Table S27). Olaparib, rucaparib, and niraparib are poly(ADP-ribose) po-

lymerase (PARP) inhibitors used for treating patients with HGSOCs in either the recurrent or maintenance

setting (Jiang et al., 2019). Conversely, MAP1A is a target of estramustine, and PDGFRB is a target of sor-

afenib, regorafenib, and pazopanib; MAP1A and PDGFRB proteins were both found to be significantly en-

riched in LMD stroma.

Accurate diagnosis and estimation of prognostic outcome are of utmost interest to patients, so we

analyzed the intratumor heterogeneity of protein expression for gene and/or protein markers that are

routinely assessed in patients with HGSOCs. Specifically, we examined the variability of protein expression

between each of the 5 levels per LMD collection type separately for cases 343WK, 343WQ, and 343WH and

reported proteins that were most and least variable within each LMD collection type (Table S31). Our whole

tumor samples represent the types of samples analyzed in the clinical setting. ABL1 was among the top 5

most variable proteins in whole tumor samples within each patient’s tumor. ABL1 is a target of the drug

regorafenib which is currently FDA approved for treatment of colorectal and stomach cancers (Sun

et al., 2017) and has been the subject of recent clinical trials for treatment of recurrent epithelial ovarian

cancers (Tan et al., 2017). Interim clinical trial results reported regorafenib to be inefficacious in improving

progression free survival, overall survival, or overall response rate. Our results suggest that the clinical
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inefficacy of regorafenib for treating ovarian cancers could, at least in part, be attributed to the high intra-

tumoral heterogeneity of expression of ABL1 or other related proteins. MSH6 and MLH1 were also among

the top 5 most variable proteins in this analysis. MSH6 and MLH1 are biomarkers of mismatch repair and

microsatellite instability and are used as prognostic indicators of improved survival and clinical response

to platinum-based chemotherapy (Zhao et al., 2018). The high levels of intratumoral heterogeneity of

MSH6 and MLH1 in our study suggest that the predictive efficacy of platinum-based chemotherapies

may not adequately represent true patient response due to the potential for sampling variations of regional

protein expression within a tumor biopsy. TUBB3 is the target of the drug ixabepilone, FDA approved for

treatment of breast cancer (Sun et al., 2017) and the subject of recent clinical trials for potential use in pa-

tients with recurrent or persistent platinum- and taxane-resistant ovarian cancer (De Geest et al., 2010),

which showed promising results. Surprisingly, TUBB3 was among the top 5 most variable proteins in

both LMD-enriched tumor and LMD-enriched stroma in our analysis.

In conclusion, we demonstrate a critical need to account for cellular subtype and regional TME molecular

heterogeneity in cancer molecular profiling efforts that will substantially enable in-depth characterization

of spatially distributed subclonal cell populations that have underappreciated roles in driving carcinogen-

esis. To assist with ongoing research efforts by others, we created an interactive web portal to be used as a

community resource, which can be found at https://lmdomics.org/HGSOCheterogeneity/. Users can

examine the expression of their protein(s) of interest between LMD-enriched and whole tumor compart-

ments, three-dimensional heterogeneity of protein expression throughout the depth of each specimen

block, and the conservation of this variability across our specimen set of 9 patients with HGSOC tumors.

Further work to deconstruct the TMEwill aid clinical diagnosis, improve the efficacy of therapeutic interven-

tion, and increase capabilities to identify druggable molecular markers of disease development and

progression.

Limitations of study

In this investigation, we demonstrated significant proteomic and transcriptomic 3D heterogeneity in the

TME from tumors of patients with HGSOC using LMD of spatially separated tumor enriched regions, stro-

mal cell populations, as well as whole tumor collections throughout distinct levels from each specimen

block. We do acknowledge several limitations of the present study. Additional samples and patients will

be critical to elucidate patterns of intra-tumoral heterogeneity that may differ between primary tumors

and metastatic lesions or between chemo-naı̈ve specimens as compared to those obtained after neoadju-

vant chemotherapy since patients in our study cohort represented a combination of several of these clinical

features. Although the present study was limited to HGSOC, the pre-analytical workflows described here,

namely using LMD for histology-resolved molecular profiling of the TME, offer a roadmap to generalize

these data through multi-region sampling of larger cancer tissue cohorts, other solid tumor cancer types,

and to a variety of non-cancerous human tissue pathologies.
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Krämer, I., and Lipp, H.P. (2007). Bevacizumab, a
humanized anti-angiogenic monoclonal antibody
for the treatment of colorectal cancer. J. Clin.
Pharm. Ther. 32, 1–14.

Labiche, A., Heutte, N., Herlin, P., Chasle, J.,
Gauduchon, P., and Elie, N. (2010). Stromal
compartment as a survival prognostic factor in

advanced ovarian carcinoma. Int. J. Gynecol.
Cancer 20, 28–33.

Lappalainen, I., Almeida-King, J., Kumanduri, V.,
Senf, A., Spalding, J.D., Ur-Rehman, S., Saunders,
G., Kandasamy, J., Caccamo, M., Leinonen, R.,
et al. (2015). The European Genome-phenome
Archive of human data consented for biomedical
research. Nat. Genet. 47, 692–695.

Lee, S., Zhao, L., Rojas, C., Bateman, N.W., Yao,
H., Lara, O.D., Celestino, J., Morgan, M.B.,
Nguyen, T.V., Conrads, K.A., et al. (2020).
Molecular analysis of clinically defined subsets of
high-grade serous ovarian cancer. Cell Rep. 31,
107502.

Leong, H.S., Galletta, L., Etemadmoghadam, D.,
George, J., Study, T.A.O.C., Köbel, M., Ramus,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Primary antibody information is listed in Table S18 Various Various

Goat Anti-rabbit IgG Vector Laboratories, Inc. Cat# BA1000

Rabbit Anti-mouse IgG Dako Cytomation Cat# K1500

Biological samples

Primary high grade serous ovarian cancer IFMC/WHIRC Biobank 343WM

High grade serous ovarian cancer omental metastasis IFMC/WHIRC Biobank 343WJ

High grade serous ovarian cancer omental metastasis IFMC/WHIRC Biobank 343VT

High grade serous ovarian cancer omental metastasis IFMC/WHIRC Biobank 343VX

Primary high grade serous ovarian cancer IFMC/WHIRC Biobank 343WK

High grade serous ovarian cancer adnexal metastasis IFMC/WHIRC Biobank 343WN

High grade serous ovarian cancer omental metastasis IFMC/WHIRC Biobank 343WQ

High grade serous ovarian cancer omental metastasis IFMC/WHIRC Biobank 343WB

High grade serous ovarian cancer pelvic mass metastasis IFMC/WHIRC Biobank 343WP

High grade serous ovarian cancer omental metastasis IFMC/WHIRC Biobank 343WH

Chemicals, peptides, and recombinant proteins

Mayer’s Hematoxylin Solution Sigma Aldrich Cat# MHS32

Eosin Y Solution Aqueous Sigma Aldrich Cat# HT110216

Phosphatase Inhibitor Cocktail 3 Sigma Aldrich Cat# P0044

Phosphatase Inhibitor Cocktail 2 Sigma Aldrich Cat# P5726

ProtectRNA RNase Inhibitor 5003 Concentrate Sigma Aldrich Cat# R7397

cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail Roche Cat# 11836170001

Mass Spec-Compatible Human Protein Extract, Digest Promega Cat# V6951

Pierce Peptide Retention Time Calibration Mixture Pierce Cat# 88321

iRT Kit Biognosys Cat# Ki-3002-1

Buffer RLT Qiagen Cat# 79216

T-PER Tissue Protein Extraction Reagent Pierce Cat# 78510

Novex Tris-Glycine SDS Sample Buffer (2X) Invitrogen Cat# LC2676

Universal Human Reference RNA Stratagene Cat# 740000

AMPure XP Beckman Coulter Cat# A63880

SYPRO Ruby Protein Blot Stain Invitrogen Cat# S11791

ReBlot Plus Mild Antibody Stripping Solution Millipore Cat# 2502

I-Block Protein-Based Blocking Reagent Applied Biosystems Cat# T2015

Biotin-Blocking System, Ready-to-use reagents Dako Cytomation Cat# X0590

Protein block, serum-free Dako Cytomation Cat# K1500

Tyramide-based avidin/biotin amplification system Dako Cytomation Cat# K1500

IRDye 680RD Streptavidin LI-COR Biosciences Cat# 926-68079

Critical commercial assays

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

Soluble Smart Digest Kit Thermo Fisher Scientific Cat# 3251711

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TMT10plex Isobaric Label Reagent Set plus

TMT11-131C Label Reagent

Thermo Fisher Scientific Cat# A34808

TMTpro 16plex Label Reagent Set Thermo Fisher Scientific Cat# A44520

RNeasy Micro Kit Qiagen Cat# 74004

Qubit RNA HS Assay Kit Thermo Fisher Scientific Cat# Q32852

Qubit RNA BR Assay Kit Thermo Fisher Scientific Cat# Q10210

Agilent RNA 6000 Pico Kit Agilent Cat# 5067-1513

SuperScript VILO cDNA Synthesis Kit Invitrogen Cat# 11754050

Ion AmpliSeq Kit for Chef DL8 Thermo Fisher Scientific Cat# A29024

Ion AmpliSeq Transcriptome Human Gene

Expression Panel, Chef-Ready Kit

Thermo Fisher Scientific Cat# A31446

Ion Library TaqMan Quantitation Kit Thermo Fisher Scientific Cat# 4468802

Ion 550 Chip Kit Thermo Fisher Scientific Cat# A34538

Ion 550 Kit - Chef Thermo Fisher Scientific Cat# A34541

Deposited data

Raw LC-MS/MS data This paper ProteomeXchange Consortium, PRIDE: PXD026570

Raw RNA-seq data This paper European Genome-Phenome Archive

Software and algorithms

HALO Indica Labs https://indicalab.com/

Torrent Suite version 5.8.0 Thermo Fisher Scientific https://www.thermofisher.com/us/en/home/life-science/

sequencing/next-generation-sequencing/ion-torrent-

next-generation-sequencing-workflow/ion-torrent-next-

generation-sequencing-data-analysis-workflow/ion-

torrent-suite-software.html

Mascot Matrix Science https://www.matrixscience.com/

Proteome Discoverer Thermo Fisher Scientific https://www.thermofisher.com/us/en/home.html

Swiss-Prot UniProt http://www.uniprot.org/

R version 2.6.2 CRAN https://cran-archive.r-project.org/bin/windows/base/

old/2.6.2/

Clustvis version 1.2.0 BIIT Research Group https://biit.cs.ut.ee/clustvis/

LIMMA version 3.8 Bioconductor https://bioconductor.riken.jp/packages/3.8/bioc/html/

limma.html

xCell version 1.1.0 UCSF http://xcell.ucsf.edu/

ggplot2 version 3.2.1 CRAN https://cran.r-project.org/web/packages/ggplot2/

index.html

consensusOV version 1.8.1 Bioconductor http://bioconductor.jp/packages/3.10/bioc/html/

consensusOV.html

ggtree version 2.0.1 Bioconductor https://bioconductor.org/packages/release/bioc/

html/ggtree.html

ape version 5.3 CRAN https://cran.r-project.org/web/packages/ape/index.html

MedCalc version 19.0.7 MedCalc Software Ltd https://www.medcalc.org/

ComplexHeatmap version 2.2.0 Bioconductor https://www.bioconductor.org/packages/release/

bioc/html/ComplexHeatmap.html

Ingenuity Pathway Analysis Qiagen https://digitalinsights.qiagen.com/products-overview/

discovery-insights-portfolio/analysis-and-visualization/

qiagen-ipa/

Morpheus version 1.0-1 Broad Institute https://software.broadinstitute.org/morpheus/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the Lead Contact, Dr.

Thomas P. Conrads (conrads@whirc.org).

Materials availability

This study did not generate any unique reagents.

Data and code availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via

the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD026570. The RNA-

sequencing transcriptomics data have been deposited to the European Genome-Phenome Archive

(Lappalainen et al., 2015).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flash-frozen high grade serous ovarian tumors were obtained and all study protocols were approved for

use under a Western IRB-approved protocol ‘‘An Integrated Molecular Analysis of Endometrial and

Ovarian Cancer to Identify and Validate Clinically Informative Biomarkers’’ deemed exempt under US Fed-

eral regulation 45 CFR 46.102(f). All experimental protocols involving human data in this study were in

accordance with the Declaration of Helsinki and informed consent was obtained from all patients. Relevant

clinical information for patients included in the study can be found in Table S1.

METHOD DETAILS

Tissue specimens

Surgically resected fresh-frozen tumor tissue specimens were obtained from ten patients with HGSOC of

primary ovarian or tubo-ovarian origin. These comprised a mixture of chemotherapy-naı̈ve specimens and

specimens obtained following neoadjuvant chemotherapy (NACT) from patients with advanced stage

(stage III or IV) disease. The specific tissues used for the study were from ovary, omentum, and pelvic or

adnexa masses. The tissue blocks were sectioned by cryotome into 170 - 210 consecutive 10 mm thin tissue

sections (1.7 - 2.1 mm total depth) which were placed on PEN membrane slides (Leica Microsystems).

Representative sections were mounted on charged glass slides and stained with hematoxylin and eosin

(H&E) after every 10 PEN membrane slide sections (100 mm), except for case 343WM where representative

H&E slides were generated after every 20 PEN membrane slide sections (200 mm).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MicroVigene V5.1.0.0 Vigenetech http://www.vigenetech.com/MicroVigene.htm

Other

PEN Membrane Glass Slides Leica Microsystems Cat# 11532918

Nitrocellulose-coated slides for RPPA Grace Bio-Labs Cat# RD478691-M

96 MicroTubes in bulk (no caps) Pressure Biosciences Inc Cat# MT-96

96 MicroCaps (150uL) in bulk Pressure Biosciences Inc Cat# MC150-96

96 MicroPestles in bulk Pressure Biosciences Inc Cat# MP-96

9mm MS Certified Clear Screw Thread Kits Fisher Scientific Cat# 03-060-058

ZORBAX Extend 300 C18, 2.1 x 12.5 mm, 5 mm,

guard cartridge (ZGC)

Agilent Cat# 821125-932

ZORBAX Extend 300 C18, 2.1 x 150 mm, 3.5 mm Agilent Cat# 763750-902

EASY-SPRAY C18 2UM 50CM X 75 Fisher Scientific Cat# ES903

PM100 C18 3UM 75UMX20MM NV 2PK Fisher Scientific Cat# 164535
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Laser microdissection

The specimen obtained from case 343WMwas uniquely prepared for laser microdissection (LMD) and anal-

ysis of spatially separated tumor ‘‘cores’’ which represent defined sub-populations of tumor epithelium that

were collected as technical replicate areas for comparison with tumor epithelium collected from larger

whole slide areas. Four regionally separated areas within the tissue were laser microdissected to enrich

tumor epithelium (LMD7, Leica Microsystems) from each of 100 slides for proteomics or 50 slides for tran-

scriptomics. The cores were pooled from a cross-sectional area of approximately 1 mm2 collected by LMD

per slide for a depth spanning the entire block (1 mm x 1 mm x 2 mm). An adjacent 1 mm2 was microdis-

sected to serve as a replicate from each core; in total each core plus their respective adjacent replicate re-

gions covered an approximate 2 mm3 aggregate volume of tumor epithelium. The distance between the

center of each tumor core and the center of the nearest neighboring core was approximately 4 mm. For

a set of 9 sections (200 mm apart) each for proteomics and transcriptomics, all remaining tumor epithelium

(between 20 - 44 mm2/section) and stroma (44 - 80 mm2/section) were collected by LMD after the core re-

gions were collected. Whole tumor tissue was collected from a second set of 9 sections (96 - 155 mm2/sec-

tion), where only regions containing necrosis, blood, and fat were excluded.

For the remaining 9 HGSOC cases, the slides from each block were separated into five equivalent levels

(quintiles) assigned by depth within the block. Slides designated for MS proteomics (n=9 patients, 5 levels

each), reverse phase protein array (RPPA; n=8 patients, 5 levels each, plus 8 levels from 343WM), and tran-

scriptomics (n=2 patients, 1 level each) within each level were interlaced as much as possible.

All slides were H&E stained prior to LMD. For the slides microdissected for mass spectrometry (MS) prote-

omics, phosphatase inhibitors (Sigma Aldrich) were added to the 70% ethanol fixative and the first DEPC

water; slides for transcriptomics were stained with RNase inhibitors (ProtectRNA; Sigma Aldrich) added

into all aqueous solutions. Slide preparation for RPPA did not involve staining with eosin after the hema-

toxylin but included color development in Scott’s TapWater (Thermo Fisher Scientific) and two final drying

steps in xylenes. Protease inhibitors (Roche) were added to all RPPA staining solutions except for the 100%

ethanol and xylene washes.

Within each quintile level per specimen block, LMD was used to enrich cross-sectional areas of 40 mm2 and

15 mm2 (LMD enriched tumor epithelium, LMD enriched stroma, and whole tumor) for analysis via liquid

chromatography-tandem mass spectrometry (LC-MS/MS) and reverse phase protein microarray (RPPA),

respectively. For two cases (343WH and 343WB), a cross-sectional area of 25 mm2 of each LMD enriched

tumor, LMD enriched stroma, and whole tumor was collected from one level for RNA sequencing (RNA-

seq). Microdissected tissue was collected into LC-grade water (Fisher Scientific), a tissue extraction/lysis

buffer, or Buffer RLT (Qiagen) for analysis via LC-MS/MS, RPPA, and RNA-seq, respectively. The RPPA

extraction/lysis buffer consisted of a 1:1 mixture of Tissue Protein Extraction Reagent (T-PER; Pierce), No-

vex 2x Tris-Glycine SDS Sample Buffer (Invitrogen), plus 2.5% v/v 2-mercaptoethanol which was added to

tissue at a ratio of 3 ml buffer per 1 mm2 LMD tissue. For RPPA, each slide spent no more than 30 min dwell

time on the LMD microscope. Additional slides were collected into new tubes. Collected tissue was briefly

centrifuged and frozen at -80 �C until analysis.

OracleBio image analysis

Pre- and post-LMD images were collected using the Aperio ScanScope XT slide scanner (Leica Microsys-

tems). Image analysis was performed byOracleBio using the Indica Labs HALO platform. Post-LMD images

from 343WM were used to develop classification algorithms for identification of the ‘‘dissection area’’ and

‘‘all remaining tissue’’. A separate algorithmwas developed which involved co-registration of post-LMD im-

ages with corresponding adjacent H&E-stained sections on glass slides for detection and quantification of

the cell nuclei abundance within the LMD regions. The size and number of cells and nuclei collected in each

LMD collection was determined using matched sets of reference glass H&E sections and PEN membrane

slides following LMD enrichment of tumor (n=15) and stroma (n=6) cell populations.

Peptide preparation for TMT LC-MS/MS

LMD tissue in LC-grade water was dried, re-suspended in 100 mM triethylammonium bicarbonate (TEAB)/

10% acetonitrile (ACN), and digested using SMART trypsin (1 mg/30 mm2 tissue; Thermo Fisher) and pres-

sure cycling technology (PCT, Pressure Biosciences, Inc.) (Lee et al., 2020). For 343WM, the remaining tissue

in the OCT block was washed with water and cryopulverized in liquid nitrogen in a mortar and pestle. The
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cryopulverized tissue was re-suspended in 100 mM TEAB/10% ACN and digested by PCT using SMART

trypsin (1 mg protease/ 30 mm2 tissue). Peptide concentrations from trypsin digests were determined using

the bicinchoninic acid assay (Pierce BCA). Tryptic peptides were labeled with isobaric Tandem Mass Tags

(TMT) according to the manufacturer’s instructions using the TMT 10-Plex Kit or TMTpro 16-Plex Kit from

Thermo Fisher (Table S4). The TMT 10-Plex reagents and TMTpro 16-plex reagents were used for labeling

samples from case 343WM and the remaining nine cases, respectively, to generate patient-specific TMT

plexes. Briefly, peptide samples were individually mixed with respective TMT reagents for 1 h at room tem-

perature, then quenched using 5% hydroxylamine. Empty TMT channels were filled using equivalent

amounts of peptide mixed from each of the 5 levels of the whole tumor collections in the respective pa-

tient-specific plex.

Each TMT-10 or TMTpro-16 multiplex set of samples were loaded onto a C-18 trap column in 10 mM

NH4HCO3 (pH 8.0) and fractionated by basic reversed-phase liquid chromatography (bRPLC) into 96 frac-

tions through development of a linear gradient of acetonitrile (0.69% acetonitrile/min). For 343WM, 36

concentrated fractions were generated by pooling in a serpentine manner, each of which were analyzed

for LC-MS/MS. For the remaining 9 cases, 24 concentrated fractions were generated following bRPLC

which were individually analyzed by LC-MS/MS.

Liquid chromatography-tandem mass spectrometry

The TMT-10 or TMTpro-16 sample multiplex bRPLC fractions were analyzed by LC-MS/MS employing a

nanoflow LC system (EASY-nLC 1200, ThermoFisher Scientific, Inc.) coupled online with a Q Exactive HF-

X MS (ThermoFisher Scientific, Inc.). In brief, each sample was loaded on a nanoflow HPLC system outfitted

with a reversed-phase trap column (Acclaim PepMap100 C18, 2 cm, nanoViper, ThermoFisher Scientific,

Inc) and a heated (50 �C) reversed-phase analytical column (Acclaim PepMap RSLC C18, 2 mm, 100 Å,

75 mm 3 500 mm, nanoViper, ThermoFisher Scientific, Inc). Peptides were eluted by developing a linear

gradient of 2% mobile phase B (95% acetonitrile with 0.1% formic acid) to 32% mobile phase B within

120 min at a constant flow rate of 250 nL/min. High resolution (R=60,000 at m/z 200) broadband (m/z

400 – 1,600) mass spectra (MS) were acquired from which the top 12 most intense molecular ions in each

MS scan were selected for high-energy collisional dissociation (HCD, normalized collision energy of 30

for TMT-10 and 34 for TMTpro) acquisition in the orbitrap at high resolution (R=45,000 atm/z 200). Charge

state selection was restricted to z = +2, +3 and +4. The RF lens was set to 30% and both MS1 and MS2

spectra were collected in profile mode. Dynamic exclusion (20s) was enabled to minimize redundant selec-

tion of peptide molecular ions for HCD.

Quantitative proteomic data processing pipeline for global proteome analysis

Peptide identifications were generated by searching the .raw data files with a publicly-available, non-

redundant human proteome database (Swiss-Prot, Homo sapiens, Proteome UP000005640, 20,257 se-

quences, downloaded 12-01-2017; http://www.uniprot.org/) appended with porcine trypsin (Uniprot:

P00761) sequences using Mascot (Matrix Science) and Proteome Discoverer (Thermo Fisher Scientific).

Identification, normalization, and Log2 transformation of PSMs was performed as previously described

(Lee et al., 2020) for calculation of protein-level abundances.

RNA sequencing

Tissue collected by LMD in Buffer RLT was purified using the RNeasy Micro Kit (Qiagen) per the manufac-

turer’s instructions. RNA concentrations were determined by fluorescence (Qubit HS and BR kits, Thermo

Fisher). RNA integrity numbers (RIN) were calculated using the RNA 6000 Pico Kit 2100 Bioanalyzer (Agi-

lent). All RNA was high-quality with RIN values of 7.2 or greater, except for two samples which had RIN

values of 4.9 and 6.5.

RNA samples were reverse transcribed from 10 ng input using the SuperScript VILO cDNA Synthesis Kit.

Barcoded cDNA libraries containing 5-6 LMD samples plus a Universal Human Reference RNA (UHR) stan-

dard (Stratagene) were prepared on the Ion Chef System using the Ion Ampliseq Chef DL8 materials and

the Ion AmpliSeq Transcriptome Human Gene Expression Panel Chef-ready Kit (Thermo Fisher). Libraries

were then purified via solid phase reversible immobilization (SPRI) using AMPure XP beads (Beckman

Coulter) to remove fragments less than 100 bp, quantified by qPCR (TaqManQuantitation Kit; Applied Bio-

systems), and 25 ml of 100 pM diluted library was used for templating, amplification via emulsion PCR, and

loaded onto Ion 550 chips on the Ion Chef System.
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Sequencing was performed on the Ion Torrent S5 XL (Thermo Fisher) andmapped to the hg19 human refer-

ence transcriptome (hg19_Ampliseq_Transcriptome_21K_v1). Successful sequencing runs achievedR18M

reads/sample (with one exception) and 169-234X AQ20 mean coverage depth. Per the Torrent Suite Soft-

ware (Torrent Suite v5.8.0), the number of reads aligning to a given gene target represents an expression

value referred to as ‘‘counts’’. The read count per million mapped reads (RPM) for each barcoded sample

was calculated by the software as read count x 106 / total number of mapped reads. Normalized RPM-level

transcript abundances were calculated relative to the average RPM abundance quantified across all sam-

ples for a given transcript and Log2 transformed.

Reverse phase protein microarray

Using an Aushon 2470 arrayer (Aushon BioSystems, Billerica, MA) equipped with 185 mm pins, cell lysates

along with internal reference standards were immobilized onto nitrocellulose-coated slides (Grace Bio-

labs, Bend, OR) in technical replicates (n=3). To assess the amount of protein in each sample and for

normalization purposes, selected arrays were stained with Sypro Ruby Protein Blot Stain (Invitrogen)

following manufacturer’s instructions. Immunostaining was performed as previously described (Baldelli

et al., 2015, 2017). In brief, prior to antibody staining, arrays were first treated with Reblot Antibody Strip-

ping solution (Millipore) for 15 minutes at room temperature, washed with PBS and incubated I-block

(Applied Biosystems). To reduce unspecific binding between endogenous proteins and the detection sys-

tem, arrays were then probed with 3% hydrogen peroxide, an avidin/biotin blocking system (Dako Cytoma-

tion, Carpinteria, CA), and an additional serum free protein block (Dako Cytomation, Carpinteria, CA) using

an automated system (Dako Cytomation, Carpinteria, CA). Each array was then probed with one polyclonal

or monoclonal primary antibody targeting a protein of interest. Primary antibodies’ specificity was previ-

ously assessed on commercial cell lysates or human tissue lysates by western blotting (Signore and Reeder,

2012). The criteria for validation were the presence of a single band of correct molecular weight in the pos-

itive control sample and the absence of a band in the negative control. Antibodies targeting phosphory-

lated epitopes were additionally validated by ligand induction. A subset of antibodies was further validated

against peptide competition. Arrays were probed with total of 281 antibodies targeting native and/or post-

translationally modified proteins. Primary antibodies were recognized by a biotinylated anti-rabbit (Vector

Laboratories, Inc.) or anti-mouse secondary antibody (Dako Cytomation, Carpinteria, CA). Signal amplifi-

cation was achieved using a commercially available tyramide-based avidin/biotin amplification system

(Dako Cytomation, Carpinteria, CA) coupled with fluorescent detection using the streptavidin-conjugated

IRDye680 dye (LI-COR Biosciences, Lincoln, NE), according to the manufacturer’s instructions. Selected ar-

rays were incubated with the secondary antibodies alone to capture background and unspecific signal. Im-

ages were acquired using a laser scanner (TECAN PowerScanner, Mönnedorf, Switzerland) and analyzed

using a commercially available software (MicroVigene V5.1.0.0; Vigenetech, Carlisle, MA). In brief, the soft-

ware performed spot finding and subtraction of the local background/unspecific signal. Finally, each sam-

ple was normalized to the corresponding amount of protein derived from the Sypro Ruby stained slides and

triplicates were averaged.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unsupervised hierarchical clustering and principal component analyses were performed using proteins or

transcripts exhibiting a median absolute deviation (MAD) >0.5 or >1, as specified, across all samples and

clustered by Pearson correlation as heatmaps using Clustvis (version 1.2.0) in R (version 3.6.2). Differential

analyses of global proteome and transcript data matrixes was performed using LIMMA (version 3.8, (Ritchie

et al., 2015)) in R (version 3.6.2); features satisfying a LIMMA p-value <0.01 and exhibiting a Log2 fold-

change cut-off G1 were prioritized for downstream analyses. Cell type enrichment analyses were per-

formed using RPM-level RNA-seq data in xCell (http://xcell.ucsf.edu/; version 1.1.0 (Aran et al., 2017)). xCell

cell type signature scores of interest were categorized by relative rank from highest to lowest spanning a

range of 1 to -1 to enable co-visualization with similarly categorized transcript and protein abundance for

candidates of interest. Boxplots of relative protein abundances or cell type signature scores were gener-

ated using Ggplot2 (version 3.2.1). Random forest probabilities for classification of consensus molecular

subtypes using either global proteome or transcriptome data were calculated using consensusOV (version

1.8.1). Margin scores of molecular subtype classification were calculated by taking the difference between

the probability of the highest subtype and the probability of the second highest subtype. ANOVA and post

hoc Tukey HSD tests were performed to determine the significance of differences between the margin

values for each group. Dendrograms were generated using Ggtree (version 2.0.1) using features with

MAD>1 across individual patient samples, with the exception of the comparison between tumor cores
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and LMD enriched tumor from case 343WM, which used features with MAD>0.5. Tree structure was deter-

mined by neighbor-joining tree estimation using Ape (version 5.3) and Spearman correlations between

samples were calculated. Molecular subtype classifications were compared by Spearman correlation using

MedCalc (version 19.0.7). Functional pathway inference and drug targets were assessed using Ingenuity

Pathway Analysis. The heatmap in Figure 7 was generated using ComplexHeatmap (version 2.2.0); the heat-

maps in Figures S4 and S6 were generated using Morpheus (https://software.broadinstitute.org/

morpheus/; version 1.0-1).
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