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Abstract

The invasive leading edge represents a potential gateway for tumor metastasis. The role of 

fibroblasts from the tumor edge in promoting cancer invasion and metastasis has not been 

comprehensively elucidated. We hypothesize that crosstalk between tumor and stromal cells 

within the tumor microenvironment (TME) results in activation of key biological pathways 

depending on their position in the tumor (edge vs core). Here we highlight phenotypic differences 

between tumor-adjacent-fibroblasts (TAF) from the invasive edge and tumor core fibroblasts 

(TCF) from the tumor core, established from human lung adenocarcinomas. A multi-omics 

approach that includes genomics, proteomics, and O-glycoproteomics was used to characterize 

crosstalk between TAFs and cancer cells. These analyses showed that O-glycosylation, an essential 

post-translational modification resulting from sugar metabolism, alters key biological pathways 

including the cyclin-dependent kinase 4 and phosphorylated retinoblastoma protein (CDK4-pRB) 

axis in the stroma and indirectly modulates pro-invasive features of cancer cells. In summary, 

the O-glycoproteome represents a new consideration for important biological processes involved 
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in tumor-stroma crosstalk and a potential avenue to improve the anti-cancer efficacy of CDK4 

inhibitors.
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Introduction

The leading edge of tumors represents one of the main sites of access for local invasion 

and metastasis (1); however, the role of fibroblasts from the tumor edge have been mainly 

overlooked. Much of our current understanding of cancer-associated fibroblasts (CAFs) 

is derived from fibroblasts harvested from the inner tumor, and the pro- and anti-tumor 

effects of CAFs are still being resolved (2–5). Single-cell studies have demonstrated the 

significant heterogeneity of CAFs in the tumor microenvironment (TME) (6,7), but the cell-

cell interactions involving different tumor fibroblast subtypes, particularly those at the tumor 

edge, are not well known. Of the few studies that focus on fibroblasts at the invasive tumor 

edge, colorectal and hepatocellular carcinomas studies have found peritumor fibroblasts 

stimulate the proliferation and migration of cancer cells more strongly than CAFs (8,9). 

In order to better understand the role of these peritumor fibroblasts in tumor invasion and 

treatment response, fibroblast heterogeneity and cell-cell interactions at the invasive edge of 

the tumor need to be further explored.

While multi-omics analysis of fibroblasts has included epigenomic, genomic and 

transcriptomic data (10–12), post-translational modifications (PTM) of fibroblasts have not 

been well characterized. PTMs have gained significant interest in recent omics studies 

as they directly modulate numerous cancer hallmarks including cell cycle progression, 

migration and metabolism (12–15). Previous work showed that metabolic reprogramming 

toward the hexosamine biosynthesis pathway (HBP), an understudied glucose pathway 

leading to glycosylation, is associated with poor survival in the lung adenocarcinoma 

(LUAD) (16,17). The authors reported that this metabolic switch happens earliest in CAFs 

compared to the malignant cells across tumor compartments (fibroblasts, cancer, immune 

and endothelial cells). This finding suggests that tumor fibroblasts redirect their glucose 

toward HBP, leading to altered O-glycosylation, a PTM regarded to be as critical as 

phosphorylation and also initiated on serine and threonine residues (18,19). While previous 

results on CAFs assessed metabolic reprogramming toward HBP in the tumor stroma, direct 

measurements of the O-glycoproteome changes following tumor-stroma interactions using a 

multi-modal approach have yet to be reported.

O-linked glycosylation has been associated with several cancer hallmarks (20,21). However, 

very little is known about: 1) which proteins are O-glycosylated, 2) the effect(s) of O-

glycosylation on protein function, and 3) how protein O-glycosylation impacts cell-cell 

crosstalk. To our knowledge, no published study has reported the O-glycoproteome of tumor 

fibroblasts nor undertaken a multi-omics approach that integrates the O-glycoproteome in 

the context of tumor-stroma crosstalk. The lack of data on the O-glycoproteome is largely 
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due to the technical challenges associated with probing glycobiology (22) including the 

lack of automated techniques, small libraries of glycoproteins and limited availability of 

sugar-specific antibodies (18,23). Currently, mass spectrometry is the main method used to 

measure O-glycosylation, but the lability of O-glycans, the lack of universal enrichment 

methods due to O-glycan heterogeneity, and the limitations of bioinformatic search engines 

for O-glycopeptides (searching time and accuracy), as well as their quantification, add to 

the technical challenges. However, recent enrichment methods (24,25), employment of O-

glycoproteases (26–28) and the new approach SimpleCell (29) have allowed us to improve 

the characterization and investigate the role of O-glycosylation in the TME.

This study focuses on the understudied peritumor fibroblasts from the invasive edge 

of primary LUAD tumors, referred hereon as Tumor-Adjacent-Fibroblasts (TAFs), and 

demonstrates the unconventional phenotype of TAFs compared to Tumor Core Fibroblasts 

(TCFs) harvested from the inner tumor which are more similar to conventional CAFs. 

We investigate the role of TAFs through multi-omics profiling of tumor-stroma cocultures 

by integrating transcriptomic, proteomic, and, for the first time, O-glycoproteomic data 

obtained by an optimized method of O-glycan enrichment (25) and precise spectra 

quantification of O-glycopeptides (30). We find that the O-glycoproteome provides 

additional biological insights on tumor-stroma crosstalk over genomic and proteomic data 

and highlights the role of O-glycosylation in modulating the CDK4-pRB axis of fibroblasts 

at the tumor invasive edge, among other important biological processes. Lastly, we show that 

targeting O-glycosylation in TAFs indirectly decreases pro-invasive features in cancer cells, 

establishing the O-glycoproteome as an important way to modulate the TME.

Materials and Methods

Cell Culture

HCC827 and HCC827-eGFP NSCLC adenocarcinoma cell lines were a generous gift from 

Dr Parag Mallick. The A549 were purchased from ATCC. All cells and primary cultures 

were grown in RPMI-1640 with L-Glutamine, supplemented with 10% fetal bovine serum 

(FBS) and 5% antibiotic solution (penicillin/streptomycin), at 5% CO2 and 37°C. These 

cells were not tested for mycoplasma nor authenticated by our laboratory.

Human Studies

Clinical aspects of this study were approved by the Stanford Institutional Review Board 

(IRB) in accordance with the Declaration of Helsinki guidelines for the ethical conduct 

of research. All patients involved provided a written informed consent. Collection and 

use of human tissues were approved and complied with data protection regulations 

regarding patient confidentiality (IRB protocol #15166). Following surgical resection of 

primary tumors from patients at Stanford Hospital, lung adenocarcinoma specimens were 

immediately processed in order to establish primary fibroblast cell cultures or embedded in 

Optimal Cutting Temperature Compound (OCT) for future use.
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Tumor and Lung Specimen Dissociation

Immediately following surgery, fresh lung adenocarcinoma matched specimens were 

collected from different tumor regions, namely Normal Fibroblasts (NFs, >5 cm away from 

the tumor), Tumor-Adjacent Fibroblasts (TAFs, leading edge) and Tumor Core Fibroblasts 

(TCFs, tumor core). Samples were immersed and transferred from Stanford Hospital to the 

laboratory in MACS Tissue Storage Solution (Miltenyi Biotec). Then, tumors were cut into 

small pieces with dissecting scissors. The dissociation was performed utilizing the MACS 

Tumor Tissue Dissociation Kit (Miltenyi Biotec) for the tumor core samples or the Lung 

Dissociation Kit (Miltenyi) for the normal and adjacent tissues as per the manufacturer’s 

protocol. The single-cell suspensions were centrifuged at 500 × g for 5 minutes to pellet 

tumor cells, which were subsequently resuspended in RPMI-1640 and applied on a MACS 

SmartStrainer (70 μm, Miltenyi Biotec) for filtration Following centrifugation (500 × g, 

5 minute), and red blood cells were removed using the Red Blood Cell Lysis Solution 

according to the manufacturer’s instructions (Miltenyi Biotec). Cells were then washed, 

resuspended in RPMI-1640 and plated in a 35 mm dish for fibroblast expansion. At 

confluency, all cells were trypsinized and transferred to a 25 cm2 flask until confluency, 

then all cells were split in two 75 cm2 flasks for further expansion. At confluency of the 

75 cm2 flasks, primary fibroblasts were divided equally and frozen in 10 vials, designated 

here as “passage 1”. All cocultures experiments and resulting analyses including RNA-seq, 

mass spectrometry, flow cytometry, CyTOF, DON and palbociclib treatment, as well as 

immunofluorescences were realized using primary fibroblasts at passage 2. Briefly, one 

vial (passage 1) was thawed in a 75 cm2 flask, expanded until confluency, then split at a 

maximum dilution ratio of 1:10 or lower into subsequent flasks, designated here as passage 

2. Passage 2 cells were collected at confluency of 80–95% to perform cocultures.

In Vitro Coculture Experiments and Conditioned Media Induction

HCC827 or A549 lung adenocarcinoma cells were cocultured at 1:1 ratio (8×105 cells each 

cell type) with primary fibroblasts for 24 hours. In parallel, monocultures (1.6×106 cells) 

were plated and, after 24 hours, conditioned media were collected and spun down at 500 

× g for 5 minutes. The cells were rinsed PBS 1X and treated with conditioned media 

from the opposite cell type for 24 hours. Then, cocultures and monoculture controls or 

cultures induced with supernatant were rinsed with PBS 1X and lifted off tissue culture 

plates using TrypLE (Gibco), and cocultures were separated with the optimized amount of 

Anti-Fibroblast MicroBeads (40 μL, for up to three 100 mm Petri Dishes, Miltenyi Biotec) 

in accordance with the manufacturer’s protocol to reach minimal contamination in each 

compartment (Supplementary Fig.1A). Cells were counted and stored accordingly at −80 °C 

for further analysis including flow cytometry, mass cytometry, RNA-seq and proteomics.

Alternatively, HCC827-eGFP were cocultured at 1:1 ratio (4×105 cells each) with primary 

TAFs for up to 72 hours. After 24 hours, cells were treated with 10 μM 6-Diazo-5-oxo-L-

norleucine (DON, Sigma Aldrich), 1 μM Palbociclib (Sigma Aldrich) or a combination 

of both for 48 hours. Then, cocultures and monoculture controls were rinsed with PBS 

1X, lifted off tissue culture plates using TrypLE (Gibco), counted, pelleted, and stored 

accordingly in 500 μL of flow cytometry buffer (FCB) at −80 °C for further flow cytometry 

analysis. Drugs were dissolved in water and non-treated controls with RPMI medium only.
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Flow Cytometry Analysis

After separation with Anti-Fibroblast MicroBeads (Miltenyi Biotec), the sorted cell 

compartments and monocultures were counted and aliquots of 1×106 cells were prepared 

per condition. Aliquots were incubated for 5 minutes with 1 μL of Zombie Aqua™ fixable 

viability dye in PBS 1X, then washed with FCB (0.5% BSA, 0.02% NaN3, and 2 mM EDTA 

in PBS 1X) and centrifuged (500 × g, 5 minutes) before adding paraformaldehyde (PFA, 

EMS) at a final concentration of 16% for 10 minutes at room temperature in FCB. Cells 

were then centrifuged at 500 × g for 5 minutes at 4 °C to pellet cells, PFA was removed, and 

cells were washed again with FCB. Cells were either stored long-term at −80 °C in 500 μL 

of FCB or permeabilized with 100 μL of eBioscience™ Permeabilization Buffer (Invitrogen) 

diluted at 1X concentration for 30 minutes on ice with a master mix of primary antibodies. 

After the incubation with primary antibodies, cells were washed with FCB and spun down at 

500 × g for 5 minutes at 4°C (2X). These steps were repeated with the secondary antibody 

as needed. After the last wash with FCB, cells were resuspended in 500 μL of FCB, strained 

and analyzed using a BD LSRFortessa™ X-20 (BD Biosciences). Results were analyzed 

using Cytobank single-cell analysis software.

Mass Cytometry

After separation with Anti-Fibroblast MicroBeads (Miltenyi Biotec), the sorted cell 

compartments and monocultures were counted and aliquots of 5×105 cells were prepared 

per condition. To assess cell viability for mass cytometry, cell pellets were incubated for 5 

minutes in 1 mL PBS containing cisplatin (Sigma-Aldrich) at a final concentration of 0.5 

μM at room temperature. Cisplatin reaction was quenched by adding complete RPMI-1640 

media (10% FBS) and subsequent centrifugation for 5 minutes at 500 × g. Cell pellets were 

resuspended in cell culture media or FCB and were fixed by adding PFA (EMS) at a final 

concentration of 16% for 10 minutes at room temperature. Cells were centrifuged at 500 × g 

for 5 minutes at 4 °C to pellet cells and remove PFA and washed once with FCB. Cell pellets 

were resuspended in FCB and stored at −80 °C until all conditions of the same clinical 

specimen were collected.

HCC827 cell lines monocultures and cocultures with NFs, TAFs and TCFs were analyzed 

using mass cytometry, as previously described (31).

Projections onto the EMT–MET PHENOSTAMP Phenotypic Map

PHENOSTAMP was downloaded from GitHub under https://githubcom/anchangben/ 

PHENOSTAMP. Briefly, FCS files previously gated in Cytobank according to vimentin, 

cytokeratins, CD104, slug and low signaling (Supplementary Fig.1B), or from flow 

cytometry were uploaded into R, and the PHENOSTAMP algorithm was used to project 

HCC827 and A549 monocultures and cocultures on the 2D EMT–MET state map, as 

previously described (31).

Immunohistochemistry and scoring of LUAD Tissue Microarray (TMA)

An existing lung adenocarcinoma tissue microarray (TMA), derived from anonymized pre-

existing research samples in the Stanford pathology department, was analyzed by IHC; 

this TMA analysis did not involve collection of new tissues. IHC was performed on 
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4-μm Formalin-Fixed Paraffin-Embedded (FFPE) sections using the Ventana BenchMark 

XT automated immunostaining platform (Ventana Medical Systems, Roche) in accordance 

with the manufacturer protocol. IHC quantification was assessed for both cancer cells and 

fibroblasts, independently. Briefly, we analyzed a lung TMA of 260 LUAD cores (1 patient 

sample per core) that we qualitatively classified, based on visual assessment, into two 

distinct groups as “mixed” or “compartmentalized”. We defined cores as “mixed” when 

cancer cells were intermixed with stromal cells and it was not possible to distinguish 

between stromal and cancer cells based on morphology and with the help of a pathologist. 

In contrast, cores were classified as “compartmentalized” when the cancer cells areas were 

sharply delineated by at least one stream of spindly stromal cells crossing a diameter 

of the core. Out of the 260 LUAD cores analyzed, 30 samples were classified as 

compartmentalized and used as our surrogate leading-edge cohort, i.e., harboring TAFs-like 

fibroblasts. Fibroblasts from the “mixed” cores were classified as TCFs-like. Then, we 

quantified Ki67 positivity in both fibroblasts and cancer cells in all 260 samples. Samples 

were scored as follows; 0: no staining, 1: low proliferation (less than 10 positive cells), 2: 

medium proliferation (between 10–50 positive cells) and 3: high proliferation (more than 50 

positive cells).

RNA Sequencing and Analysis

After in vitro coculture experiments, 1×105 cells were pelleted, stored in RNA later 

stabilization solution (Invitrogen) and sent to MedGenome Inc (Foster City, CA, USA) 

for RNA extraction, library preparation and analysis. Briefly, the RNA was extracted 

using a Macherey-Nagel Nucleospin analyzer (Fisher Scientific) in accordance with the 

manufacturer’s protocol. Sample and library quality control were performed with Qubit 

(ThermoFisher) and Tapesation (Agilent) bioanalyzers. The library was prepared using 

Illumina TruSeq stranded mRNA and the NovaSeq PE100 sequencing run type.

Expression levels of RNA sequencing data were quantified using a quasi-mapping two-

phase inference algorithm implemented in Salmon (version 091) (32). Transcript sequences 

GRCh38 from Gencode were used for reference transcriptome indexing. Transcript-per-

million (TPM) value was used as normalized expression level unit. Quantified gene 

expressions were then log transformed for downstream analysis.

Highly-variable genes with variances over 75th percentile were included for differentially-

expressed gene (DEG) analysis. DEGs were identified between NFs, TAFs and TCFs, as 

well as before and after coculture with HCC827 from paired patient samples. DEG analysis 

was performed in R using paired Student’s t-test. False discovery rate was used to adjust the 

p values to ensure the control for multiple testing. We used two criteria for DEGs: (i) false 

discovery rate less than 0.05, and (ii) average fold change greater than 1.5. A permutation 

test on two class-paired samples from R package SAM (33) was also used to verify the 

differentially expressed genes.

O-glycopeptide Enrichment

After in vitro coculture experiments, 1×106 cells were pelleted and resuspended in 150 μL of 

lysis buffer (50 mM Tris, pH 8.0, 2% sodium dodecyl sulfate (SDS), 1X protease inhibitor 
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cocktail, 25 mM NaF, 100 μM Na3VO4, 5 mM EGTA and 5 mM EDTA). Lysates were 

sonicated for a few seconds on ice with a Q500 sonicator at 20% intensity (Qsonica) to 

shear DNA/reduce viscosity, then centrifuged at 14000 rpm (4 °C, 10 min) for supernatant 

collection. Protein quantification was performed using a Pierce Bicinchoninic acid (BCA) 

protein assay kit (Thermo Scientific), and 300 μg of proteins were used for O-glycans 

enrichment, adapted as previously described (25).

Peptide identification, quantification, data processing and statistical analysis

The resulting MS raw data files were searched using Byonic software (Protein Metrics) 

(34). For total protein samples, data were searched using the entire human proteome 

downloaded from Uniprot (35) (reviewed, 20428 entries), with decoys appended within 

the Byonic environment as reversed sequences. Cleavage specificity was set as fully specific 

for C-terminal to R and K residues (fully tryptic), with two missed cleavages allowed, and 

fragmentation type was set to QTOF/HCD. Precursor mass tolerance was set to 10 ppm with 

fragment mass tolerance set to 0.4 Da. The total common max value for modifications was 

set to 3 and the total rare max was set to 1. Modifications used were carbamidomethyl 

at cysteine (+57,021644, fixed), oxidation at methionine (+15994915, common2) and 

acetylation at the protein N-temrinal (+42010565, rare1). The protein FDR cutoff was set 

to 1%. Unique databases of identified proteins were created for each total protein sample 

file using the “Create focused database” feature in Byonic. Following searching of all 

total protein runs, identified proteins in all focused database files were combined into one 

fasta file, with 4,495 non-redundant entries to make an appropriately-sized database for 

glycopeptide searching (36). Using this database, glycopeptide raw files were searched in 

Byonic using a glycan database of 9 common O-glycans provided by Byonic, with the 

glycan modifications being denoted as common2 in Byonic (meaning they could each occur 

twice in a sequence). The total common max value was set to 3 and the total rare max 

was set to 1. Other modifications were: carbamidomethyl at cysteine (+57,021644, fixed), 

oxidation at methionine (+15994915, common2), acetylation at the protein N-terminal 

(+42010565, rare1) and deamidated asparagine (+0984016, rare1). Cleavage specificity 

was set as fully specific for C-terminal to R and K residues (fully tryptic), with three 

missed cleavages allowed. Precursor mass tolerance was set to 10 ppm with fragment mass 

tolerance(s) set to 20 ppm for both HCD and EThcD, and protein FDR was set to 1% to 

create the “ focused database” feature in Byonic for standard shotgun proteomic experiments 

on unenriched tryptic peptides from HEK293 whole cell lysate.

Quantitative information was extracted from MS1 spectra of all identified peptides, using 

an in-house R script based on MSnbase package (30) as the AUC of the extracted ion 

current (XIC) of all remaining peptides after the alignment of the chromatographic runs. 

Then, protein abundance changes were analyzed using the Generic Integration Algorithm. 

All quantitative information is expressed in terms of Z-scores at protein or at peptide 

level, according to (37) in which the log2 ratios, were: calculated comparing the AUC 

of peptides in TAFs cocultures against the average of the controls; pondered using the 

corresponding statistical weight, calculated at spectrum level, according to WSPP model; 

and rescaled, and standardized to a normal distribution N(0,1). The validity of the null 

hypothesis at each level (spectrum, peptide, and protein) was carefully checked by plotting 
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the cumulative distributions. The variances at the scan, peptide and protein levels, and 

protein expression changes were determined only with non-modified peptides. Afterwards, 

in the intact glycoproteomics analysis, the glycan-containing peptides were included in the 

analysis to determine those deviating more than expected from the rest of the (non-modified) 

peptides belonging to the same protein, applying the same method used in (37). The final 

statistical comparison was performed using Student’s-t test.

Immunofluorescence (IF)

IF images were generated on cell culture and primary tissue samples. TAFs:HCC827-eGFP 

cocultures and HCC827-eGFP monocultures were grown on coverslips using the same 

culture conditions previously described here, in the In Vitro Coculture methods section. 

Coverslips were rinsed 3 times with a cold solution of 5% BSA, washed in PBS and fixed 

for 10 minutes in PFA 4%. Then, the coverslips were washed again and incubated in 0.1% 

Triton X-100 for 10 minutes. Next, samples were blocked with 10% goat serum diluted 

in PBS for 30 minutes, and incubated with a combination of the primary antibodies in 

blocking solution in a humidified chamber overnight at 4 °C. After three washes in PBS, 

the coverslips were incubated with a combination of the secondary antibodies in blocking 

solution for 1 hour at RT. The samples were intensively washed with PBS and mounted on 

slides with a drop of mounting medium containing DAPI (Invitrogen). The specimens were 

observed under the BZ-X800 fluorescence microscope (Keyence).

Quantification and statistical analysis

Statistical testing for PHENOSTAMP results were performed with GraphPad Prism 

Software 8.4, using two-way ANOVA, followed by the Fisher least significant difference 

(LSD) multiple comparison test. Error bars in the figures represent the SD Statistical 

significance: *p <0.05; **p <0.01. Statistical testing for Ki67 quantification results were 

performed with GraphPad Prism Software version 9.1, using Dunn’s multiple comparison 

test following ANOVA. Boxes represent the mean: *p <0.05. Gene set enrichment analyses 

overlap, and activity z-scores p values have been calculated using the Ingenuity Pathway 

Analysis Software (Qiagen) and the previously described method (38). Metabolic pathway 

gene overlaps were calculated using a hypergeometric test. Statistical analysis of RNA-seq 

and mass spectrometry data are described in their respective method sections.

Data and materials availability: Further information and requests for resources and 

reagents should be directed to, and will be fulfilled by, the Lead Contact, Sylvia Plevritis 

(sylvia.plevritis@stanford.edu). This study did not generate new unique reagents and all 

the reagents and antibodies used here are available in the Key Resource Table. The data 

generated in this study are available within the article and its supplementary data files. Gene 

expression data generated in this study were deposited on Gene Expression Omnibus (GEO) 

at GSE186235. The flow cytometry and CyTOF data, as well as the mass spectrometry raw 

files, will be shared upon individual request.
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Results

The fibroblasts from the invasive tumor edge have a distinct phenotype compared to those 
from the tumor core.

Fibroblasts from the leading edge of tumors have been shown to facilitate invasion of 

cancer cells (9) but have not been fully characterized. To better understand fibroblasts 

from the invasive tumor edge, we established matched primary fibroblast cell cultures from 

different tumor regions, namely Normal Fibroblasts (NFs, >5 cm away from the tumor), 

Tumor-Adjacent Fibroblasts (TAFs, invasive tumor edge) and Tumor Core Fibroblasts 

(TCFs, tumor core) (Fig. 1A) from fresh human LUAD clinical specimens (Table 1). We 

find that the three subtypes of fibroblasts present striking differences (Fig. 1). The fibroblast 

typical morphology is defined as elongated cells with extended cell features that show a 

fusiform or spindle-like shape. In addition, fibroblasts are often identified by their ability 

to adhere to plastic and their lack of markers that indicate other cell lineages (2,31). NFs 

demonstrate the typical spindle-like morphology commonly associated with fibroblasts and 

TCFs show enlarged cellular bodies, also described as cruciform or stellate shaped, which 

agrees with the commonly described “activated” fibroblast morphology, also known as 

CAF phenotype (2,39,40) (Supplementary Fig. S1C). In contrast, TAFs are filiform with 

a striated organization, a distinct morphology for tumor fibroblasts. We then profiled the 

NFs, TAFs and TCFs using flow cytometry and RNA sequencing (RNA-seq). To visualize 

the flow cytometry data, we applied the high-dimensional embedding tSNE algorithm to 

project α-SMA, FSP1, GFAT2, CD10, p21 and vimentin markers for each cell onto a 

two-dimensional space. NFs, TAFs and TCFs clustered into distinct regions on the tSNE plot 

with some overlap between NFs and TAFs. For each clinical specimen, α-SMA and FSP1 

were consistently high in TCFs, intermediate in the NFs and low in TAFs; the other markers 

were more variable across specimens (Fig. 1B, Supplementary Fig. S2A and S2B). From 

the RNA-seq data, we found that none of the canonical CAFs markers were significantly 

differentially expressed among the different fibroblast subtypes (Supplementary Fig. S2C 

and Supplementary Data S1), but the functional gene set enrichment analysis revealed 

that NFs were uniquely enriched for glycogen degradation, TAFs, for the thioredoxin 

redox metabolism, as well as lipid signaling mediated by Tubby pathways, and TCFs, for 

inflammatory and pro-fibrotic pathways including IL-10 and NF-κB signaling (Fig. 1C–1E, 

Supplementary Fig. S2D and Supplementary Data S2). Of note, all fibroblast subtypes, 

including NFs, were enriched for pathways associated with a stress response (p38 MAPK), 

suggesting that our NFs may also be partially activated (Fig. 1E).

Several interesting markers were identified among the genes most uniquely expressed in 

TAFs, as compared to NFs and TCFs, including the E2F2 transcription factor (Fig. 1F), 

known for its role in proliferation of, and association with, a poor prognosis in LUAD 

(41,42). TAFs also overexpressed Thrombospondin Type 1 Domain Containing 1 (THSD1), 

a marker of hematopoietic stem cell (43), and the fibrocyte marker leukocyte-specific 

protein 1 (LSP1). In addition, TAFs show a moderate expression of α-SMA (Fig. 1B, 

Supplementary Fig. S2B and S2C) as well as a significant increase in antigen presentation 

compared to TCFs (Supplementary Fig. S2E), which are also known fibrocyte properties 

(44). This fibrocyte signature is intriguing because fibrocytes are antigen-presenting 
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leukocytes derived from peripheral blood mononuclear cells implicated in wound healing 

and displaying fibroblast-like properties. Fibrocytes are present in injured organs and have 

both inflammatory features of macrophages and tissue remodeling properties of fibroblasts 

(44). Taken together, these results show a distinct subtype of tumor fibroblasts, namely 

TAFs, which display some fibrocyte-like properties and suggest a hematopoietic origin.

TAFs, but not TCFs, induce a mesenchymal phenotype and proliferation in LUAD cancer 
cells.

To understand how the fibroblasts isolated from different tumor regions affect cancer 

cells, we analyzed lung cancer adenocarcinoma cells, using the HCC827 cell line, after 

cell-cell contact cocultures for 24 hours with NFs, TAFs and TCFs, and performed 

RNAseq analysis on the sorted compartments (Fig. 2A). HCC827 cells were chosen 

for their well characterized epithelial-to-mesenchymal (EMT) transition under TGF-β 
stimulation at the single-cell resolution, using mass cytometry (31). Strikingly, the images 

of HCC827 cocultured with TAFs and TCFs greatly differ: HCC227 intermixed with 

TAFs, but HCC827 formed tightly packed islands of epithelial cells when cocultured with 

TCFs (Fig. 2B and Supplementary Fig. S3A). Then, we performed gene set enrichment 

analysis on the differentially expressed genes (DEGs) obtained from the sorted cancer 

cells cocultures relative to their matched monoculture, and highlighted the differences in 

functional enrichment between HCC827 cocultures with TAFs versus TCFs (Fig. 2C–2E 

and Supplementary Data S3). Of note, cancer cells cocultured with the TAFs showed a 

significant increase for pathways associated with migration, invasion and micropinocytosis, 

among others; in contrast, TCFs promoted functional enrichment of differentiation pathways 

and glycosaminoglycan production in the cancer cells. These transcriptional differences are 

consistent with the morphological differences observed in the HCC827s in the cocultures 

with TAFs vs TCFs.

Next, HCC827 cocultures were analyzed with mass cytometry (CyTOF) using an EMT 

panel of markers and projected on PHENOSTAMP, a publicly available lung cancer 

reference map of EMT phenotypic states (31). Only the TAFs significantly induced EMT 

in the HCC827, as illustrated on the PHENOSTAMP projections (Fig. 3A and B). Similar 

results were also observed with the A549, another LUAD cell line (Supplementary Fig. 

S3B). In addition, we used the forced-directed layout and X-shift clustering algorithm to 

visualize the mesenchymal cell populations after coculture (Fig. 3C and Supplementary 

Fig. S3C–S3E). Again, only the HCC827 after direct cell-cell contact coculture with TAFs 

showed a mesenchymal phenotype, as confirmed by the position of the HCC827 cocultured 

cells (dark green cluster) with the other mesenchymal cells (Fig. 3C). HCC827 showed a 

significant decrease of epithelial markers, transcription factors and signaling, as well as an 

increase of mesenchymal markers after direct contact with TAFs. Interestingly, supernatant 

from TAFs did not promote a significant EMT response in HCC827, suggesting that direct 

contact between cancer cells and TAFs is necessary to induce the mesenchymal phenotype 

in the cancer cells (Supplementary Fig. S4A). We corroborated these findings in situ by 

IF on LUAD tumor serial sections using LSP1 as a TAF-specific marker. When compared 

to the other subtypes of fibroblasts analyzed in our study, we find LSP1 to be expressed 

exclusively in TAFs (Fig. 1F). To identify TAFs-like, TCFs-like and cancer cells in situ, we 
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used a combination of LSP1, panCK and vimentin expression, spindle-shaped morphology 

and H&E staining (Supplementary Fig. S4B). These preliminary results demonstrate the 

colocalization of vimentin with panCK in cancer cells close to TAFs-like cells, suggesting a 

partial EMT phenotype in cancer cells proximal to TAF-like, but not TCF-like cells. These 

results need to be further validated using additional TAFs, TCFs and EMT markers at larger 

scale, ideally using highly multiplexed IF imaging instead of serial sections.

Next, we quantified the effect of TAFs and TCFs on cancer cell proliferation using a 

tumor microarray (TMA) cohort of primary lung adenocarcinoma of 260 patients (Table 1). 

Because this TMA does not have cores derived from the invasive edge of the tumor, we 

classified the cores into two distinct groups described as “mixed” or “compartmentalized”. 

Briefly, we defined cores as “mixed” when cancer cells were intermixed with stromal 

cells without being able to easily distinguish between stromal and cancer cells based on 

morphology. In contrast, cores were classified as “compartmentalized” when the cancer 

cells areas were sharply delineated by streams of spindly stromal cells (Fig. 3D). Out 

of the 260 LUAD specimens included in our analysis, 30 samples were classified as 

compartmentalized. This group was used as our surrogate leading-edge cohort. We then 

analyzed Ki67 positivity in both fibroblasts and cancer cells in all 260 samples. Interestingly, 

we observed an increase in cancer cell proliferation at the leading edge of the cancer cell 

regions in the compartmentalized group, but not in the mixed specimens (Fig. 3E). These 

results suggest that cancer cells are likely to be more proliferative at the leading edge of the 

tumor compared to the tumor core, and warrant further investigation.

HCC827 cells induce differential metabolic reprogramming in TAFs vs TCFs.

To measure the effect of cancer cells on primary fibroblasts, we then analyzed the 

transcriptome of NFs, TAFs and TCFs 24 hours after coculture with HCC827 cells 

(Fig. 4A, 4B, Supplementary Fig. S4C–S4E and Supplementary Data S2). Gene set 

enrichment analysis shows that TAFs experience a significant decrease in cell movement and 

signaling, particularly lipid signaling (inositol compounds). Conversely, TCFs experience an 

increase in most of these pathways, as well as pathways associated with metabolism and 

immune regulation (Fig. 4C). Overall, TAFs activity is drastically downregulated without 

significantly affecting cell death (Supplementary Fig. S4F), as opposed to almost all of the 

same pathways significantly upregulated in NFs and TCFs cocultures (Supplementary Fig. 

S4C).

Prior work from our group reported transcriptional alterations in CAFs and metabolic 

reprogramming toward HBP in primary LUAD tumors (16). Here, we explored the 

significant DEGs involved in metabolic reprogramming for all cocultures in the main 

glucose pathways (glycolysis, oxidative phosphorylation, pentose phosphate pathway, 

O-glycosylation and glycosaminoglycans biosynthesis) using the Molecular Signatures 

Database (MSigDB) gene sets. Strikingly, transcriptomic changes in metabolic pathways 

occur primarily in tumor fibroblasts as opposed to cancer cells (Fig. 4D, 4E and 

Supplementary Fig. S4G), as illustrated by the low number of genes significantly changed 

in cancer cell cocultures (relative to monoculture control). As expected from previously 

published work on CAFs, several metabolic pathways were found to be dysregulated in our 
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TCFs, but, interestingly, we show that the main pathways modulated in TAFs were related 

to glycan biosynthesis (Fig.4E). We also highlight several other exclusive pathways related 

to glucose metabolism with unknown activity in the TAFs cocultures, including glucose 

degradation, nucleotide sugars and glycoproteins biosynthesis, all of which were identified 

through the Ingenuity Pathway Analysis (IPA) software (Qiagen, Fig. 4F, Supplementary 

Data S2 and S3). These transcriptomic results suggest that fibroblasts from the invasive edge 

of the tumor undergo differential metabolic reprogramming compared to TCFs. In particular, 

TAFs upregulate glycoproteins biosynthesis when in direct cell-cell contact with cancer 

cells, suggesting an important role of glycans at the tumor invasive edge.

The TAFs O-glycoproteome reveals previously unidentified O-glycoproteins.

Our transcriptomic analysis suggests that the hexosamine (aminosugars biosynthesis leading 

to O-glycosylation) and glycan biosynthesis pathways in TAFs are modulated by tumor-

stroma crosstalk. Because these phenomena are largely uncharacterized, we assessed the 

effects attributed to cancer cells-TAFs crosstalk through mono- and coculture analysis on the 

proteome and O-glycoproteome, using mass spectrometry. Briefly, TAFs were sorted after 

coculture with HCC827; then, their protein extracts were digested with trypsin and enriched 

for O-glycopeptides, using an optimized method based on previously published work 

(25). For a control, a matched shotgun proteomic sample not subjected to O-glycopeptide 

enrichment was prepared and analyzed for each sample. Across all conditions, the proteomic 

analysis revealed 4495 unique proteins in which 337 O-glycoproteins were found to be 

O-glycosylated on 780 putative O-glycosites (Fig. 5A and Supplementary Data S4). Of 

the 337 O-glycoproteins identified in TAFs, 43 proteins were found to be differentially 

O-glycosylated (adjusted for protein level differences) after coculture with HCC827, most 

of them unknown O-glycoproteins according to the most comprehensive repository, the 

OGP database (23). The majority of these proteins were enzymes, transcription regulators, 

transporters or cytoskeleton proteins (Fig. 5B). O-glycans are classified into common core 

structures depending on their composition and sugar configuration (Tn antigen and core 1 

to 8). Of the 43 differentially O-glycosylated proteins measured here, core 1 O-glycans, 

the most common core structure (45), were the most abundant (Fig. 5C). In addition, 

approximatively 50% of the O-glycans were sialylated, a common glycan modification in 

cancer that blocks further linear extension of O-glycan chains (45). Overall, we generated 

the first stromal O-glycoproteome in the context of tumor-stroma crosstalk with their 

putative O-glycosites, providing a new resource for developing targeted O-glycosylation 

strategies and tools.

Next, the differentially expressed proteins and O-glycoproteins were analyzed for pathway 

enrichment and compared with the transcriptomic data (Fig. 5D–F). The pathways measured 

with different assays show a modest overlap suggesting that each data dimension highlights 

unique molecular functional characterization in TAFs cocultures. Interestingly, the activity 

measured for shared pathways did not necessarily increase or decrease conjointly at the gene 

and protein levels, highlighting the relevance of a multi-omics approach to more accurately 

interpret biological activity (Supplementary Fig. S4H). Then, we compared the top unique 

pathways (Fig. 5F and Supplementary Data S5) and summarized the biological functions 

for each method of analysis (Supplementary Data S6). Briefly, cell proliferation, immune 
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response and cell movement are regulated primarily at the gene expression level, energy, 

amino acids and nucleotide metabolism as well as cytoskeleton remodeling are regulated at 

the protein level, and O-glycosylation regulates cell cycle, cell death and glucose, mannose 

and guanosine metabolism. Taken together, these results support the use of a multi-omics 

approach that includes the transcriptomics, proteomics and O-glycoproteomics to more fully 

characterize biological functions.

O-glycosylation regulates the CDK4-pRB axis in TAFs and modulates the anti-cancer 
properties of CDK4/6 inhibitors.

To validate the relevance of the stromal O-glycoproteome in tumor-stroma crosstalk, 

we explored the role of O-glycosylation in the CDK4-pRB axis as an example, since 

this signaling pathway stood out from our analysis. Briefly, cyclin dependent kinase 4 

(CDK4) phosphorylates the tumor suppressor retinoblastoma protein 1 (RB1), leading to its 

inactivation and uncontrolled cell proliferation. In our multi-omics analysis, only one target, 

CDK4, was found to be differentially upregulated at the gene, protein and O-glycosylation 

levels in the TAFs after coculture with HCC827 cells (Fig. 5D). In addition, both CDK4 

and RB1 were found to be O-glycosylated at a higher level in TAFs after direct cell-cell 

contact with cancer cells. Interestingly, CDK4 is O-glycosylated at T153 in TAFs cocultures 

(Fig. 5G and Supplementary Fig. S4I), which is expected to be in the active site of the 

enzyme (46). Moreover, upon coculture, RB1 is O-glycosylated at S534, T821 and T823 

glycosites (Fig. 5H), which are predicted to be located within transcription factor interaction 

domains of the protein. Given the role of EMT in resistance to CDK4 inhibitors (47), 

the pro-EMT effect of TAFs on cancer cells observed in Fig. 3, and the location of the 

O-glycans on CDK4 and RB1, we hypothesized that O-glycosylation of the stroma could 

affect the efficacy of CDK4/6 inhibitors, a recent family of anti-cancer agents targeting the 

CDK4-pRB axis (48).

Unfortunately, no specific O-glycosylation inhibitors to these sites are available, nor 

specific antibodies for O-glycans, due to the limited knowledge and tools available for 

O-glycobiology. In addition, primary fibroblast mutants from human clinical specimens 

are notoriously difficult to generate, due to their limited lifespan. To test this hypothesis, 

we treated TAFs:HCC827-eGFP cocultures with palbociclib, a clinically-approved CDK4/6 

inhibitor, alone and in combination with 6-diazo-5-oxo-L-norleucine (DON), a glutamine 

analog that inhibits HBP and reduces O-glycosylation, using drug concentrations in 

accordance with previous studies performed in non-small cell lung cancer cell lines (49,50). 

The main goal of this experiment was to validate the link between O-glycosylation and 

the efficacy of CDK4 inhibitors in the tumor stroma by measuring the phosphorylation 

of RB by CDK4 with and without O-glycosylation. To quantify the effect of palbociclib 

alone and in combination with DON, we measured the proliferation marker Ki67 and 

phosphothreonine 826, the CDK4-preferred phosphosite on RB1 (uniport.org) in the 

cocultures at 48 hours post-treatment at single-cell resolution. We also used the marker 

p21 to differentiate proliferative from non-proliferative cells, since p21 stabilizes the 

Cyclin D/CDK4 complex leading to RB phosphorylation but is also one of many markers 

characterizing cell senescence (51,52). Briefly, we focused our analysis on two main cell 

populations, referred to as: (i) “proliferative” cells, defined as {Ki67high, pRBhigh, p21high}-
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cells; and (ii) “non-proliferative” cells, defined as {Ki67low, pRBhigh, p21high}-cells that 

were identified on a forced-directed layout projection of two independent experiments 

(biological replicates) using TAFs clinical specimens from different patients. The cocultures 

treated with palbociclib in combination with DON exhibited a decrease of proliferative 

TAFs and an increase of non-proliferative TAFs (Fig. 6A–E) compared to those treated with 

palbociclib or DON alone. This effect was not observed in the monocultures (Supplementary 

Fig. S5). Moreover, the combination treatment of DON and palbociclib led to a TCF-

like morphology change in the TAFs, consistent with a decreased proliferation rate and 

increased size of the cells. These results indicate that O-glycosylation of the CDK4-pRB 

axis modulates the effect of palbociclib in TAFs cocultured with cancer cells; this effect is 

significantly improved when inhibiting O-glycosylation with DON.

Modulating O-glycosylation of the CDK4-pRB axis in TAFs indirectly decreases the 
mesenchymal features of cancer cells.

It is crucial to understand the effect of cancer treatment on the stroma, but the cancer 

cells remain the ultimate target in cancer. Although we did not measure the HCC827 

O-glycoproteome because it was not significantly altered at the transcriptomic level, we 

did measure the proliferation and mesenchymal features in the cancer cells following the 

combination treatment. Briefly, our analysis suggests that the combination of palbociclib 

and DON is more efficacious than palbociclib alone in reducing cancer cell proliferation. 

However, O-glycosylation of the CDK4-pRB axis in the cancer cells does not seem to be 

significantly modulated by cell-cell contact with TAFs, since no significant difference was 

observed between mono- and cocultures treated with DON (Fig. 6F–I and Supplementary 

Fig. S6).

Lastly, to assess whether the TAFs morphological transformation into TCF-like cells 

observed in the cocultures treated with DON and palbociclib affects the cancer cells, we 

analyzed the emergence of EMT (or partial EMT) by measuring the expression of CD44 

in the cocultures by IF. Our rationale for analyzing the mesenchymal marker CD44 was 

based on our CyTOF analysis presented in Fig. 3, which shows a significantly lower 

expression of CD44 in the HCC827 cocultured with TCFs compared to TAFs. The IF 

staining on cocultures supports our hypothesis that TAFs may display a TCF-like phenotype 

with the combination treatment by showing a strong decrease of CD44 in the HCC827 

when cocultured with TAFs, and by displaying a pattern resembling TCFs:HCC827 

coculture morphology (Fig. 7 and Supplementary Fig. S7). However, more validations and 

quantifications are needed to confirm the effect of the treatment alone versus the indirect 

effect of the treated TAFs on the cancer cells. Overall, these results suggest not only that 

inhibiting O-glycosylation in combination with palbociclib reduces pro-tumor properties in 

TAFs and HCC827, but also that these changes in the stroma are likely to decrease the 

induction of mesenchymal features in cancer cells.

Discussion

The role of tumor fibroblasts at the tumor leading edge have been understudied. Moreover, 

studying fibroblasts in general is challenging for several reasons, including their phenotypic 
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plasticity and lack of adequate markers. Here, we have characterized tumor-adjacent 

fibroblasts, designated here as TAFs, with a multi-omics approach that includes PTMs 

through O-glycoproteomics. We use single-cell mass cytometry to demonstrate the increased 

ability of TAFs to induce EMT in cancer cells compared to TCFs, as well as the pro-

migratory and proliferative role of the stroma at the tumor leading edge. In addition, 

our transcriptomic analysis highlights that metabolic reprogramming at the leading edge 

is happening mainly in the stroma, as opposed to cancer cells, and can be measured 

in the context of tumor-stroma crosstalk through the O-glycoproteome. Our multi-omics 

analysis of TAFs highlights O-glycosylation of the CDK4-pRB axis as a consequence 

of tumor-stroma crosstalk, and suggests a new avenue for improving the efficacy of 

CDK4/6 inhibitors on cancer cells by modulating TAFs. Lastly, our study generated the first 

stromal O-glycoproteome of more than 300 O-glycoproteins in the context of tumor-stroma 

crosstalk with their putative O-glycosites, providing a new resource for developing targeted 

O-glycosylation strategies and tools.

Compared to TAFs, CAFs have been extensively studied. Here, we highlight key differences 

between CAFs-like fibroblasts from the tumor core, referred here as TCFs and TAFs, 

derived from primary LUAD. Our transcriptomic analysis showed an increase of invasion 

and cell movement signatures in HCC827 when cocultured with TAFs vs TCFs. Our CyTOF 

experiment confirmed the ability of TAFs (and not TCFs) to induce EMT more robustly in 

cancer cells in coculture experiments, which was only observed with direct cell-cell contact 

between TAFs and cancer cells. More precisely, our CyTOF results show a downregulation 

of cytokeratins and molecular signaling including pAXL, pSRC, pRB, pEGFR, pS6 and 

pNFKB in cancer cells when cocultured with TAFs, but not TCFs (in addition to the changes 

in E-cadherin, vimentin, CD44, CD24, Twist and MUC1 measured with PHENOSTAMP). 

These findings suggest that contact of TAFs with cancer cells decrease the cancer cells’ 

expression of cytokeratins, an important constituent of cellular junctions, which in turn 

disrupts cell-cell signaling. This general phenomenon has been associated with EMT (53,54) 

but the specific molecules mediating these interactions between cancer cells and TAFs 

warrants further investigation.

Another reason why these results are compelling is that TAFs express low to undetectable 

levels of the canonical CAFs markers. These observations are consistent with a recent 

murine study. Zhao et al. showed that TAFs, which they refer to as “peri-tumor fibroblasts,” 

isolated from human hepatocellular carcinoma specimens promoted proliferation and 

migration of cancer cells at a greater level compared to TCFs in a cancer mouse model (8). 

This effect was driven by STAT3 signaling, which we also find to be particularly enriched 

in human TAFs in our transcriptomic analysis (Supplementary Fig. S4D). Moreover, we 

found that TAFs are morphologically distinct from TCFs--consistent with a study of TAFs, 

which again referred to them as “peri-tumor fibroblasts”--isolated from tongue squamous 

cell carcinoma and shown to have different cell organization in coculture compared to 

CAFs (55). Ba et al. observed that CAFs grow in a more disorganized manner compared 

to peri-tumor fibroblasts. These observations are consistent with our results: we show that 

primary TAFs are organized in striated patterns compared to primary TCFs, which present as 

randomly dispersed during culture.
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To date, the most promising anti-CAF therapies target the markers α-SMA and FAP 

but have had disappointing results, suggesting complex pro- and anti-tumor properties 

for CAFs (5,40). Alexeyenko et al. characterized the transcriptional landscape of normal 

skin and prostate fibroblasts after cell-cell contact cocultures with PC-3 tumor cells, and 

showed that normal fibroblasts have an inhibitory effect on cancer cells. Interestingly, 

the authors identified BHLHE40 and NR4A1 as top differentially expressed genes in the 

cancer-inhibitory fibroblasts after coculture with cancer cells. Of note, both of these markers 

were exclusively upregulated in our TCFs (Fig. 1F). In our cocultures of TCFs and cancer 

cells, TCFs surrounded the islands of cancer cells, which established striking epithelial 

morphology as opposed to the mesenchymal phenotype generally described when cancer 

cells are cocultured with CAFs (2,56,57). In addition, the cancer cells showed increased 

cell differentiation and glycosaminoglycan production. Differentiation of cancer cells has 

been associated with a less proliferative and invasive behavior in the histopathological 

classification of LUAD (58). However, physical proximity with CAFs and cancer cells 

has also been reported to reduce drug accumulation in carcinoma cells and increase 

treatment resistance (59). In contrast, in our cocultures of TAFs and cancer cells, the cancer 

cells showed an increased mesenchymal morphology, which is associated with increased 

migration features and proliferation. Interestingly, cancer cells are often described as either 

proliferative or migrative, also designated as the “Go or Grow” dichotomy (60), but our 

single-cell results support both phenomena to be happening at the same time in different 

cell populations. Overall, our results suggest greater pro-tumor roles for TAFs compared 

to TCFs, but future work exploring the meaning of these morphological and behavioral 

differences is needed to better understand the heterogeneous roles of cancer fibroblasts in 

cancer progression and drug response.

It is unclear whether TAFs and TCFs originate from the same cell lineage. Our results 

highlight LSP1 and THSD1 as exclusively overexpressed in TAFs compared to NFs and 

TCFs. THSD1 has been previously described as a marker of hematopoietic stem cell 

(43) and LSP1 is a common fibrocyte marker (44). Fibrocytes are considered to be 

mesenchymal cells that arise from monocyte precursors with both the inflammatory features 

of macrophages and the tissue remodeling properties of fibroblasts (44). Our transcriptomic 

results also show that TAFs express significantly higher expression of MHC class I and II 

molecules compared to TCFs MHC class II markers, which are normally expressed only by 

professional antigen-presenting cells including macrophages (61). These results propose that 

TAFs may be hematopoietic-derived cells recruited at the invasive edge of the tumor as they 

display fibrocyte-like properties. However, lineage-tracing analysis should be performed to 

confirm this hypothesis.

Previous results from our group highlighted the role of activated fibroblasts in metabolic 

reprogramming toward the HBP (16). Here, our work confirms that when either TCFs 

or TAFs are cocultured with cancer cells, they are both metabolically reprogrammed, 

but differently with TAFs that predominantly involve pathways associated with glycans 

biosynthesis. These results motivated us to expand our multi-omics approach to cover the 

O-glycoproteome in addition of the transcriptome and the proteome of TAFs in the context 

of tumor-stroma crosstalk. Interestingly, these different methods showed a modest overlap 

of biological functions and unique pathways enriched in each molecular dimension. Of 
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note, O-glycosylation implicated protein associated with the regulation of the cell cycle, 

cell death and metabolism. This is not surprising as several factors involved in proliferation, 

apoptosis and cellular energetics have been shown to be stabilized by O-glycosylation (20). 

Interestingly, CDK4 was the only target differentially upregulated in TAFs, after coculture 

with cancer cells, across all -omics platforms used in this study. In-depth analysis of our 

O-glycoproteome data revealed the importance of the CDK4-pRB axis in the stroma as 

both of these proteins were differentially O-glycosylated after TAFs:HCC827 coculture. 

CDK4 is known to phosphorylate the tumor suppressor RB, leading to its inactivation. The 

inactive RB releases the transcription factor E2F2, which leads to cell cycle progression and 

proliferation (48); notably, the transcription factor E2F2 was uniquely upregulated in TAFs, 

relative to the TCFs and NFs, at the gene expression level. Our study is the first to identify 

specific O-glycosites with their associated O-glycoforms in the CDK4-pRB axis. Wells et 
al. have previously reported RB to be O-glycosylated in HeLa S3 cells at an unknown site 

but, to our knowledge, we are the first to report CDK4 to be O-glycosylated at T153 and 

to identify RB O-glycosites at S534, T821 and T823. Interestingly, T153 is predicted to 

be located in the ATP pocket of CDK4 (46,62), which is also known as the binding site 

for most CDK4 inhibitors (51). Glycans can physically restrict access to a binding site or 

chemically modify the affinity for a target (63). The tools to validate if O-glycosylation of 

CDK4 at T153 affects the binding affinity of palbociclib are not readily accessible, due to 

the limited availability of glycan antibodies and the challenges associated with generating 

primary fibroblast mutants. Instead, we inhibited O-glycosylation with DON and showed 

that the combination treatment reduces proliferation in both TAFs and HCC827 cocultures 

at a greater level than palbociclib alone. In addition, the combination treatment of DON and 

palbociclib promoted a TCFs-like morphology in cocultured TAFs, which, in turn, appears 

to reduce EMT in the HCC827. This aligns with previous studies where altering protein 

glycosylation mediated many cellular changes associated with EMT and cell–cell adhesion 

(21,64). However, we cannot exclude the possibility that some changes in the fibroblast 

morphology may be attributed to the reduced confluency caused by the treatment in this 

experiment, another limitation of our study.

The tumor suppressor role of RB has been extensively reviewed (65,66) but, to our 

knowledge, only one group previously reported RB to be regulated by O-glycosylation. 

We find RB to be O-glycosylated at T821 and T823 among the three O-glycosites detected. 

Lentine et al. showed that dephosphorylation of T821 is required for the cell to undergo 

apoptosis (67). In addition, these O-glycosites are located in the binding domain of the 

E4F1 protein, which binds to RB and indirectly stabilizes p21 (68). Although we did not 

observe an increase of apoptosis in the cocultured TAFs after inhibiting O-glycosylation 

with DON, we did observe an overall increase of p21 in the cocultured TAFs, which 

has been associated with senescence (52). These results also implicate O-glycosylation 

as a new avenue to regulate senescence, specifically by modulating RB interactions with 

E4F1, which impact p21 stabilization. However, we acknowledge that DON can also affect 

other metabolic enzymes using glutamine, and that a site-directed mutagenesis approach 

to prevent O-glycosylation of CDK4 or RB would be preferable to confirm the role of 

O-glycosylation in reducing palbociclib affinity in the CDK4-pRB signaling axis.
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In summary, we characterized the crosstalk between cancer cells and fibroblasts derived 

from different tumor regions including normal, adjacent and tumor core. This work placed 

a greater focus on an understudied subtype of fibroblasts, namely those derived from the 

invasive tumor front, designated here as TAFs. We found that O-glycosylation regulates 

the CDK4-pRB axis in TAFs cocultured with cancer cells, highlighting the relevance of 

the O-glycoproteome as an important dimension in modulating protein signaling through 

metabolic reprogramming. Lastly, modulating O-glycosylation of the CDK4-pRB axis in 

TAFs may indirectly decrease the mesenchymal features of cancer cells by inducing a 

TCF-like phenotype in TAFs, which primarily showed anti-tumor roles in our study. In 

conclusion, the addition of O-glycoproteome data in combination with transcriptomic and 

proteomic data provides new insight into the biological control of the tumor leading edge 

by the stroma and indicates new avenues to improve cancer treatment. We hope that 

these results will motivate the development of targeted preclinical models to establish the 

significance of specific O-glycosylation events in the lung TME and promote the importance 

of glycobiology in cancer.
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Significance

A multi-omics analysis of spatially-distinct fibroblasts establishes the importance of the 

stromal O-glycoproteome in tumor-stroma interactions at the leading edge and provides 

potential strategies to improve cancer treatment.
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Figure 1. Analysis of LUAD fibroblasts derived from different tumor regions.
A, Fibroblast expansion workflow of LUAD fresh specimens. B, Phase contrast microscopy 

images of NFs, TAFs and TCFs. Specimen 2 is displayed here. C, Representative viSNE 

analysis of NFs, TAFs and TCFs, using α-SMA, FSP1, GFAT2, CD10, p21 and vimentin 

as clustering markers. Other biological replicates are available in Supplementary Fig. 

S1C. Venn diagram showing the gene overlap measured by RNAseq (TPM >1 in all 

biological replicates of each subtype). D, Venn diagram showing pathway overlap (E) and 

bar graph (F), showing the top exclusive pathways in NFs (n=3), TAFs (n=3) and TCFs 

(n=3), analyzed with Ingenuity Pathway Analysis software. G, Heatmap showing relative 

normalized gene expression of top DEGs in NFs, TAFs and TCFs.
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Figure 2. RNAseq analysis of HCC827 after coculture with NFs, TAFs and TCFs.
A, Coculture, cell separation and downstream analysis workflow. B, Phase contrast 

microscopy images of NFs, TAFs and TCFs cocultures from specimen 2 with HCC827 lung 

adenocarcinoma cell line. Biological replicates are available at Supplementary Fig. S2A. C, 

Venn diagram showing the gene overlap between HCC827 cocultures with NFs (n=3), TAFs 

(n=3) and TCFs (n=3) compared to their monoculture control measured by RNAseq (p < 

0.05, fold-change > 0.5). Venn diagram showing the pathways overlap and (D), heatmap 

showing the main pathways/biological functions differences between HCC827 cocultures 

with NFs (n=3), TAFs (n=3) and TCFs (n=3) compared to their monoculture control (E) 

analyzed with the IPA software.

Bouchard et al. Page 24

Cancer Res. Author manuscript; available in PMC 2022 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. CyTOF analysis of HCC827 after coculture with NFs, TAFs and TCFs.
Projections of the HCC827 monoculture controls and matched cocultures after cell-cell 

contact with NFs, TAFs and TCFs onto the EMT–MET PHENOSTAMP phenotypic map 

(A) and bar graph quantification (B) of the number of cells in each region of the map. 

C, Single-cell force-directed layout colored by protein expression of indicated markers of 

HCC827 cocultures with NFs, TAFs and TCFs using X-shift clustering (arcsinh transformed 

data of specimen 3). See Supplementary Fig. S3C for expression scale bars and S3D and 

S3E for biological replicates. D, IHC representative examples of LUAD specimens from the 

lung TMA showing compartmentalized and mixed samples and (E) Ki67 quantification of 

fibroblasts and cancer cells.
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Figure 4. Gene expression analysis of NFs, TAFs and TCFs after coculture with HCC827 lung 
adenocarcinoma cancer cells.
A, Venn diagram showing the gene overlap between NFs (n=3), TAFs (n=3) and TCFs 

(n=3) cocultures with HCC827 compared to their monoculture control measured by RNAseq 

analysis (p < 0.05, fold-change > 0.5). Venn diagram showing pathway overlap (B), heatmap 

showing the main pathways/biological functions differences analyzed with the IPA software 

(C) and heatmap showing the fold-change of DEGs in the main glucose metabolic pathways 

between NFs (n=3), TAFs (n=3) and TCFs (n=3) cocultures with HCC827, (D) and heatmap 

showcasing the number of overlap genes between DEGs in each condition and within 

each metabolic pathway (E). Color of heatmap represents -log(p-value) of the gene overlap 

calculated using a hypergeometric test. The numbers in parentheses show the total number 

of genes from each MSigDB gene set and tile numbers show the number of DEGs for 

each condition. See p values at Supplementary Fig. S4G. F, Bar graph showing exclusive 
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pathways related to glycans biosynthesis enriched in TAFs cocultures compared to their 

monoculture control and analyzed with the IPA software.
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Figure 5. Crosstalk with HCC827 alters the TAFs O-glycoproteome.
A, Venn diagram showing proteins, O-glycoproteins and O-glycosites found in TAFs 

monocultures and cocultures analyzed by mass spectrometry. B, Pie charts showing the 

main classes of the differentially O-glycosylated proteins after coculture identified by 

mass spectrometry. C, Heat map and summary table of the differentially O-glycosylated 

proteins and glycan heterogeneity after coculture with HCC827. Venn Diagram showing 

the overlap of targets (D) and the DE pathways identified in TAFs cocultures (relative to 

control monoculture) (E) using different methods of analysis. F, Bar graph highlighting a 

sample of the top enriched pathways in TAFs cocultures at the genomic, proteomic and 

O-glycoproteomic levels. CDK4 (G) and RB1 (H) protein domains and O-glycan positions.
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Figure 6. O-glycosylation of the CDK4-Rb axis in TAFs modulates Palbociclib efficacy.
A, Phase-contrast microcopy of TAFs:HCC827 cocultures treated with 10 μM DON, 1 μM 

palbociclib or a combination of both. White arrowheads show examples of TAFs that have 

gained an activated TCFs-like morphology. B, Force-directed layout of TAFs cocultures 

showing proliferative (upper gate) and non-proliferative (lower gate) TAFs and (C) bar 

graph quantification of percentage ratios relative to non-treated cocultures. Bar graph 

quantification showing all conditions of TAFs mono- and cocultures relative to untreated 

monoculture for (D) proliferative and (E) non-proliferative TAFs. Force-directed layout of 

HCC827 cocultures showing proliferative (left gate) and non-proliferative (right gate) cancer 

cells (F) and bar graph quantification of percentage ratios relative to non-treated cocultures. 

G, Bar graph quantification showing all conditions of HCC827 mono- and cocultures 

relative to non-treated monoculture for (H) proliferative and (I) non-proliferative cancer 
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cells. Results are from two independent experiments with biological replicates combined 

(TAFs from specimens 1 and 3).
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Figure 7. Decreased O-glycosylation with DON treatment indirectly prevents EMT in HCC827.
A, Immunofluorescence staining of HCC827-eGFP:TAFs coculture showing a decrease of 

the mesenchymal marker CD44 in cancer cells after treatment with DON and palbociclib. 

Cancer cells are represented by green pseudo color. TAFs are represented by red pseudo 

color only. CD44+ cancer cells are represented by co-staining with green and red pseudo 

colors. White arrowheads represent examples of CD44+ cancer cells. B, Summary figure of 

the main findings of the study showing that EMT in HCC827 and O-glycosylation of the 

CDK4-pRB axis in the stroma are induced in TAFs:HCC827 cocultures; this is prevented 

with the combination treatment of DON and palbociclib.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

E-Cadherin PE/Cy7 (clone 67A4) BioLegend Cat#324116; RRID:AB_2563096

Vimentin AF700 (clone RV202) Novus Bio Cat#NBP1-97672AF700

α-SMA APC-Cy7 (clone SPM332) Abcore Cat#AC12-0261-05

CD10 BV421 (Clone HI10a) BioLegend Cat#312217; RRID:AB_10899409

GFAT2 FITC (clone aa175-201) LSBio Cat#LS-C259501

FSP1 PerCP-Cy5 (clone NJ-4F3-D1) BioLegend Cat#370009; RRID:AB_2572075

p21 AF594 (clone 195720) R&D Systems Cat#IC1047T

Ki67 AF647 (clone B56) BD Biosciences Cat#558615; RRID:AB_647130

pRB (Thr826) Invitrogen Cat#44-576G; RRID: AB_2533683

Capase-8 AF700 (clone 90A992) Novus Bio Cat#NB10-056527AF700

IgG anti-rabbit PE (clone poly4064) BioLegend Cat#406421; RRID: AB_2563484

CD44 (clone 156-3C11) Cell Signaling Tecchnology Cat#3570; RRID:AB_2076465

LSP1 (clone EPR5997) Abcam Cat#ab133506

pan-cytokeratin (clone AE1/AE3 + 5D3) Abcam Cat#ab86734; RRID:AB_10674321

Vimentin (clone EPR3776) Abcam Cat#ab92547; RRID:AB_10562134

Cy3-conjugated goat anti-rabbit IgG Abcam Cat#ab6939; RRID:AB_955021

Cy5-conjugated goat anti-rabbit IgG Abcam Cat#ab97077; RRID:AB_10679461

Cy3-conjugated goat anti-mouse IgG Abcam Cat#ab97035; RRID:AB_10680176

Ki67 (clone MIB-1) Agilent Cat#GA62661-2

CD44 AF488 (clone IM7) BioLegend Cat#103016; RRID:AB_493679

CD24 APC/Cy7 (clone ML5) BioLegend Cat#311132; RRID:AB_2566347

Twist AF647 (clone 927403)
R&D Systems Cat#IC9160R-025; 

RRID:AB_2687921

MUC1 BV421 (clone CD227) BD Biosciences Cat#743405; RRID:AB_2741478

CyTOF Antibodies

CD44 (clone IM7, metal Ln, mass 115) Biolegend Cat#103051; RRID:AB_2562799

cleaved Caspase 3 (clone C92-605, metal Nd, mass142) BD Biosciences Cat#559565; RRID:AB_397274

phospho-Src pY418 (clone K98-37, metal Nd, mass 144) BD Biosciences Cat#560094; RRID:AB_1645532

phospho-EGFR Tyr1068 (clone D7A5, metal Nd, mass 145) Cell Signaling Tecchnology Cat#3777; RRID:AB_2096270

TROP2 (clone 77220, metal Nd, mass 148) R&D Systems Cat#MAB650; RRID:AB_2205665

Oct 3/4 (clone O50-808, metal Nd, mass 150) BD Biosciences Cat#561555; RRID:AB_10715577

Notch3 (clone MHN3-21, metal Eu, mass 151) Biolegend Cat#345402; RRID:AB_1953253

Cytokeratin 8 (clone SP102, metal Sm, mass 152) Abcam Cat#ab227644

PD-L1 (clone 29E.2A3, metal Eu, mass 153) Biolegend Cat#329702; RRID:AB_940372

MUC1 (clone SPM492, metal Sm, mass 154) Abcam Cat#ab227740

RUNX1 (clone 1C5B16, metal Gd, mass 155) Biolegend Cat#659302; RRID:AB_2563194

Snail (clone C15D3, metal Gd, mass 156) Cell Signaling Tecchnology Cat#3879; RRID:AB_2255011

E-Cadherin (clone 67A4, metal Gd, mass 158) Biolegend Cat#324102; RRID:AB_756064

Nanog (polyclonal, metal Tb, mass159) Cell Signaling Tecchnology Cat#3580; RRID:AB_2150399
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REAGENT or RESOURCE SOURCE IDENTIFIER

phospho-H3 S28 (clone HTA28, metal Gd, mass 160) Biolegend Cat#641002; RRID:AB_1227659

CD24 (clone ML5, metal Dy, mass 161) Biolegend Cat#311102; RRID:AB_314851

phospho-SMAD2(S465/467)/3(S423/425) (clone D27F4, metal Dy, 
mass 162)

Cell Signaling Tecchnology Cat#8828; RRID:AB_2631089

phospho-NFKb p65 S529 (clone 10-895.12.50, metal Dy, mass 163) BD Biosciences Cat#558393; RRID:AB_647284

phospho-S6 S235/pS236 (clone N7-548, metal Dy, mass 164) BD Biosciences Cat#624084

phopsho-Rb S807/S811 (clone J112-906, metal Ho, mass 165) BD Biosciences Cat#558389; RRID:AB_647229

Cytokeratin 7 (clone SP52, metal Er, mass 167) Abcam Cat#ab183344

Twist1/2 (polyclonal, metal Er, mass 168) Bioss Cat#BS-2441R; RRID:AB_10856752

Slug (clone C19G7, metal Yb, mass 172) Cell Signaling Tecchnology Cat#9585; RRID:AB_2239535

CD104 (clone 58XB4, metal Yb, mass 173) Fluidigm Cat#3173008B

Vimentin (clone D21H3, metal Yb, mass 174) Cell Signaling Tecchnology Cat#5741; RRID:AB_10695459

phospho-AMPK T172 (clone 40H9, metal Lu, mass 175) Cell Signaling Tecchnology Cat#2535; RRID:AB_331250

Biological Samples

Fresh human lung adenocarcinomas Dr. JB Shrager, chief of thoracic surgery, Stanford University

Chemicals, Peptides and Recombinant Proteins

EDTA Sigma Aldrich Cat#E7889

Sodium azide Sigma Aldrich Cat#S2002

Paraformaldehyde 16% Electron Microscopy 
Sciences (EMS)

Cat#15710

Cisplatin Sigma Aldrich Cat#P4394

6-Diazo-5-oxo-L-norleucine (DON) Sigma Aldrich Cat#SD2141

Trizma base Sigma Aldrich Cat#T1503

Palbociclib Sigma Aldrich Cat#PZ0383

Protease inhibitor cocktail Roche Cat#11697498001

Sodium fluoride (NaF) Sigma Aldrich Cat#215309

Sodium orthovanadate (Na3VO4) Sigma Aldrich Cat#S6508

EGTA Sigma Aldrich Cat#E4378

tris(2-carboxyethyl)phosphine (TCEP) Sigma Aldrich Cat#C4706

Pierce™ Trypsin Protease, MS Grade ThermoFisher Scientific Cat#90058

Iodoacetamide Sigma Aldrich Cat#I6125

Ammonium bicarbonate Sigma Aldrich Cat#11213

PNGase F New England Biolabs Cat#P0704S

Acetonitrile ThermoFisher Scientific Cat#A955-500

Formic acid ThermoFisher Scientific Cat#A117-50

Anhydrous DMSO ThermoFisher Scientific Cat#AA439985Y

Triton X-100 Sigma Aldrich Cat#T8787

Reagents

RPMI-1640 Gibco Cat#11875093

Fetal Bovine Serum Gibco Cat#26140079

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat#15140122

Tissue storage solution Miltenyi Biotec Cat#130-095-929
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REAGENT or RESOURCE SOURCE IDENTIFIER

MACS SmartStrainer Miltenyi Biotec Cat#130-093-237

Red Blood Cell Lysis Solution Miltenyi Biotec Cat#130-094-183

Anti-Fibroblast MicroBeads Miltenyi Biotec Cat#130-050-601

TrypLE Gibco Cat#12605-010

eBioscience™ Permeabilization Buffer Invitrogen Cat#00-8333-56

Cell strainer snap cap tubes Corning Cat#352235

RNA later stabilization solution Invitrogen Cat#AM7020

C18 columns ThermoFisher Scientific Cat#60109-001

Phenylboronic Acid (PBA) columns Agilent Cat#12102018

ProLong™ Gold Antifade Mountant with DAPI Invitrogen Cat#P36935

Goat serum ThermoFisher Scientific Cat#88RNG001

Critical Commercial Assays

MACS Tumor Tissue Dissociation Kit Miltenyi Biotec Cat#130-095-929

MACS Lung Dissociation Kit Miltenyi Biotec Cat#130-095-927

Zombie Aqua™ Fixable Viability Kit BioLegend Cat#423102

Pierce BCA protein assay kit ThermoFisher Scientific Cat#23225

Experimental Models: Cell Lines

Ex vivo derived human NFs, TAFs and CAFs This study

Human HCC827 adenocarcinoma cell line Mallick lab, Stanford 
University RRID:CVCL_2063

Human HCC827 Luc2-eGFP adenocarcinoma cell line Mallick lab, Stanford 
University

Deposited data

RNAseq data The list of DEGs is accessicible in the Supplementary Data. The raw 
data will be deposited on GEO.

CyTOF data Upon request.

Flow Cytometry data Upon request.

Mass Spectrometry (O-glycoproteomics) data The list of O-glycopeptides and putative O-glycosites is accessible in 
the Supplementary Data. The raw mass spectometry files will be shared 
upon request.

Software and Algorithms

Cytobank Cytobank Inc., Santa Clara, 
USA

PHENOSTAMP Karacosta et al., 2019, https://github.com/anchangben/ PHENOSTAMP

R https://www.R-project.org

Ingenuity Pathway Analysis (IPA) Software Quiagen, Redwood City, 
USA

GraphPad Prism 8.4 GraphPad Software, San 
Diego, USA

MSnbase package
Bioconductor, Gatto and 
Lilley, 2012

Byonic Protein Metrics, Cupertine, USA, Bern et al., 2012

Mass-tag cell barcoding (MCB) algorithm Zunder et al., 2015, https://github.com/nolanlab/single-cell-debarcoder/
releases/latest REAGENT

X-Shift Samusik et al., 2016, https://github.com/nolanlab/vortex

Salmon version 0.9.1 Patro et al., 2017, https://github.com/COMBINE-lab/salmon/releases
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REAGENT or RESOURCE SOURCE IDENTIFIER

Databases

Uniprot https://www.uniprot.org/

OGP Huang et al. bioRixv, http://
www.oglyp.org/
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