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Pancreatic ductal adenocarcinoma (PDAC) has an atypical, highly stromal tumour
microenvironment (TME) that profoundly contributes to its poor prognosis'. Here,

to better understand the intercellular signalling between cancer and stromal cells
directly in PDAC tumours, we developed a multidimensional proteomic strategy
called TMEPro. We applied TMEPro to profile the glycosylated secreted and plasma
membrane proteome of 100 human pancreatic tissue samples to agreat depth, define
cell type origins and identify potential paracrine cross-talk, especially that mediated
through tyrosine phosphorylation. Temporal dynamics during pancreatic tumour
progression were investigated in a genetically engineered PDAC mouse model.
Functionally, we revealed reciprocal signalling between stromal cells and cancer

cells mediated by the stromal PDGFR-PTPN11-FOS signalling axis. Furthermore, we
examined the generic shedding mechanism of plasma membrane proteinsin PDAC
tumours and revealed that matrix-metalloprotease-mediated shedding of the AXL
receptor tyrosine kinase ectodomain provides an additional dimension of intercellular
signalling regulationin the PDAC TME. Importantly, the level of shed AXL has a
potential correlation with lymph node metastasis, and inhibition of AXL shedding
and its kinase activity showed a substantial synergistic effect in inhibiting cancer cell
growth. Insummary, we provide TMEPro, a generically applicable clinical functional
proteomic strategy, and acomprehensive resource for better understanding the
PDAC TME and facilitating the discovery of new diagnostic and therapeutic targets.

PDAC is one of the most lethal cancers, with a 5 year survival rate of
below10% and amedian survival time of less than 6 months®. PDAC has
become the third leading cause of cancer-related mortality by 2024°>.
The lack of reliable early diagnostic biomarkers and tenacious resist-
ance toalmost all existing therapies are major causes of poor progno-
sis*. Comprehensive proteomic and genomic characterization of PDAC
has revealed correlations of protein expression, post-translational
modifications and genomic alterations with clinical information, and
identified molecular subtypes®¢. However, acommon limitation of
these studies is that global profiling of bulk tissues cannot fully eluci-
datetheimpact ofthe cellular complexity and heterogeneity of PDAC.

The TME is a key hallmark of cancer’. The PDAC TME is atypically
enriched with many non-malignant stromal cells and extensive extracel-
lular matrix (ECM) components, which promote cancer proliferation,
metastasis and drug resistance’. Many therapeutic strategies targeting
the dense stroma have beentested but, to date, no clinical trial hasled to
approved PDAC therapies. Increasing efforts have been made to explore
the diversity of TME, and its cross-talk with cancer cells. For exam-
ple, laser-capture microdissection (LCM)-based proteome profiling

has revealed molecular subtypes of cancer and stromal cells that may
contribute to different patient outcomes®. However, proteome-level
functional information on reciprocal signalling between stromal and
cancer cellsis largely missing.

Cell-cell communicationis initiated mainly by secreted and plasma
membrane (S-PM) proteins®, which are arich source of biomarkers and
therapeutic targets'. The paracrine binding of secreted ligands to PM
receptorselicits the activation of many types of intracellular signalling
intarget cells, including critical phosphotyrosine (pTyr)-mediated
signalling cascades". Mass spectrometry (MS)-based proteomics has
gained increasing popularity for studying signal transduction with
spatial and temporal resolution in pancreatic cancer'. It was previ-
ously demonstrated that oncogenic KRAS drives reciprocal signalling
between pancreatic stellate cells (PSCs) and pancreatic cancer cells
(PCCs) through signalling axes such as GAS6-AXL and IGF1-IGF1R to
regulate the proliferationand apoptosis of PCCsin a coculture system®,
Weinvestigated paracrine signalling from PCCs to PSCs by global pro-
filing of the secretome, pTyr proteome and STAT3 interactome and
revealed that PSC-derived LIF is a key paracrine mediator that acts on
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PCCsto affect progression and drug response™. However, these func-
tional proteomic investigations were performed on a cell-line-based
system and might not faithfully recapitulate the physiological intercel-
lular signalling events in PDAC.

Here we describe a generically applicable clinical functional prot-
eomic strategy, called TMEPro, for comprehensive exploration of the
PDAC TME at the proteome scale. TMEPro integrates multidimensional
proteome information with spatial and temporal resolution to compre-
hensively delineate the functional interplay between PCCs and stromal
cellsin PDAC tissues from patients and a genetically engineered mouse
PDAC model, and provide a valuable resource for functional and transla-
tional research on PDAC. Importantly, we revealed areciprocal signalling
link between stromal and cancer cells mediated by the stromal PDGFR-
PTPN11-FOS signalling axis, and an additional dimension of intercellular
signalling regulation mediated by AXL ectodomain shedding.

Landscape of the intercellular S-PM proteome

AsS-PM proteins are usually lowinabundance but represent the major-
ity of heavily glycosylated proteins in the human proteome’, we opti-
mized a hydrazide-chemistry-based technique in the first step of the
TMEPro strategy to selectively enrich and comprehensively profile
the glycosylated S-PM proteome (Fig. 1a, Extended DataFig.1and Sup-
plementary Discussion). We then used the TMEPro strategy to assess
a cohort of human pancreatic tissue samples including 29 tumours,
27 paired non-cancerous adjacent tissues (NT), 28 chronic pancrea-
titis (CP) and 16 normal pancreatic tissues (Supplementary Table 1).
Negligible variation in label-free quantification (LFQ) intensity of gly-
coprotein standard fetuin and high correlation coefficient between
biological replicates demonstrate the high-quality nature of the dataset
(Fig.1b and Extended Data Fig. 2a). In total, 2,741 S-PM proteins, 6,181
non-redundant N-glycosites and 80 new N-glycoproteins wereidentified,
covering more than half of the predicted S-PM proteome (Fig. 1b and
Supplementary Table1). As we analysed all possible predicted S-PM pro-
teinsinthe public database, the coverage should be much higher when
considering only the S-PM proteins expressed in a single pancreatic
tissue sample. Notably, annotation of our S-PM proteome revealed that
76% of these proteins had intercellular communicationroles’, including
the top two classes, transmembrane receptors and secreted ligands,
which are critical for intercellular signalling (Extended Data Fig. 2b).

We next examined the S-PM proteome features of the PDAC TME by
performing a quantitative comparison between tumour and normal
tissues, and identified more than 1,000 differentially expressed pro-
teins. These proteins spanned four orders of magnitude and included
31well-characterized cancer biomarkers and 91 protein targets with
FDA-approved drugs (Fig. 1c and Supplementary Table 1). Overall,
the majority of differentially expressed proteins gradually trended
from normal to tumour samples (Fig. 1c). Considerable similarity was
found between tumour and CP samples, which is expected because
CPis aprogressive inflammatory disease with a high level of fibrosis
that shares many common pathological features with PDACY. Gene
Ontology molecular function (GOMF) analysis revealed that the S-PM
proteins differentially expressed between tumour and normal tissues
could be classified into five major clusters, which overlapped with
the differentially expressed proteins between tumour and CP tissues,
although to a lesser extent (Fig. 1d, Extended Data Fig. 2¢,d and Sup-
plementary Table1). To our knowledge, this dataset represents the most
comprehensive coverage of the S-PM proteome and N-glycoproteome
in human PDAC tissues and provides an untapped resource for inves-
tigating intercellular signalling in the PDAC TME.

Spatial and cell-type-specific proteome

To examine the cell-type origin of the S-PM proteome and its potential
intercellular signalling role, we first deconvoluted the cell types of the
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S-PM proteome in 29 bulk tumour tissues (Fig. 1b) using a published
single-cell RNA-sequencing dataset of PDAC, and found that cancer
cellsand cancer-associated fibroblasts (CAFs) were the two major cell
populations (Extended Data Fig.3a and Supplementary Table 2). Thus,
we performed spatially resolved proteome profiling of PCCs and stroma
from13 PDAC tumour samples (Methods, Fig. 2a, Extended Data Fig. 3b
and Supplementary Table 1). A total of 7,000-8,000 proteins, includ-
ing approximately 1,400 S-PM proteins, per stromal or PCC region
wereidentified with a high quantification reproducibility between bio-
logical samples (Extended Data Fig. 3c,d and Supplementary Table 2),
representing one of the largest spatial proteome landscapes of PDAC
achieved to date. As a complementary approach to confirm the cel-
lular origin of these spatially defined S-PM proteins, secretome and
hydrazide-chemistry-based transmembrane proteome profiling was
performed on six representative human PCC lines as well as two CAF
lines (Fig.2a). By combining tumour and cell line datasets, 2,331S-PM
proteins were identified, among which 787 and 584 were enriched
in PCC and stromal cells, respectively, with the well-known markers
listed (Fig. 2b and Supplementary Table 2).In comparison, more S-PM
proteins were covered by our spatial proteomic dataset than therecent
spatial and cell-type-specific proteomic and transcriptomic datasets
(Extended DataFig. 3e,f).

Notably, the spatially resolved and cell-type-specific proteome
dataset covered more than 76% of the S-PM proteome identified in
bulk tumour tissues (Extended Data Fig. 3g). These data therefore
experimentally defined the cell type origin of the identified S-PM
proteins in the bulk tissues and accordingly correlate with clinical
significance when comparing tumour and normal tissues (Extended
Data Fig. 3g). Unbiased GOMF analysis revealed that the spatially
resolved and cell-type-specific S-PM proteome has molecular func-
tions similar to the significantly changed S-PM proteome in bulk
tissue profiling (Fig. 2c and Supplementary Table 2). Notably, the
majority of proteins associated with the ECM and protease activity
were stroma specific, while approximately 90% of the transporters
were PCC specific, which could be explained by metabolic pathway
reprogramming to meet the increased energy and biosynthetic needs
of cancer cells surrounded by dense and poorly vascularized stroma®.
Importantly, six PCC-specific PM proteins with upregulated expression
intumours were validated by tyramide signal amplification (TSA) stain-
ing (Fig. 2c and Extended Data Fig. 3h). These PCC-specific membrane
proteins might therefore be used as surface markers for targeted PDAC
therapy.

To systematically examine the intercellular signalling flow between
tumour and stromal cells, we first annotated pairwise relationships
in the S-PM proteome identified from bulk tissues (Methods and
Extended Data Fig. 2b). In total, 1,724 pairs consisting of 427 ligands
and 424 receptors were identified, covering the majority of identified
ligands or receptors included in our pair database (Extended Data
Fig. 3i,j and Supplementary Table 2). Growth factor-, cytokine- and
integrin-related pairs were among the GOMF terms that were most
enriched in the receptor-ligand pairs (Extended Data Fig. 3k and
Supplementary Table 2). Importantly, ligands and receptors of 54%
of the pairs were consistently upregulated in tumours, indicating
their potential functional importance in the PDAC TME (Extended
Data Fig. 31). Among these pairs, 524 had defined cell type origins for
both ligands and receptors, including 262 paracrine signalling pairs.
As more ligands were stroma specific and more receptors were PCC
specific, a higher number of pairs could be defined as being involved
inintercellular signalling from stromal cells to PCCs (n =190) than
from PCCsto stromal cells (n = 72) (Fig. 2d, Extended Data Fig. 3m and
Supplementary Table 2). Functionally, many signalling proteins were
included in these paracrine signalling pairs. For example, the ECM
and integrin families were more enriched in the stoma, whereas the
receptor tyrosine kinase (RTK) and transporter families were more
enriched in the PCCs (Fig. 2d).
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biomarkers among all the significantly changed S-PM proteins shownin grey
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Time-resolved profiling of S-PM proteome

We next examined the S-PM proteome during PDAC tumour develop-
ment using the genetically engineered KPC (Kras':¢12*; Trp53/1oxflox,
Pdx1-cre) mouse model™. Given that late-stage PDAC is surgically unre-
sectable due to metastasis and that very early-stage PDAC is difficult to
diagnose, we chose this model because it best represents the progres-
sion of the PDAC TME from early stage to late stage adenocarcinoma?®.
Onthis basis, we collected tumour tissues from the KPC mice at differ-
ent ages, corresponding to various tumour progression stages, and
normal mouse pancreas tissue (NT), to characterize temporal altera-
tions in the S-PM proteome during tumour progression (Fig. 3a). As
wereported previously, inflammation, pancreatic intraepithelial neo-
plasialesions and a few small solid tumour nodules were evidentin the
pancreas at 3 weeks of age; there was evidence of advanced PDAC at
Sweeks of age; and almost all observed masses were advanced invasive
tumoursat 7 weeks of age™. Using our glycoprotein enrichment method
ofthe TMEPro strategy with single-shot proteomic analysis, we identi-
fied approximately 1,500 S-PM proteins by non-glycopeptides and
3,000 N-glycositesin each sample, with high reproducibility between
biological replicates (Fig.3b, Extended Data Fig. 4a and Supplementary
Table 3). Quantitative analysis of the temporal S-PM proteome showed
that the pancreatic tissues of KPC mice at 3 weeks had a pattern most
similar to that of NTs and was quite distinct fromthose at 5and 7 weeks
(Extended Data Fig. 4b,c and Supplementary Table 3). Encouragingly,
almost 90% of the significant S-PM proteins that overlapped between

4 | Nature | www.nature.com

Transporter
Cytokine receptor
Integrin

RTK

Other ligands or receptors

percentage of stromaand PCC-specific proteins within each GO term. For the
box plots, the box limits show theinterquartile range, the centre line shows the
median, and the upper and lower whiskers show 1.5x the interquartile range
aboveand below the third and first quartiles, respectively. Six novel PCC-specific
proteins were validated by TSA staining, with TRPV4 presented asan example.
Scalebar, 50 pm. d, Potential autocrine and paracrine signalling between PCCs
and/or stroma. Thebarsin the circos plot show the relative abundances of
proteinsinthe spatially resolved or cell-type-specific proteome dataset.

humans and mice exhibited consistent expression trends in the two
species (Extended Data Fig. 4d and Supplementary Table 3). These
results demonstrate the feasibility of using KPC mice for studying early
pancreatic cancer development.

Next, we performed expression-level-based clustering of S-PM pro-
teins that were consistently altered between humans and mice, and
found that these proteins were grouped into three clusters (Fig. 3¢
and Supplementary Table 3). Based on a membership value of >0.45,
529 S-PM proteins were defined as tumour-progression-related pro-
teins, including 25reported PDAC markers and 57 FDA-approved drug
targets, suchas LIF, THBS2, TIMP1, GPC1, MSLN and LGALS3 (Fig. 3d and
Extended Data Fig. 4e). Importantly, cell-adhesion- and ECM-related
proteins were highly enrichedin cluster 3, as expected due to the dense
stroma of the late-stage PDAC (Extended Data Fig. 4f and Supplemen-
tary Table3).Incomparison, cluster 2, which shows upregulation begin-
ning at 3 weeks, contains various functional proteins that are expected
tobecritical for early PDAC TME development and intercellular signal
transduction; thus, this cluster is potentially a valuable resource for
the validation of biomarkers for the early detection of PDAC. We chose
TNFRSF11B (cluster 2) and NPTX1 (cluster 3) for enzyme-linked immu-
nosorbent assay (ELISA) validation, and found that their levels were
significantly increased in the plasma samples of patients with PDAC
compared with the healthy controlindividuals (Extended Data Fig. 4g
and Supplementary Table 3).

Finally, we annotated the human ligand-receptor pairs by cross-
referencing the tumour progression trends in the KPC model. Among
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Fig.3| Time-resolved profiling of the intercellular signalling proteome
during tumour progressioninaPDAC mouse model. a, Workflow for S-PM
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(NT).w, week.b, S-PM proteomic eventsineach mousesample.c,d, Expression
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the 1,724 pairs with both the ligand and receptor identified in bulk
human tissues (Extended Data Fig. 3j), approximately 600 pairs with
atleast the ligand or receptor significantly changed in tumour versus
normalineach humanbulk tumour tissue sample. In KPC mice, 81% of
the ligand-receptor pairs exhibited progression trends for the ligand
orreceptor, while 15% exhibited progression trends for both the ligand
andreceptor (Extended DataFig.4h). These percentages were similar
forboth stroma-to-PCC pairs and PCC-to-stroma pairs, suggesting that
paracrine communication hasanimportantroleinintercellular interac-
tionsinboth directions. Notably, the majority of the pairs was assigned

with previously reported cancer markersin Fig. 1fhighlighted (d). TNFRSF11B
and NPTX1are two unreported proteins that were chosen for ELISA validation.
e, Annotation of ligand-receptor pairs in 29 bulk human tumour tissues
accordingto the number of pairs with tumour progression trendsin three
clusters. Dataare mean +s.d. All pairs refer to the pairs shownin Extended Data
Fig.3jinwhichtheexpressionofatleast theligand or receptor was significantly
changed in human tumour versus normal tissues in N-glycoproteomic dataset.

to cluster 3, demonstrating more active intercellular signalling and
theimportance of the TME in late-stage tumour progression (Fig. 3e).
The identification of these paracrine signalling pairs associated with
tumour progression could therefore provide arich resource for explor-
ingtumour progressionin the context of tumour-stromainteractions.

Signalling activation mediated by pTyr

Asthe pTyr machineryis well known to activate the first wave of inter-
cellular signalling, we went on to investigate the activation status of
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ligand-receptor downstream signalling axes mediated by pTyrin PDAC.
As pTyr accounts for less than 1% of the phosphoproteome?, we inte-
grated both our photoreactive pTyr protein complex profiling probe
(Photo-pTyr-scaffold) approach and SH2-superbinder-based pTyr
peptide enrichment approach into the TMEPro strategy for simulta-
neously enriching and profiling pTyr-mediated protein complexes
and pTyr sites (Fig. 4a, Extended Data Fig. 5a and Supplementary
Table 1). With this step of the TMEPro strategy, we aimed to identify
key pTyr machinery proteins and their pTyr sites, including pTyr writ-
ers (kinases), readers (proteins containing an SH2 or PTB domain) and
erasers (phosphatases), which often form protein complexes through
pTyrsites and indicate the activation of the signalling pathways?.

Taking advantage of the Photo-pTyr-scaffold approach with high-
affinity pTyr protein recognition and photocrosslinking to capture
transient pTyr protein complexes, we identified 464 PM proteins, 51
pTyrwriters, 94 pTyrreaders and 46 pTyr erasers, many of whichwere
identified with corresponding pTyr sites (Fig. 4b, Extended DataFig. 5b
and Supplementary Table 4). After normalizing the LFQ intensities
based on the bait protein (Src SH2 superbinder), we quantitatively ana-
lysed pTyr proteins identified using the Photo-pTyr-scaffold approach
to avoid pTyrsite-specific alteration. Heat maps of the three classes of
significantly changed proteins revealed that most were more highly
activatedintumour tissues thanin normal tissues, and that the major-
ity were identified with pTyr sites, including 16 FDA-approved drug
targets (Fig. 4c, Extended Data Fig. 5c and Supplementary Table 4).
PDGFRB, PTPN11and TLN1were among the most significantly altered
pTyr machinery proteins with identified pTyr sites and merit further
investigation (Fig. 4c and Extended Data Fig. 5d).

Signalling network assembly and validation

To systematically assemble the multidimensional proteomic data-
sets acquired by the TMEPro strategy (Figs. 1-4), we performed
systematic bioinformatic analyses to examine the ligand-receptor-
pTyr-machinery-mediated intercellular signalling network between
PCCsand stromal cells. First, Gene Ontology biological process (GOBP)
analysis of the S-PM proteome showed high coverage of cancer signal-
ling pathways (Extended Data Fig. 5e and Supplementary Table 4).
In total, 9,299 signalling axes were predicted, which were classified
into 16 categories on the basis of their significance in the comparison
of tumour and normal human tissues at each node (Supplementary
Table 4). We were particularly interested in the ‘activated’ signal-
ling axes filtered based on significant changes in both receptor and
downstream signalling proteinsin the pTyr-mediated protein complex
dataset, in which we focused on 148 ligand-receptor pairs and 1,672
signalling axes containing at least a significantly changed ligand or
receptor in the N-glycoproteomic dataset (Extended Data Fig. 5f and
Supplementary Table 4). Among these pairs, 18 were paracrine signal-
ling pairs that exhibited tumour progression trends (Extended Data
Fig.5g). These 18 pairs areinvolved in291signalling axes closely related
to RTKs, such as the insulin receptor axis in PCCs and PDGFR-related
axesinstromal cells (Fig. 4d and Extended Data Fig. 5h). By systemati-
callyintegrating the multidimensional proteome, we therefore delin-
eated the first wave of intercellular signalling in PDAC tumour after
ligand-receptor interactions.

We went on to validate the paracrine PDGFR RTK signalling medi-
ated by stromal PDGFRA and PDGFRB, which were both significantly
upregulated and had high levels of pTyr in tumours (Extended Data
Fig. 6a). Moreover, their ligand, PDGFC, was significantly upregulated
intumours and preferentially derived from PCCs. Global pTyr profiling
revealed that stimulating PSCs with conditioned medium (CM) from
PCCsactivated the PDGFRsignalling cascades, especially for PDGFRA
and PTPN11 (Fig. 4e and Supplementary Table 5). The pTyr activation
of PDGFRA was validated by western blotting with the signals being
attenuated by the PDGFR inhibitor crenolanib (PDGFRi; Extended Data
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Fig. 6b). We further validated the attenuation of pTyr activation of
PTPNI11 in PSCs after PDGFR knockdown or crenolanib treatment; by
contrast, PTPN11inhibition by SHP099 (PTPN11i) did not affect AKT
activation, but abrogated ERK1/2 activation (Extended Data Fig. 6¢,d).
These results suggest that PDGF-PDGFR-PTPNI11-ERK signalling is
critical for the paracrine signalling activation from PCCs to PSCs.

To further examine the downstream effect of the PDGFR-PTPN11
signalling axis in PSCs, we profiled the PSC secretome after PDGFR or
PTPNI1linhibition (Extended DataFig. 6e and Supplementary Table 5).
Notably, LIF was one of the most substantially changed proteins. Inhibi-
tion of the PDGFR-PTPN11-ERK signalling axis had the most profound
effect on abolishing PDGFB-induced LIF protein secretion and mRNA
expression (Fig. 4f and Extended Data Fig. 6f,g). Finally, we validated
that FOS was akey downstream transcription factor that regulates LIF
transcription (Fig. 4g and Extended Data Fig. 6h,i). Taken together,
these findings confirmed the intercellular signalling pathway in which
PCC-derived PDGFs activate a PDGFR-PTPN11-ERK-FOS signalling
axis to enhance LIF expression and secretion in PSCs (Fig. 4h), while
PSC-derived LIF activates the LIFR-GP130-STAT3 signalling axis in
PCCs", suggestinga potential clinical application in PDAC by targeting
this paracrine signalling pathway.

Generic shedding mechanism of PM proteins

Incontrast to tyrosine-phosphorylation-mediated signal transduction,
ectodomain shedding of PM proteins caninitiate additional dimensions
of intercellular signalling, such as termination of receptor-mediated
signal transduction®. We developed a bioinformatic analysis pipeline
to examine the ectodomain-shedding process directly in tumour tis-
sues (Methods, Fig. 5aand Extended Data Fig. 7a). In principle, the PM
proteome of the eight cell lines profiled after glycoprotein enrichment
(Fig. 2b) represents the full-length PM proteins, while the secretome
contains shed extracellular domains (ECDs) of PM proteins. Accord-
ingly, the S-PM proteome of tissue samples contains both shed ECDs
(if any) and full-length PM proteins. The amino acid sequences of PM
proteins were divided in silico into ECDs and intracellular domains
(ICDs) for database searching, leading to identification of ECDs and
ICDs in different datasets (Extended Data Fig. 7a and Supplementary
Table 6). Given that the sequence lengths of the ECD and ICD of each
PM proteinvaries considerably, we developed IndeX;ining and IndeX
values to predict shed PM proteins. By filtering the IndeXnin value
generated from the unique peptide ratio of ECD/ICD in the secretome
dataset tothatinthe PM proteome dataset, 45 PM proteins were identi-
fied asshed proteins (Extended Data Fig. 7a). Encouragingly, using the
same filtering criteria for the Index,. value by comparing the tumour
S-PM dataset and the PM proteome dataset, 22 out of the 45 PM pro-
teins were identified as shed proteins in tumour tissuesincluding AXL,
which was determined to be the most significantly shed PM protein
(Fig.5a,b). Of the 22 proteins, 70% were previously reported to be shed
(Supplementary Table 6), indicating the high fidelity of the data pro-
cessingstrategy. Notably, 13 of the 22 shed proteins were PCC specific,
among which four proteins (AXL, MET, EPHA4 and EFNB2) were RTK
related, and six proteins, including NECTIN2 and CDH3, were related
to cell adhesion (Extended Data Fig. 7b), indicating that shedding of
these PM protein families might have important roles in regulating
intercellular signalling in the PDAC TME.

Ectodomain shedding is regulated by proteases known as shed-
dases. Intotal, weidentified 118 significantly changed proteasesin our
S-PM proteome dataset (Fig. 5c and Supplementary Table 6), of which
23 are from the canonical ADAM and matrix metalloprotease (MMP)
families®*. MMP family proteases were more upregulated in tumour
samples, suggesting that MMP family members are likely to be more
important regulators of ectodomain shedding in PDAC than ADAM
family proteases (Fig.5d). To examine the potential proteases thatare
responsible for shedding of the 22 shed proteinsidentified in tumours,
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Fig. 4 |Functional profiling of tyrosine-phosphorylation-mediated
intercellular signallingin PDAC. a, The combined strategy of the Photo-pTyr-
scaffold approach and pTyr peptide enrichment approach for examining pTyr-
mediated protein complexes and pTyrsitesin PDAC. b, The number of pTyr
writers, readers and erasers identified by the Photo-pTyr scaffold, the number
of pTyr sites identified by pTyr peptide enrichment and the coverage of
corresponding databases by combining two approaches. ¢, The relative
expression levels of pTyr writers, erasers and readersin the Photo-pTyr-scaffold
dataset. Top-ranked proteins (according to average MS/MS counts in tumour)
are highlightedinred. d, Theactivated paracrine signalling pairs from PCCs to

axis.

4 MMPs were examined on the basis of their significant upregulation
in tumour tissues, especially in comparison to ADAM10 and ADAM17,
which are known sheddases for AXL (Fig.5d and Extended DataFig. 7c).
Encouragingly, global secretome profiling revealed that knocking down
MMP1and MMP11in PCCs substantially reduced the ectodomain shed-
ding of many of the 22 PM proteins, while knocking down MMP9 and,
especially, MMP15had aminor effect (Fig. 5e, Extended DataFig.7d-g
and Supplementary Table 6). We performed further western blot analy-
sis to validate the participation of MMP1 and MMP11in AXL shedding

stromal cells in tumour and their downstream proteins screened out from
Extended DataFig.5g. e, pTyr site profiling of PSCs after stimulation (sti.) with
CM collected from PANC1 (n = 2) or MIA PaCa2 (n =2) cells. Dimethyllabelling
was used for pTyr peptide quantification. f,g, Investigation of LIF secretion
afterinhibitor treatmentin PDGF-activated PSCs (f) and FOS or PTPN11 small
interfering RNA (siRNA) knockdown (g). Dataare mean + s.d. of n =3 biological
replicates. Pvalues were calculated using two-tailed unpaired Student’s ¢-tests.
h, Schematic of the characterized stromal PDGFR-PTPN11-ERK-FOS signalling

(Fig. 5f and Extended Data Fig. 7e,h). Taken together, these findings
suggest that MMP-mediated membrane receptor shedding might func-
tion as an additional dimension of intercellular signalling regulation.

Additional dimension of AXL signalling

AXL is amember of the TAM family of RTKs, along with TYRO3 and
MERTK, that is aberrantly expressed in various cancer types and pro-
motes chemoresistance and metastasis®. In our dataset, AXL was more
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Fig.5|Exploration of generic shedding mechanism of PM proteinsin PDAC.
a, The bioinformatics workflow for the identification of shed PM proteinsin
tumours by using the secretome and PM proteome datasets of eight pancreatic
celllinesasthetrainingset. The 22 shed proteins were classified according

to celltype specificity and ranked by Index,.,.. pep., unique peptides; TMD,
transmembrane domain.b, AXLisshownasanexampleinthe identification
ofshed PM proteinsin 29 tumour samples. Box plots are as defined in Fig. 2c.
Pvalues were calculated using two-tailed unpaired Student’s t-tests. ¢, Heat
map of the 118 proteases significantly changed in tumour versus normal by
N-glycoproteomic analysis and subtyping of them on the basis of cell type
specificity, expression trend and protease family. d, Expression levels and

significantly and actively regulated than the other two TAM members
(Extended DataFig. 8a), suggesting that AXL signalling has an impor-
tantrolein PDAC.

To determine the extent to which AXL was shed in tumours, we per-
formed parallel reaction monitoring (PRM)-based targeted MS analysis
toabsolutely quantify the in situlevels of full-length (represented by the
ICD) and the ECD of AXL and its ligand GAS6 in PCC and stromaregions
of 50 tumour tissues (Fig. 6a,b). To increase the sensitivity and remove
any ICDs derived from shedding, glycoproteins in LCM-collected tis-
sue slices were enriched and processed using FISGlyco technology.
Heavy-isotope-labelled standard peptides were spiked into each sample
for absolute quantification. Clear PRM transition peaks covering six
orders of magnitude indicated high sensitivity for quantitative analysis
of peptides derived from the AXLICD, the AXLECD and GAS6 (Extended
DataFig.8b-e). Our PRMresultsrevealed that AXL and its ligand GAS6
were expressed at similar levelsin PCCs and the stromaregion (Fig. 6b
and Supplementary Table 7). Notably, the level of AXLECD was 3.5-fold
higher than the full-length AXL level, suggesting that approximately
70% of AXL was shedinboth PCC and stromal regions of PDAC tumours.

Notably, when we classified 41 tumour samples from patients with
or without lymph node metastasis according to the relative levels of
shed AXL (sAXL) and GAS6 that were consistent in stroma and PCC
regions, we found a significant positive correlation between relative
sAXL and GAS6 levels and lymph node metastasis (Fig. 6¢, Extended
Data Fig. 8f-i and Supplementary Table 7). Specifically, the absolute
level of sSAXL was calculated by subtracting full-length AXL from ECD
of AXL. Considering that sAXL and GAS6 probably enter the blood-
stream, we examined their potential as disease-specific biomarkers.
Encouragingly, ELISA analysis of SAXL and GAS6 showed that they
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ratios (against normal tissues) of the ADAM and MMP metalloproteinase
families in tumour tissues. e, Secretome profiling foridentification of shedding
substrates of MMPs in PANCl1 cells. n =3 biological replicates. Replicates 1-3 are
indicated on the xaxis. Selected MMPs were knocked down by siRNAs. The heat
map shows the shedding levels of the 17 out of 22 shed PM proteinsidentified
intumours. f, Validation of AXL shedding after MMPknockdown by siRNAsin
PANCl1cells.sAXLin PANC1CM and full-length AXL inwhole-cell lysates (WCLs)
were detected by westernblotting. B-Actin was run onthe same gel as the
loading control. Quantificationis shownin Extended Data Fig. 7e. N-AXL, AXL
extracellular domain.

were significantly upregulated in the plasma samples from 36 patients
with PDAC in the training cohort and 123 patients in the validation
cohort compared with those in normal plasma samples (Extended
DataFig. 8j). Combined analysis of SAXL and GAS6 increased the area
under the curve (AUC) of CA19-9, the only clinically used biomarker
for pancreatic cancer, indicating the potential of this panel as a PDAC
biomarker (Fig. 6d).

To validate the potential roles of MMP-family protease-mediated
shedding in AXL signalling regulation, we treated PANCI1 cells and
primary cancer cells derived from KPC mouse tumours (KPCP) with
10 tM BB-94, a broad-spectrum MMP inhibitor, which nearly abro-
gated shedding of AXLinto the CM (Extended Data Fig.9a,b). Given the
extremely high binding affinity (K;of 33 pM) between AXL and GAS6%,
sAXL might function as a high-affinity decoy receptor to neutralize
GAS6 and attenuate AXL signalling. Western blot and PRM analyses
confirmed that GAS6 pre-incubation with PANC1 CM containing SAXL
almost completely abrogated the GAS6-mediated activation of three
pTyrsiteson AXL and its key signalling node AKT, and this change was
reversed when the cells from which the CM was collected were also
treated with BB-94 (Fig. 6e and Extended Data Fig. 9¢,d).

Finally, we examined the phenotypic effects of MMP-mediated AXL
signalling on PDAC tumour growth. We used the R428 AXL kinase inhibi-
tor thatentered into a phase Il clinical trial for PDAC treatment (Clini-
calTrials.gov:NCT03649321). We first evaluated the synergistic effect
of BB-94 and R428 on the patient-derived organoids (PDO) biobank
(Methods), from which 66 PDOs derived from PDAC patients were
enrolledin this study (Extended Data Fig. 9e). PDOs and PDO-derived
xenografts displayed the histological and immunohistological patterns
presentinthe original patient tumour samples (Extended Data Fig. 9f).
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Fig. 6 | Additional dimension of signalling regulation by MMP-mediated
AXLshedding. a, Schematic of absolute quantification of full-length AXL
(ICD), ECD of AXL, sAXL (SAXL = ECD - ICD) and the ligand GAS6 with spatial
resolutionin tumour tissues. The centrifuge tube images were adapted from
ref. 28, copyright 2016 American Chemical Society. b, Absolute quantification
ofthe ECD and ICD of AXL, and the ligand GAS6 with spatial resolution in 50
tumour tissues. Dataare mean +s.d. of n =50 tumours. The schematic
demonstrates the potential activation status of the AXL signalling pathway
inrelationtosAXLsheddingleveland GAS6 level. ¢, The correlation of relative
sAXLand GAS6 levels with lymph node metastasis. One-sided x* tests were
performed ontherelative trend numbers of 41samples, inwhichsAXL and
GAS6 have consistentrelative trendsin PCC and stromal regions. d, Diagnostic
performance of individual targets and a biomarker panel by combining sAXL

Asexpected, R428 treatment alone markedly reduced the proliferation
of PDOs inadose-dependent manner, whereas BB-94 treatment alone
exhibited a minimal effect, even at concentrations of up to 100 puM.
Notably, when combined, the treatment remarkably enhanced the
sensitivity of the majority of PDOs to R428 in the presence of BB-94,
withanotable synergistic effect observedin 70% of the PDOs (Fig. 6f).
This synergistic effect was further confirmed in vivo using PDO-derived
xenograft models, including one with (DAC-71) and one without (DAC-
18) observed synergistic response, aligning closely with the in vitro
results of PDOs (Fig. 6g and Extended Data Fig. 9g-k). Consistently,
the combined administration of R428 and BB-94 significantly reduced
tumour growthinan orthotopic mouse model compared with R428 or
BB-94 treatment alone (Extended DataFig. 91). Moreover, we observed
that elevated mRNA expression levels of MMPI and MMPI1 correlated
positively with stronger synergistic response in PDOs (Extended Data
Fig. 9m), consistent with the expected regulation by AXL shedding.
The stable knockdown of MMPI1 or MMPI11 significantly enhanced the
efficiency of inhibition of cancer cell proliferationin a colony-formation
assay (Extended Data Fig. 9n,0). Moreover, blocking AXL shedding
(where the AXL signalling pathway was more active) promoted cell
migration and induced an epithelial-mesenchymal transition, as
indicated by the increased Snail and ZEB1 expression and decreased
E-cadherin expression? (Extended DataFig. 9p,q). Collectively, these
data demonstrate that sSAXL may act as a decoy receptor for GAS6 to
attenuate intercellular AXL signalling and potentially regulate PDAC
tumour growth and metastasis. Quantifying AXL shedding and GAS6

and GAS6 with CA19-9. e, Neutralization of GAS6 signalling by sAXL. The CM

of PANCl1cells with or without BB-94 treatment was collected and incubated
with GAS6 for 30 minbefore stimulation of PANC1 for 5 min at 37 °C; whole-cell
lysates were collected for western blot analysis. Owing to similar molecular
masses of proteins, the samples were run on separate gels, with B-actin as the
sample processing control. Quantifications areshownin Extended DataFig. 9c.
f, Synergistic efficiency between BB-94 and R428 on 66 PDOs. g, Validation

of the synergistic effect between BB-94 and R428 on the organoid-derived
xenograftmodel. The PDO with a notably synergistic effect was chosenon the
basis of the resultshowninf, and inoculated subcutaneously into SCID mice for
thedrugtreatmentassay. Dataare mean +s.d. of n = 8 xenograft tumours per
condition. Pvalues were calculated using two-tailed paired Student’s t-tests (b)
and two-tailed unpaired Student’s t-tests (g).

levels might help to stratify patients who would be expected toreceive
more therapeutic benefit from an AXL kinase inhibitor treatment.

Discussion

PDAC creates an atypical, highly stromal TME that actively interacts with
tumour cellsto affect their proliferation, migrationand drug resistance’.
To address the limitation of current proteomic studies of PDAC based
on global proteome profiling of bulk tissues or functional proteomic
profiling in cultured cell lines, we developed and applied TMEPro—a
clinical functional proteomic strategy—to investigate the dynamicinter-
cellular signalling eventsin the PDAC TME directly from clinical tissue
samples. By seamlessly integrating spatially and temporally resolved
S-PM functional proteomes through multidimensional bioinformatic
analysis, we constructed acomprehensive signalling map mediated by
ligand-receptorinteractions between cancer cells and stromal cellsin
the PDAC TME. The functional proteomic resource led to the identifi-
cation of a reciprocal signalling axis in stromal cells and an additional
dimension of intercellular signalling regulation by AXL shedding in
cancer cells. Overall, this study provides acomprehensive landscape of
theintercellular signalling network between PCCs and stromal cellsin
PDAC mediated by secreted ligands and PM receptors. We believe that
the TMEProis widely applicable for studying other cancer types, and the
proteomicresources are of broad interest to the community, especially
when testable biomarkers and clinical vulnerabilities are not identifi-
able through genomic assessment alone (Supplementary Discussion).
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Methods

CellLines

The sources of human pancreatic cancer cell lines PANCI (CRL-1469),
AsPC1(CRL-1682), MIA PaCa2 (CRL-1420), KP4 (JCRB0182) and human
PSCs were described previously™. The human pancreatic cancer cell
lines SU.86.86 (CRL-1837) and SW 1990 (CRL-2172), and the human
embryonic kidney cell line HER293T were purchased from ATCC. The
human PSCline HPaSteC was purchased from ScienCell. Note that PSCs
arethe precursor cells of PDAC CAFs and transition into the major form
of PDAC CAFs after invitro culture®. Cells were cultured according to
the supplier’sinstructions. All the cell lines from ATCC were authenti-
cated by short tandem repeat profiling by ATCC. Other cell lines were
not authenticated. Cell lines were tested for mycoplasma contamina-
tion every month; the test results were negative.

Mice

The KPC (Kras*:e22: Trp53/fx-pdx1-cre) mouse model was described
previously™. NSG mice (aged 5 weeks) were purchased from Shang-
hai Model Organisms Center. SCID mice (aged 6 weeks) were pur-
chased from Biocytogen Pharmaceuticals. Mice were housed in
standard closed plastic cages supplied with bedding, food and water.
The specific-pathogen-free room is maintained at a temperature of
20-26 °C, humidity of 40-70% and under a12 h-12 hlight-dark cycle
(on from 07:00 t019:00). All of the animal studies were performed in
accordance with the guidelines and regulations, and ethical approval
was received from the Institutional Animal Care and Use Committee
(IACUC) at Southern University of Science and Technology (experiments
using orthotopic mouse models) or from IACUC at Center for Excellence
inMolecular Cell Science (experiments using xenograft mouse models).

Humansamples

Human pancreatic tissue samples and plasma samples were obtained
from Affiliated Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology, with approval by the Medical
Ethics Committee of Tongji Medical Hospital (TJDBPS02). In total,
122 patients were enrolled in this study for collection of frozen tissue
samples, including 78 patients with PDAC, 16 patients with other cancer
diagnosed with tumour sites close (within 5 cm) to the pancreas and
some part of normal pancreas necessarily resected and 28 patients
with CP. Plasma samples from 159 patients with PDAC and 154 normal
control individuals were collected for measurement of TNFRSF11B,
NPTX1, CA19-9,sAXL and GAS6 levels. Tissue and plasma samples were
collected from the patients with informed consent. The clinical param-
eterswere summarized in Supplementary Tables1and 3, respectively.

Glycoprotein enrichment and on-bead digestion

Protein extraction. Tissue was ground to a powder in liquid nitrogen
and lysed by vortex in lysis and labelling buffer containing 1% (v/v)
Triton X-100, 2% (w/v) SDS, 200 mM sodium chloride and 100 mM
sodium acetate, pH 5.5. The sample was further disrupted by sonica-
tion (Scientz)Y 96-1IN, Ningbo scientz, 20% energy) onice for atotal of
2 minwith cycles of 3 s on and then 3 s off. Tissue debris was removed
by centrifugation. Cultured cells were directly lysed in lysis and label-
ling buffer after washing with PBS, and then sonicated for 30 s with the
same setting. The protein concentration was measured using the BCA
method. To mitigate the potential variation resulting from the techni-
cal challenge in preparing pancreatic tissue samples due to the dense
stroma and abundant proteases, 25 ng of bovine fetuin (New England
Biolabs) was spiked into 500 pg of lysate as a glycoprotein standard
for experimental quality control before glycoprotein enrichment to
monitor the entire workflow.

Glycoprotein labelling and enrichment. Glycoproteins were covalent-
lylabelled by the hydrazide group of the synthesized biotin-hydrazide

probe directly after tissue protein extraction and oxidation, and then
enriched by Streptavidin beads (Supplementary information). First,
oxidation of glycans on glycoproteins was performed by adding sodium
periodate to a final concentration of 2 mM and incubated at 4 °C for
30 min, and the residual sodium periodate was quenched by react-
ing with 4 mM sodium thiosulfate for 10 min at room temperature.
Oxidized glycans were labelled with biotin-hydrazide probe at 2 mM
final concentration at roomtemperature for 30 min. Excess probe was
removed by methanol and chloroform precipitation. Protein pel-
lets were redissolved in lysis buffer containing 8 M urea and 100 mM
Tris-HCI, pH 7.8, followed by protein reduction with 10 mM dithiothrei-
tol (DTT) at 50 °C for 20 min, and alkylation with 30 mM iodoaceta-
mide (IAA) at room temperature for 30 min. The urea concentration
was diluted to 2 M before pull-down of labelled proteins by 25 pl of
Streptavidin beads at room temperature for 1 hwith gentle rotation.

On-bead digestion. The Streptavidin beads were washed three times
with 6 M urea buffer containing 0.1% (v/w) SDS and 100 mM Tris-HCI,
pH 7.8, once with 1 M NaCl, once with 80% (v/v) acetonitrile (ACN) in
50 mM ammonium bicarbonate (ABC), and finally twice with 50 mM
ABC. Under this harsh washing condition, only a few dozen proteins
were non-specifically absorbed onto the Streptavidin beads, account-
ingforlessthan1% of totally identified proteins (Extended Data Fig. 1f).
First, protein digestion was performed at 37 °C overnight in 50 pl of
50 mM ABC containing1 pg trypsin. After digestion, non-glycopeptides
were collected. The beads were washed as described above except that
6 M ureawas removed from the first wash buffer. Glycopeptides were
released by treatment with 250 U of PNGase F (New England Biolabs)
in 30 pl of 50 mM ABC and incubation at 37 °C for 1 h. Glycopeptides
and non-glycopeptides obtained from cell lines and mouse tissues
were desalted on C18 StageTip as described elsewhere®. The non-
glycopeptides from human tissue samples were loaded onto the C18
StageTip, desalted and fractionated into five fractions by sequential
elution with ACN serial dilutions (3%, 6%, 9%, 15% and 80% (v/v)) in 5 mM
ammonium formate, pH 10. The collected eluents were dried using
Speed-Vac and stored at —20 °C before nano-liquid chromatography
(nano-LC)-MS/MS analysis.

Immunohistochemistry-guided LCM and sample preparation by
SISPROT
For spatially resolved proteome analysis, 13 frozen tumour tissues as
indicated in Supplementary Table 1were embedded in OCT medium
(Sakura Finetek) and sliced on a CM 1900 Cryostat platform (Leica).
Immunohistochemistry (IHC) staining was performed as previously
described®. In brief, frozen sections (thickness, 8 pm) were fixed in
formaldehyde (4% in water, w/v) and incubated with hydrogen peroxide
(3% in water, w/v) for 15 min. The sections were then blocked with 10%
(v/v) goat serum (Boster Biological Technology) before incubation
with KRT19 (a marker of epithelial cells, and commonly used target
to stain cancer cells) or PDGFRB (a marker of CAFs) primary antibody
(KRT19, Abcam, 1:1,000; PDGERB, Cell Signaling Technology, 1:1,000)
for1hat 37 °C. After washing with PBS, the sections were incubated
with HRP-conjugated goat anti-rabbit IgG for 30 min at room tem-
perature, and signals were detected using the Dako REAL EnVision
Detection kit. Finally, nuclei were visualized by haematoxylin staining.
LCM was performed using the LMD7000 system (Leica) using frozen
sections adjacent to IHC staining sections. Tissue sections (15 pm thick-
ness) stuck to PEN-membrane coated slides (Leica) were moderately
stained by haematoxylin and dehydrated through a graded series of
ethanol solutions. LCM of PCC and stromal regions was guided by the
IHC staining images targeting KRT19 and PDGFRB, respectively, with
asum area of 10 mm?.

Proteins were extracted and reduced from LCM samples by heating
at 95 °Cfor10 mininlysis buffer containing 600 mM guanidine HCI, 1%
(w/v) n-dodecyl B-pD-maltoside, 150 mM NaCl, 15 mM TCEP and 10 mM
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HEPES, pH 7.4, then sonicated for 20 min in a water bath sonicator
(AutoScience). Proteins were digested using the SISPROT technology,
with slight modifications®?"*, In brief, the sample pH was adjusted to
around 3 before loadinginto the SISPROT spintip fabricated by packing
C18 plugs and then astrong cation exchange resinintoa200 pl pipette
tip. The spintips were washed with 80% (v/v) ACN buffered by 8 mM
potassium citrate, pH 3, and then with water. Proteins were digested
andalkylated by 1 pgtrypsinin 50 mM ABC containing10 mMIAA. After
digestion, peptides were eluted onto the C18 plugs and then desalted
and fractionated into five fractions as described above.

CM preparation for secretome profiling

Cells cultured in 6-well plates at approximately 80% confluence were
washed three times with PBS and starved in culture medium without
fetal bovine serum (FBS) for 24-36 h. CM was centrifuged and then
filtered through a 0.22 pm syringe filter unit (Millipore) to remove
any cell debris. CM was centrifuged in a3 kDa cut-offfilter (Millipore),
and the medium was exchanged to PBS in the same filter, and then
dried using aSpeed-Vac. For western blot analysis, proteins were redis-
solved in western blot loading buffer and boiled at 100 °C for 5 min.
For secretome profiling, proteins were redissolved in 8 M urea lysis
buffer containing 50 mM ABC, reduced, alkylated and then digested
overnight with trypsin after the urea concentration was dilutedto1M
with 50 mM ABC. Peptides were desalted using HLB cartridges (Waters,
10 mg sorbent) before nano-LC-MS/MS analysis.

Enrichment of pTyr peptides
Tissue and cellline protein extractions were performed as described in
the ‘Glycoprotein enrichment and on-bead digestion’ section, except
that the lysis buffer, contained 1% (v/v) Triton X-100, 8 M urea, 50 mM
Tris-HCI (pH 8.5), protease and phosphatase inhibitor cocktails. Then,
2 mgof proteinwas reduced, alkylated and then precipitated by metha-
noland chloroform. The protein pellet was resolved in 8 M ureabuffer
containing 50 mM ABC, and the urea concentration was dilutedto1 M
before overnight trypsin digestion. Peptides were desalted using C18
cartridges (50 mg sorbent) and dried using the Speed-Vac.

pTyrenrichmentrelated to Fig.4 and Extended Data Fig. 9d was per-
formed as described previously®***. Inbrief, his-tagged Src homology
2 (SH2) superbinder was expressed in E. coli BL21 and purified using
Ni beads (GE Healthcare). The peptide samples were redissolved in
immunoaffinity purification (IAP) buffer (10 mM Na,HPO,, 50 mM
Tris-HCl and 50 mM NaCl, pH 7.8) and incubated overnight with Src
SH2 superbinder-conjugated Ni beads at 4 °C under gentle rotation.
Thebeads were washed three times with IAP buffer, and pTyr peptides
were eluted by 500 mM imidazole in PBS. The samples were desalted
using C18 cartridges (50 mg sorbent) and eluted by immobilized tita-
nium ion-affinity chromatography (Ti**-IMAC) loading buffer (6%
(v/v) TFA, 80% (v/v) ACN) and further purified by Ti*-IMACbeadsina
spintip-based manner as previously described®. In brief, one plug of C8
SPE disk (3M, Empore) was packed into the bottom of a200 pl pipette
tipasasieve,and 4 mg Ti*"-IMAC beads were loaded into the tip. After
equilibrating with Ti*"-IMAC loading buffer, peptides were loaded onto
the spintip under mild centrifugation. The spintip was washed twice
with buffer containing 6% (v/v) TFA, 50% (v/v) ACN and 200 mM NaCl,
and twice with buffer containing 0.1% (v/v) TFAand 50% (v/v) ACN.The
enriched pTyr peptides were eluted by 10% (v/v) NH;-H,0 and 50% (v/v)
ACN. The two eluants were combined, desalted and stored at —20 °C
before nano-LC-MS/MS analysis.

pTyrprofiling related to Fig. 4e was done as described previously™,
In brief, hPSCs were incubated with CM from PANC1 (n =2) or MIAPaCa2
(n=2)cellsfor5minat37 °Cbeforelysisin1% (v/v) Nonidet P-40, 0.1%
(w/v) sodium deoxycholate, 150 mM NaCl, 1 mM sodium orthovana-
date, 50 mM Tris-HCI, pH 7.4, protease and phosphatase inhibitor
cocktails. Cell lysate was reduced with DTT, alkylated with IAA and
digested to peptides withtrypsin. Peptides fromreplicate experiments

were labelled with light and heavy dimethyl while pTyr peptides from
non-stimulated PSCs were labelled with medium dimethyl as control,
and differently labelled peptides were equally mixed and desalted.
For pTyr peptide enrichment, mixed peptides were dissolved in 0.3%
(v/v) Nonidet P-40,100 mM NaCl, 100 mM Tris-HCI, pH 7.4, and then
enriched by anti-phosphotyrosine antibody 4G10-conjugated beads
(Merck, 16-199).

Enrichment of pTyr-mediated protein complexes

The Photo-pTyr scaffold approach was used to enrich pTyr-mediated
protein complexes as described previously®. In brief, Src SH2
superbinder protein was conjugated to the NHS group of a custom-
synthesized trifunctional probe TM2 (containing abiotin and abenzo-
phenone photoreactive group) to assemble the Photo-pTyr scaffold.
Tissue homogenization was performed as described aboveinaNonidet
P-40 buffer containing 1% (v/v) Nonidet P-40, 150 mM NacCl, 50 mM
Tris-HCI pH 7.4, and phosphatase and protease inhibitors. A total of
1.5 mg proteins was incubated with 50 pg Photo-pTyr scaffold for 2 h
at4 °Cwithgentle rotation. Cross-linking was performed by ultraviolet
irradiation in a quartz colorimetric cuvette onice for 30 min using a
CL-1000L UV Crosslinker (UVP). The labelled proteins were then pulled
down by 30 pl of Streptavidin beads, followed by a harsh wash using a
modified RIPA buffer containing 1% (w/v) SDS, 1% (v/v) Triton X-100,1%
(w/v) sodium deoxycholate,1 M NaCland 50 mM Tris-HCI, pH 7.4. After
reduction and alkylation, proteins were on-bead digested with trypsin
at 37 °Cfor 16 h. The peptides were collected, desalted and stored at
-20 °C for nano-LC-MS/MS analysis.

Nano-LC-MS/MS analysis
Glycoproteome profiling of human tissue samples was performed on
the Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific)
coupled with anEasy-nLC1000 liquid chromatography system (Thermo
Fisher Scientific). Peptides were dissolved in mobile phase A (0.1% (v/v)
formic acid in water) and separated by a home-made 100 pm inner
diameter capillary tip column packed with 20 cm of 1.9 pm/120 A C18
resin (Dr Maisch). Using a 250 nl min~ flow rate, the effective linear
gradient went from 7% mobile phase B (0.1% (v/v) formic acid in ACN) to
22% over100 min, and then linearly increased to 35% over 20 min. Full
MS spectra (m/zof 350-1,550) were acquired in the Orbitrap analyzer
using resolution 0f120,000 (at m/z200),an AGC target of 2 x 10°and a
maximum injection time (MIT) of 100 ms. MS/MS scans were performed
indata-dependent mode with a cycle time of 3 sfor precursor selection,
followed by quadrupoleisolation throughal.6 Dawindow. Precursors
were fragmented by high-energy collisional dissociation (HCD) using
normalized collision energy (NCE) of 30%. Spectra of product ions were
acquired in the ion-trap mass analyzer using rapid scan rate, an AGC
target of 1 x 10* and an MIT of 40 ms. The dynamic exclusion time was
30 s for m/z of scanned precursors.

Nano-LC-MS/MS analysis of other samples was performed on the
Q Exactive HF-X mass spectrometer coupled with the Easy-nLC 1200
liquid chromatograph system (Thermo Fisher Scientific). The analyti-
cal column was the same as described above. The effective gradient
increased linearly from 8% mobile phase B (0.1% (v/v) formic acidin 90%
(v/v) ACN) to 25% over 50 min (LCM samples and phosphopeptides) or
over 100 min (cell line, mouse and Photo-pTyr-scaffold samples), and
thenincreased to 40% over 10 min or 20 min, respectively, at a con-
stant flow rate of 250 nl min™. Full MS scans covering m/z of 350-1,550
were acquired using an Orbitrap resolution 0f120,000, an AGC target
of 3 x10%and an MIT of 60 ms. The top 50 (15 for phosphopeptides)
most abundant precursors from each full MS1scan were selected and
isolated through a 1.2 Da window (0.7 Da for phosphopeptides), and
fragmented by HCD at NCE of 27% (32% for phosphopeptides). MS/
MS spectra were scanned with a resolution of 7,500 (45,000 for phos-
phopeptides), an AGC target of 1 x 10° and an MIT of 25 ms (86 ms for
phosphopeptides). Nano-LC-MS/MS analysis of dimethyl-labelled pTyr



peptides was performed on the LTQ-Orbitrap Elite mass spectrometer
system as described previously™.

PRM-MS assay
Absolute quantification of AXL and GAS6 in PCC and stromal regions of
50 tumour tissues was performed by PRM using stable-isotope-labelled
heavy peptides as internal standards. PCC and stromal regions were
collected from frozen tumour tissue sections (thickness, 15 um) by LCM
with collected area of 20 mm?. Glycoproteins were enriched using the
FISGlyco method™. Non-glycopeptides were released from the FISGlyco
device by trypsin digestion. Stable-isotope-labelled heavy peptides
(600 attomoles per peptide) were spiked into each sample, and one
third of each sample was injected for absolute quantification by PRM®,
PRM-MS assays were performed on the Orbitrap Exploris 480 mass
spectrometer (Thermo Fisher Scientific) coupled with an UltiMate
3000 RSLCnano chromatography system (Thermo Fisher Scientific).
Peptides were separated using a custom-made analytical column as
described above at flow rate of 500 nl min™. The effective gradient
linearly increased from 8% solvent B (0.1% (v/v) formic acid in 80%
(v/v) ACN) to 28% over 50 min, and then linearly increased to 42% over
10 min. MS spectra were acquired using 445.12 as the internal mass
calibration. The full MS scans (m/z of 400 to 900) were acquired at
an Orbitrap resolution 0f 120,000, normalized AGC target of 3 x 10°
and MIT of 50 ms. Targeted peptides were scheduled within a +2 min
window of the retention time detected by heavy peptides. Precursors
wereisolated through al Dawindow, and fragmented by HCD at NCE of
30%. The fragmentions were scanned at Orbitrap resolution 0f 45,000,
AGC target of 1 x 10° and MIT of 150 ms.

MS data processing

MS database searching. Raw files were searched against the UniProt
human proteome database (version 2019-06-22, 74,416 entries), an
in-house generated human PM protein database with sequences divided
into ECDs and ICDs, or amouse proteome database (version 2017-02-12,
50,306 entries) using MaxQuant software (v.1.5.5.1). Carbamidomethyla-
tion of cysteine was set as static modification. Deamidation (N/Q) and
oxidation (M) were set as dynamic modifications for all datasets, and
phospho-S/T/Y was also added as a dynamic modification for the pTyr
peptide enrichment dataset. Two missed cleavages were permitted.
Label-free quantification was enabled for global normalization. Match
between runs was selected to reduce missing values. The raw files of
dimethyl-labelling-based pTyr quantification were analysed using Max-
Quantsoftware (v.1.1.1.36) for database searching targeting the IPlhuman
database (v.3.79) containing 91,464 entries, with phospho-S/T/Y set as
variable modification. Aminimum ratio count of 2 was required for pro-
tein quantification of dimethyl-labelled pTyr peptides. Unless specified
otherwise, at least two unique peptidesidentified across all samples were
required for protein/domain identificationin each dataset of this study.

Database generation. Generation of S-PM protein databases. The
human PM protein database containing 2,829 PM proteins was ref-
erenced from reported work®. The transmembrane domains were
confirmed by TMHMM (v.2.0)*° and the UniProtKB/Swiss-Prot data-
base (version 2018_01). A secreted protein database was generated
according to the following steps. First, canonical secreted proteins
were screened out from three available online sources: proteins con-
taining signal peptides in UniProtKB/Swiss-Prot database, proteins
containing signal peptides predicted by SignalP (v.4.1)* or predicted
by Phobius*. Then, proteins included in at least two sources were kept
inthe database. Finally, proteins included in the PM protein database
were removed, generating the final secreted protein database with
2,534 secreted proteins.

Generation of cancer biomarker database. The cancer biomarkers
were selected from an initial pool of over a hundred scientific arti-
cles. After a stringent curation process focusing on the credibility of

the journals and the relevance of the content, we narrowed down to
approximately 50 high-quality studies. From these selected studies,
we curated alist of 65 reported pancreatic cancer markers, comprising
52 S-PM proteins. Among them, 48 S-PM proteins were identified in
our dataset, with 31showing significant differences between pancreatic
cancer tissues and normal counterparts. The PubMed article IDs of the
literature sources for the markers are annotated in Supplementary
Tablel.

Generation of ligand-receptor database. The ligand-receptor pair
database was established as previously described with minor modifica-
tions*. First, reported ligand-receptor pairs were downloaded from
the following databases: DLRP*, IUPHAR* and HPMR*¢ on 30 August
2018, 29 May 2018 and 28 May 2018, respectively. By combining the
three databases, 1,179 ligand-receptor pairs were obtained. Then, in
silicoligand-receptor pairs were generated between putative ligands
and putative receptors of our S-PM databases on the basis of experi-
mentally validated protein-protein interactions (PPIs) in HPRD* and
STRING (v.10.5)*3. From HPRD, we obtained binary PPIs evidenced by
one of the three sources (in vivo, in vitro and yeast 2-hybrid). From
STRING, we obtained PPIs based on physical-binding interactions in
Homo sapiens with confidence score > 700, and experimentally sup-
ported interactions with confidence score >700. Moreover, the pair
database was extended by PPIs in the OmniPath database'. Finally,
byintegrating these six online available databases and references, we
builtup anin-houseligand-receptor database containing 788 ligands,
766 receptors and 3,919 pairs.

Generation of pTyr writer, reader and eraser databases. pTyr writer,
reader and eraser databases were generated from references, includ-
ing 98 pTyr writers*°; 157 pTyr readers, of which 112 contain an SH2
domain®'and 53 contain a PTB domain®>**; and 108 pTyr erasers>*.

Identification of N-glycosites and phosphosites. N-glycosites were
determined with canonical sequence motifs N-IP-S/T or N-X-C, where-
as Nis deamidated asparagine, !P represents any amino acid except
proline and X represents any amino acid*. Under these criteria, 6,181
N-glycosites were identified from 100 tissue samples, in which 98.7%
were class I sites with ascore difference of higher than5and alocaliza-
tion probability of higher than 0.75. A total of 1,360 pTyr sites was iden-
tified by pTyr peptide enrichment from 32 tissue samples (Extended
Data Fig. 5a) with phosphorylation on tyrosine, in which 90.9% were
classlIsites satisfying ascore difference higher than 5andlocalization
probability higher than 0.75 (ref. 57).

Identification and quantification of S-PM proteins. The protein group
tables generated by non-glycopeptides and glycopeptides were com-
bined, and atotal of2,741S-PM proteins wasidentified with at least two
unique peptides required for non-glycopeptides and one unique pep-
tide required for glycopeptides. LFQintensities were log,-transformed
and normalized by using the R package (v.3.38.3). Atotal of 2,658 S-PM
proteins was quantified with at least one value across 100 pancreatic
samples. Statistical significance was calculated between tumour and
normal samples with P < 0.05and fold change > 2, or normalized ratio
of quantified sample count > 2 and at least 5 samples quantified in at
least one group. S-PM proteins in the mouse dataset were processed
using the same workflow and criteria as human tissue samples. After
combining proteingroup tables generated by non-glycopeptides and
glycopeptides, atotal of 1,684 S-PM proteins was quantified across all
of the mouse samples. Statistical significance was calculated between
tumour samples of different ages and NT samples, with P < 0.05 and
fold change > 2, or normalized ratio of quantified sample count > 2, and
at least half of samples quantified in at least one group. Moreover, as
approximately one-third of S-PM proteins quantified with intensities
were without LFQintensities in mouse samples, toincrease S-PM pro-
teome coverage, those S-PM proteins filtered out due to less quantified
samples by LFQ intensities, but met the above criteria for calculating
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significance whenusing raw intensities, were also included in the final
list of significantly changed S-PM proteins.

Quantification of spatially resolved and cell-type-specific proteins.
For quantification, LFQintensities were log,-transformed and normal-
ized by Limma for removing batch effects. The PCC- or stroma-specific
proteins were defined according to the statistical criteria as mentioned
above. Furthermore, proteins were retained based on at least five sam-
ples quantified in at least one group for LCM samples, or at least two
replicates quantifiedinatleast one PCC or PSCline for cell line samples.
Significant proteins quantified using two strategies were combined
for downstream analysis. For contradictory results between tissues
and cell lines, tissue quantification results were used for deciding cell
type specificity of these proteins.

Quantification of pTyr protein complexes and pTyr peptides. LFQ
intensities were log,-transformed and normalized to the LFQintensity
of the bait protein (SH2 superbinder) in each sample. Statistical sig-
nificance was calculated between tumour and normal samples with
P<0.05and fold change > 2, or normalized ratio of quantified sample
count >2.Moreover, proteins were retained when satisfying more than
20% (at least three samples) quantified in at least one group for the
Photo-pTyr-scaffold dataset and at least five samples quantified in at
least one group for pTyr-peptide enrichment dataset.

Identification of shed PM proteins. Shed PM proteins in PDAC
tumours were identified using the secretomes and PM proteomes of
eight pancreatic cell lines as a training set according to the following
cut-offs, as also depicted in Extended DataFig. 7a. Step 1: calculation of
the ECD-to-ICD ratio under three different conditions: (1) full-length PM
proteins were quantified inthe PM proteome of 8 cell lines: 1,012 ECDs
orICDs wereidentified from 773 PM proteins. Both ECDs and ICDs were
strictly required with atleast 2 unique peptides for both replicates of any
PM protein. The strict requirement ensured the calculationaccuracy of
ECD-to-ICD ratio based on unique peptide number for full-length PM
proteins. Under this stringent filtering criterion, the Ratiop,, 0f 136 PM
proteins were retained. (2) Shed PM proteins were quantified in the
secretome (S) of 8 celllines: 806 ECDs or ICDs were identified from 667 PM
proteins. To ensure reproducible quantification of ECDs of PM proteins
inthe secretome, ECDs were required with at least 2 unique peptides
for both replicates of any PM protein. For those shed PM proteins for
which an ECD was quantified, buta paired ICD was notidentifiedinthe
secretome, the missing value of unique peptide number was imputed by
1forratio calculation. The Ratiog was calculated for 377 PM proteins that
met the cut-off criteria. (3) Entire and shed PM proteins were quantified
intumours: 1,387 ECDs or ICDs were quantified from 1,044 proteins.
ECDorICDwererequired with atleast 2 unique peptides. (4) Real shed
proteins were identified in both secretome and PM proteome. This
analysis yielded Ratiog_py, for 1,088 S-PM proteins.

Step 2:1dentification of shed PM proteins through afiltering process
that calculates twoindex values. Given that the lengths of the ECDs and
ICDs vary considerably among PM proteins, theindex value servesasa
parameter foridentifying real shed proteins and measuring the degree
of shedding. The index value was calculated by normalizing the ratio
of ECD/ICD under shedding conditions (such as the secretome of cell
lines or S-PM proteome of tissue samples) to that ratio under full-length
condition (PM proteome of cell lines). The above calculation method
can exclude alarge number of false-positive shedding proteins, and
screen out more credible shedding proteins. (1) Real shed proteinsin
the cell line dataset are those PM proteins that meet the cut-off criteria
for both the PM proteome and the secretome. ECD/ICD ratios of 107
PM proteins were both quantified in secretome and PM proteome. To
determinereal shed proteins in the secretome but not contamination
by full-length PM proteins from cell debris, the shedding levels in the
secretome were re-evaluated by normalizing the ratio of ECD/ICD in

the secretometothatin the PM proteome of each cell line, generating
the value named IndeX,inin- The larger value of IndeX,ining, the higher
sheddinglevel of PM protein. In total, 45 shed PM proteins were identi-
fied withIndeXinins = 2 in atleast 2 celllines. (2) The shedding levels of
PM proteinsintumours were also re-evaluated using the same criteria,
generating the value named Index.. Collectively, 22 out of the 45 shed
PM proteinsin the secretome were identified with Index,. > 2inatleast
6 tumours and were defined as shed PM proteins in tumour.

PRM quantification. Extraction of peptide transition peak areas from
PRM raw files were performed using Skyline (v.20.2.0.286). Data satisfy-
ing the following criteriawere accepted for further analysis: the same
retentiontime for endogenouslight peptide and stableisotope-labelled
heavy peptide; variation of retention time across all samples within
+2 min; and mass difference within £5 ppm. The peak area of each
peptide was calculated by summing the peak area of all its transitions
manually checked with clear peaks. The absolute amount of light pep-
tide was calculated by dividing the peak area of light peptide to that of
itscorresponding heavy peptide, and then by multiplying the absolute
amount of heavy peptide. The absolute amount of light peptide per
square millimetre of tissue section was calculated by dividing by 20
and multiplying by 3, as 20 mm? of the tissue section was processed,
and one-third of the sample was injected for nano-LC-MS/MS analysis.
For protein quantified by two peptides, averages were calculated to
represent the protein/domain level.

Bioinformatics and statistical analysis

Except where otherwise stated, bioinformatics and statistical analy-
ses were performed using R (v.3.6.1). R packages for data visualization
and plotting included: ggplot2 (v.3.3.5), ggpubr (v.0.4.0), pheatmap
(v.1.0.12), igraph (v.1.2.6), RColorBrewer (v.1.1-2), reshape2 (v.1.4.4),
ggrepel (v.0.9.1), circlize (v.0.4.12), dplyr (v.1.0.5), networkD3 (v.0.4),
voronoiTreemap (v.0.2.1) and cytoscape software (v.3.8.2). Correla-
tion coefficients of log,-transformed LFQ intensities between biologi-
cal replicates were determined by the Pearson correlation. Cell type
deconvolution of tumour samples was performed using our bulk tumour
S-PM proteome and published single-cell RNA-sequencing dataset of
PDAC®, and the deconvolution method CIBERSORTx*®. Gene Ontol-
ogy enrichments were computed using the enrichGO function of theR
package clusterProfiler (v.3.10.1). Module connectivity was computed
using theJaccard index with a threshold of more than 0.08. Protein
entry was mapped by annotation R package org.Hs.eg.db (v.3.7.0). The
tumour-progression-related S-PM proteins in the time-resolved prot-
eomic dataset were clustered using the fuzzy c-means method fromR
package Mfuzz (v.2.50.0), which calculates membership values for quan-
tification data based on existing cluster centroids and the fuzzification
parameter*’. The membership value ranges from O (indicating no asso-
ciation) to1(indicating full association). Each cluster is designated by the
function of prominent members. Proteins with amembership score of
higher than 0.45 were defined as tumour-progression-related proteins,
including MSLN and ITIH3, two important PDAC markers®®®.. The path-
way enrichment of ligands, receptors and pTyr-mediated complexes was
analysed using the STRING web-based platform (interaction sources
including databases and experiments with interaction score > 0.4).

siRNA knockdown

siRNAs targeting the mRNAs of 8 genes (PDGFRA, PDGFRB, PTPN11, FOS,
MMP1, MMP9, MMP11 and MMP15) were self-designed (Supplementary
Tables 5and 6), chemically synthesized (RiboBio) and then transfected
intotarget cells using the Lipofectamine RNAiMax kit according to the
supplier’sinstructions.

RT-qPCR analysis
Total RNA was extracted using the TRIzol reagent as indicated in the
kit’s instructions. The first-strand cDNA was synthesized using the



High-Capacity cDNA Reverse Transcription Kit. The mRNA levels of
targeted genes were quantified by quantitative PCR with reverse tran-
scription (RT-qPCR) using the TB Green Premix Ex Taq Il reagent
(Takara) onthe CFX96 system (Bio-Rad). The sequences of primers for
RT-qPCR are summarized in Supplementary Table 6. Data were ana-
lysed using GraphPad Prism (v.7.0). The 2724t method was used to
calculate mRNA levels of targeted genes. Actinwas used as aninternal
control for normalization.

Westernblots

Forvalidation of PDGFRsignalling, PDGFB was choseninstead of PDGFC
for cell stimulation because the PDGF-BB (Peprotech,100-14B) homo-
dimer canactivate bothhomodimers or heterodimers of PDGFRA and
PDGFRB, while PDGF-CC cannot activate the PDGFRB homodimer®,
Cells or lyophilized CM were lysed in RIPA buffer containing 1% (w/v)
SDS, 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate, 1 M NaCl,
50 mM Tris-HCI, pH 7.4, and protease and phosphatase inhibitor
cocktail, and sonicated to further disrupt cells. Lysates were centri-
fuged, and the protein concentration was measured using the BCA
method. Sample loading buffer containing 10 mM DTT was added to
proteinextracts and heated at 95 °C for 5 min. Proteins were separated
through a10% SDS-PAGE gel and transferred onto PVDF membranes.
The membranes were blocked with 5% (w/v) non-fat milk resolved in
TBS containing 0.1% Tween-20 (TBST) for 1 h at room temperature,
followed by incubation with primary antibodies at 4 °C overnight. The
primary antibodies against the following proteins were used: B-actin
(Cell Signaling Technology, 37008, 1:5,000), PDGFRA (Cell Signaling
Technology, 3174S,1:1,000), phospho-PDGFRA-Y742 (Abcam, ab5452,
1:1,000), AXL-ectodomain (Abcam, ab219651, 1:1,000), PDGFRB (Cell
Signaling Technology, 3169S, 1:1,000), PTPN11 (Abcam, ab32083,
1:2,000), phospho-PTPN11-Y542 (Abcam, ab62322,1:5,000), AKT (Cell
Signaling Technology, 4685S,1:2,000), phospho-AKT-S473 (Cell Sign-
aling Technology, 40608, 1:2,000), ERK (Cell Signaling Technology,
4695S,1:2,000), phospho-ERK-T202/Y204 (Cell Signaling Technol-
ogy, 43708, 1:2,000), E-cadherin (Cell Signaling Technology, 3195,
1:1,000), N-cadherin (Cell Signaling Technology, 13116,1:1,000), Snail
(Cell Signaling Technology, 3879, 1:1,000) and ZEB1 (Cell Signaling
Technology, 3396, 1:1,000). After washing three times with TBST, the
membranes were incubated with HRP-conjugated goat anti-rabbit IgG
(Beyotime, A0208,1:2,000) or goat anti-mouse IgG (Beyotime, A0216,
1:2,000) at room temperature for 1 h. After washing three times with
TBST, Clarity Western ECL substrate (Bio-Rad, 1705061) was added to
the membranes, and the signal was detected using a Tanon 6100C gel
imaging system.

Chromatinimmunoprecipitation assay

Binding of FOS to the L/F promoter region after PDGFB stimulation was
tested using the SimpleChIP enzymatic chromatin IP kit (Cell Signaling
Technology, 9003S) according to the kit’s instructions, with minor
modifications as previously described®. In brief, PANC1 cells were
stimulated with 100 ng mI™ PDGF-BB (Peprotech, 100-14B) in cul-
ture medium for 24 h. Control cells were cultured in normal medium
without PDGF-BB. Cells were fixed with 1% (w/v) formaldehyde for
10 min at room temperature, and cross-linking was quenched by the
10x glycine buffer. Cells were lysed in lysis buffer, and then digested
with micrococcal nuclease. After sonication and centrifugation, the
supernatant was collected and incubated overnight with anti-FOS
antibody (Cell Signaling Technology, 2250) or IgG as a negative con-
trol. The DNA fragment-antibody complexes were pulled-down by
incubating with protein-G-conjugated magnetic beads for 2 h. The
beads were thoroughly washed, immunocomplexes were eluted and
cross-linking was reversed by adding 5 M NaCl, proteinase Kandincu-
bating at 65 °C for 2 h. DNA was purified using spin columns and four
LIF promoter sequence regions were detected by PCR using primers
described previously®*.

Promoter luciferase assay

TheLIF promoter luciferase reporter plasmid, pRL-TK Renilla luciferase
plasmid and pGL4.1-basic empty vector were provided by ). Chen. The
transfection efficiency was measured using the pRL-TK Renilla lucif-
erase plasmid as the internal standard. Cells at a density of around
1x10° cells per wellin 24-well plates were co-transfected with 0.05 pg
pRL-TK and 500 ngluciferase reporter plasmid or an empty vector using
the lipo3000 transfection kit (Thermo Fisher Scientific, L3000001).
Cells with or without PDGF-BB (Peprotech,100-14B) stimulation were
collected and LIF promoter luciferase activity was measured using
the dual-luciferase reporter assay kit (Promega, E1910) using Renilla
luciferase activity as internal standard for normalization. Signal was
detected onaSpectraMaxi3x multi-mode microplate reader (Molecular
Devices).

Luminex and Simoa ELISA assay

Plasmalevels of TNFRSF11B, NPTX1, CA19-9, sAXL and GAS6 were meas-
ured using the commercial Luminex ELISA assay from Merck or R&D
Systems, respectively, according to the manufacturer’s instructions.
The main steps include adding of protein standard or samples to a
96-well plate, incubating with magnetic beads coated with capture
antibodies, incubating with biotinylated detection antibodies, incubat-
ing with substrate-conjugated Streptavidin and finally the signal was
read using the Luminex MAGPIX System. The LIF protein levelin CM was
measured by single-molecule array (Simoa) ELISA as described previ-
ously™. HPaSteCs cells were treated with inhibitors targeting PDGFRB
(Crenolanib, Selleck, S2730), PTPN11 (SHP099, Selleck, S6388),JAK1/2
(Ruxolitinib, MedChemExpress, HY-50856), MEKs (mirdametinib,
MedChemExpress, HY-10254), ERKs (ravoxertinib, MedChemExpress,
HY-15947), or PI3K (LY294002, MedChemExpress, HY-10108), respec-
tively, before CMwas collected. The Simoa ELISA assay was developed
using aSimoahomebrew assay starter kit (Quanterix, 101351). Inbrief,
ahomemade LIF antibody was used as capture antibody and conju-
gated to magnetic beads, while a commercial anti-LIF (R&D Systems,
AF-250-NA) was used as the detection antibody and biotinylated with
an NHS-PEG,-biotin probe. LIF standard (Symansis, 3014D) or CM was
firstincubated with capture beads in a 96-well plate. After washing to
remove non-specific proteins, biotinylated detection antibody was
added forincubation. Finally, SBG substrate was added and signal was
read on the Quanterix SR-X machine.

Multiplex TSA staining

Multiplex TSA staining was performed according to the supplier’s
instructions. In brief, FFPE tissues were sliced at 4 pm thickness and
stuck onto glassslides. Tissue sections were deparaffinized by xylene
and rehydrated through ethanol gradients. For antigen retrieval,
the sections were boiled in 10 mM sodium citrate buffer, pH 6.0, or
citrate-EDTA buffer (10 mM citric acid, 1 mM EDTA, pH 8) for 3 minin
apressure cooker (step1). After cooling down, the tissue sections were
incubated with hydrogen peroxide (3% inwater, w/v) for 20 mintoinac-
tivate endogenous peroxidase (step 2). The sections were thenblocked
with10% (v/v) goat serum before incubating with primary antibodies
for 2 h at room temperature (step 3). The following primary antibod-
ies against the indicated proteins were used for TSA staining: KRT19
(Abcam, ab52625,1:1,000), PDGERB (Cell Signaling Technology, 3169S,
1:1,000), TRPV4 (Abcam, ab191580, 1:500), SLC1A3 (Abcam, ab416,
1:200), PKD1 (Abcam, ab74115,1:200), TMPRSS4 (Abcam, ab150595,
1:200), CDON (Abcam, ab227056,1:200) and LRIG2 (Abcam, ab157492,
1:100). The sections were incubated with HRP-conjugated secondary
antibody for 1 h at room temperature (step 4). TSA fluorophore label-
ling was performed by adding Fluor NEON-TSA reagent (step 5). TBST
washing was performed following each step. Next, steps 1to 5 were
repeated until all of the target proteins from the concerning panel
were labelled with different fluorophore dyes. DAPI was used to stain
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genomic DNA. Colocalization analysis between targeted proteins and
KRT19 or PDGFRB was performed using Colocalization Finder plugin
(v.1.8) in FIJI to calculate their Pearson’s correlation coefficients®.

Lentiviral shRNA cloning, production and infection

To generate MIA PaCa2 cell lines with stable knockdown of MMPI
and MMP11, two pairs of shRNAs were synthesized for each protease.
The shRNA sequences are summarized in Supplementary Table 6.
The related oligonucleotides were cloned into pLKO.1, and then the
acquired plasmid was co-transfected into HEK293T cells with lentiviral
packaging plasmids psPAX2 and pMD2.G for lentivirus production.
Afterinfection, MIA PaCa2 cells were selected with 5 pg ml™ puromycin
in culture medium.

Colony-formation assay

MIA PaCaz2 cells with stable knockdown of MMP1 or MMPII were seeded
as 500 cells per well and cultured in DMEM medium containing 10%
(v/v) FBS with DMSO or 1.5 uM R428. After 14 days, cell colonies were
washed with 1x PBS, fixed with 4% (v/v) paraformaldehyde for 30 min
and washed once again with PBS; then, 1 ml 0.1% (v/v) crystal violet stain-
ing solution was added to each well and stained for 20-30 min. Finally,
the cells were washed once more with PBS and air-dried for imaging.
The cells were then eluted in 500 pl 10% acetic acid (v/v) for 10 min,
and the absorbance was measured at 570 nm. In a single experiment,
assays were conducted in triplicate and then as three independent
experiments.

Cell migration assay

The cell migration assay was performed using Transwell chambers
with 8 um pores (Falcon) and a 24-well plate as the lower chamber. A
cellsuspension containing1x 10° MIA PaCa2 cells per mlinserum-free
mediumwas added to the upper chamber and then placed inthe lower
chamber containing serum-free CM collected from MIA PaCaz2 cells
under different treatments. MIA PaCa2 cells were incubated for 48 h
at37 °Cin cell incubator supplied with 5% CO,. After incubation, cells
remaining on the top surface of the upper chambers were removed.
Migrated cells were fixed with methanol, stained with crystal violet
(Sigma-Aldrich) and photographed using a light microscope at x100
magnification.

Immunohistochemistry

Immunohistochemistry staining of organoids and organoid-related
tumour tissues was performed as described in our previous study®®.
The following primary antibodies were used: anti-KRT19 (Cell Signal-
ing Technology, 12434,1:500), anti-SOX9 (Cell Signaling Technology,
82630,1:500), anti-Ki-67 (Abcam, ab16667,1:500).

Drug treatment assay on organoids

The patients cohortand organoid culture were described previously®®.
For the drug treatment assay, the organoids were digested with Tryp-LE
(Gibco), which was subsequently inactivated with 1640 basic medium
containing 10% (v/v) FBS. The cells were washed with PBS and then
resuspended in medium and dispensed into 384-well plates (3,000
cells per well). Then, R428 and BB-94 with six different concentration
gradients (R428, 20 pM, twofold dilution; BB-94, 200 pM, eightfold
dilution) were added the next day using the Mosquito workstation.
After 5 days of drug treatment, cell viability was detected by adding
25 pl of CellCounting-Lite 2.0 (Vazyme), gently shaking for 10 min at
room temperature before luminescence signal detection using the
Envision plate reader. The average inhibition rates were calculated
from two independent experiments. The viability was set to 100 if it
was higher than the baseline, and each drug concentration (uM) was
log,,-transformed. The AUC was calculated using the sintegral function
inR, and the normalized AUC was obtained by dividing one AUC by the
maximum AUC for each drug. To detect synergistic effect, observed

combination responses were compared to expected combination
responses. For the latter, we used Bliss independence of the response
to BB-94 and R428 alone. Conceptually, every point on the Bliss dose
response curve is defined as the product between the BB-94 viabil-
ity and the corresponding point on the R428 dose response curve®.
Shiftsin potency (AAUC) were calculated as the difference between the
observed combination response and the expected Bliss (AAUC = Bliss
AUC - combination AUC). AAUC > O represents synergy.

Animal studies

For generation and drug treatment of the orthotopic model, pri-
mary murine tumour cells (KPCP) were isolated from tumours of
7-9-week-old KPC mice as reported previously®s, and an orthotopic
PDAC model was constructed using NSG mice aged 6-7 weeks and
weighing 20-25 g. A mixture of 1x 10° KPCP cells in 50 pl of PBS was
implanted into the pancreata. Then, 7 days after implantation, two
mice were randomly euthanized and dissected to confirm tumour
formation and the mice were allowed to establish for 7 days before
beginning treatment. The mice were randomized to four groups, and
treated with delivery vehicle (5% (v/v) DMSO, 40% (v/v) PEG300 and
5% (v/v) Tween-80 in water), BB-94 (30 mg kg™, intraperitoneal), R428
(30 mg kg™, oral) or combined administration of BB-94 (30 mg kg,
intraperitoneal) and R428 (30 mg kg™, oral). After daily adminis-
tration for 14 days, the mice were euthanized according to IACUC
guidelines and tumour wet weights were measured immediately
after resection. For generation and drug treatment of the xenograft
model, the indicated organoids were subcutaneously inoculated
into both flanks of the eight-week-old female SCID mice (n =4 per
group, 2 x 10°cells per injection). After the xenografts became palpa-
ble (200 mm?), mice were randomized to four groups, and treated
the same as for the orthotopic model. Tumour sizes were measured
every 2 days and the tumour volume was calculated according to the
equation V (in mm?®) = 0.5 x length x width (ref. 67). Mice were eutha-
nized according to the experimental protocols or when they met lim-
its designated by our IACUC (10% of body weight and 20 mm in any
direction).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The MS proteomics data have been deposited to the ProteomeXchange
Consortiumviathe PRIDE® partner repository under dataset identifier
PXD048644. The UniProt human and mouse proteome databases are
available online (https://www.uniprot.org/). All other datasupporting
the findings of this study are available within the Article and its Sup-
plementary Information. Source data are provided with this paper.

Code availability

No new algorithms were developed for this Article. Scripts to reproduce
the figures are available from the corresponding authors on reason-
ablerequest.
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Extended DataFig.1|Optimization of N-glycoproteomic method using the
synthesized long chainbiotin-hydrazide probe. a, Chemical structure of in-
house synthesized biotin-hydrazide for glycoproteinlabelling and enrichment.
b, Labelling and enrichment efficiency of the biotin-hydrazide probe. Mouse
pancreas proteins were extracted and labelled with2 mM probe for1 h (lane 2).
Lysate without biotin-hydrazide labelling was subjected for streptavidin pull
down as control (lane 3). Labelled proteins were pulled down by streptavidin
beads (lane 4). Supernatant was collected from the streptavidin pull down (lane
5).¢, Comparison of biotin-hydrazide probe-based method with conventional
hydrazide bead-based method. Either biotin-hydrazide probe or hydrazide
beadswereincubated with 500 pglysate for different times. After on-bead
trypsindigestion to remove non-glycopeptides, glycopeptides were released
fromthestreptavidin beads or hydrazide beads by PNGase F for LC-MS/MS
analysis. Dataare mean of two technical replicates. d,e, Subcellular location

of proteinsidentified by glycopeptides (d) and sequence coverage comparison
of1,313 S-PM proteins commonly identified by glycopeptides and non-
glycopeptides (e) using 6 pairs of tumour and NT samples. f, The comparison of
analysis by non-glycopeptides and glycopeptides in terms of identification and
quantification performance of S-PM proteins. The left panelis the number of
S-PM proteinsidentified by glycopeptides and non-glycopeptides. Dataare
mean ts.d. of 6 pairs of tumour and NT samples. The middle panelis the sum
peptideintensities of allidentified S-PM proteins from these 12 tissue samples.
Theright panelisthe CV of1,313 overlapped S-PM proteins quantified with LFQ

intensities by glycopeptides and non-glycopeptides. g, The percentage of
secreted (S), plasma membrane (PM), and other transmembrane (TM) proteins,
non-S/PM/TM proteins, and nonspecifically labelled proteins reported by
Matthews et al.”’ to total proteins in terms of protein number (left panel)

and sum LFQintensity (right panel) asidentified by glycopeptides and non-
glycopeptides. h, The percentage of proteins nonspecifically absorbed on
streptavidin beads to total proteins identified by glycoprotein enrichment.
The experimental procedure for identification of nonspecifically absorbed
proteins was the same as glycoprotein enrichment, except that no biotin-
hydrazide probe wasadded. Proteinsidentified only in the streptavidin pull
down sample without biotin-hydrazide probe or having 2-fold higher LFQ
intensity as compared with glycoprotein enrichment were defined as
nonspecifically absorbed proteins. i,j, Comparison of quantification
performance of S-PM proteins by global proteomic method (Unenriched) and
N-glycoproteomic method (Enriched) using 6 pairs of tumourand NT samples.
S-PM proteins quantified by Unenriched and Enriched were comparedin terms
of protein number and intensities (i), and CV 0f 1,546 S-PM proteins commonly
quantified by Unenriched and Enrich (j). k,I, Correlation of the average tumour/
NTratios of commonly quantified S-PM proteins between the two methods.
Bio-replicates denote correlation of the 6 pairs of tumourand NT samples;
correlations of glycoproteins identified with different number of N-glycosites
areindependently displayed (k); technical replicates denote correlation of 1
pair of tumour and NT samples for three technical replicates (I).
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Extended DataFig. 3 | Extended analysis of spatially resolved and cell type-
specific proteomic dataand validation of PCCspecific proteins. a, Cell type
deconvolution of 29 tumour samples using our bulk S-PM proteome in Fig. 1b
and published scRNA-seq dataset of PDAC (Methods). Box plots are as defined
inFig.2c.b, Representative images of IHC-guided and hematoxylin staining-
based LCM of PCC and stromal regions from tumour tissue section. The stroma
regionwas stained by IHC targeting PDGFRB, amarker of stromacells. The PCC
regionwas stained by IHC targeting KRT19, amarker of epithelial cells. ¢, The
number of S-PM proteinsidentified in each of the tissue and cell line samples.
d, Pearson’s correlation coefficients of LFQ intensities between any two
biological replicates from the sameregion of PCCs or stroma. e, Comparison of
proteome depth of our LCM-based proteomic dataset with arecently published
LCM-based proteomic dataset of PDACE. The raw files of the published dataset
were downloaded and processed using the same workflow and criteriaas our
dataset.f, Comparison of the S-PM proteins identified in spatial proteomic
dataset withgenes of S-PM proteins from the transcriptomic dataset summarized
fromspatial or scRNA-seq analysis of PDAC'®”*"2, All the identified genes of
S-PM proteins fromthe three references were combined as the transcriptome
dataset. g, Cell-type annotation of the S-PM proteins identified from
N-glycoproteomic profiling of 29 bulk tumour tissues. h, TSA staining

of 5PCC-specific and tumour-upregulated PM proteins, including the

aspartate/glutamate transporter SLC1A3, the PKD1 calcium channels, the
TMPRSS4 protease, the CDON Hedgehog signalling regulator, and the LRIG2
protease regulator. KRT19 and PDGFRB were marker of PCCs and stroma,
respectively. Box plots are as defined in Fig. 2c. The pearson’s rvalues
indicates the colocalization potential of target proteins with KRT19 or PDGFRB
(Methods).i,j, The number of ligands, receptors, and ligand-receptor pairs
annotated from secreted ligands and plasma membrane receptors of Extended
DataFig.2bbyanin-houseligand-receptor database (see Methods) (h), and
display of the 1,724 ligand-receptor pairs (j). The pairs of three classes of most
enriched GOMF terms are shown as examples, with representative proteins
displayed. k, Dot plot showing GOMF terms of the 1,724 ligand-receptor pairs.
Top 20 GOMF terms according to pair number wereannotated and termsin
redwere presentedinj.l, Protein expression trend of the 1,724 pairs according
to LFQintensity ratio distribution of tumour and normal tissues. One dot
representsone pair. The Xand Y axes are the log, transformed LFQratio
between Tumour and Normal of ligand and receptor, respectively. The pie
chart shows the percentage of pairsin each section to total pairs.m, The
number of spatially resolved and cell type-specificligands and receptors (top
panel) and their predicated signalling flow (bottom panel) in 29 tumours. Data
aremeants.d.Pvaluesare fromtwo-tailed unpaired Student’s t-test (e,m), or
hypergeometric distribution (k).
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Extended DataFig. 4 |Extended analysis for time-resolved N-glycoproteomic
profiling of KPC mouse model. a, Pearson’s correlation coefficients of LFQ
intensities between any two samples from the same group of NT, 3 weeks, 5
weeks, or 7weeks of KPC mice, respectively. b, Consensus-clustering analysis
of S-PM proteins differentially expressed between NT and different tumour
stages of the KPC mouse model. ¢, The number of differentially expressed S-PM
proteinsineach stage of tumour tissues ascompared with NT, respectively.

d, Overlap and expression trend consistency of differentially expressed
proteins between human PDAC and KPC mouse model. e, Relative expression
levels of representative PDAC biomarkers, including Lif**, Thbs27, Timp1™,
Gpcl”, MsIn®, and Lgals3’, in different stage tumour tissues of KPC mice and
inhuman pancreatic tissues. The number of human and mouse tissue samples

ineachgroupisindicatedin Figs.1aand 3b, respectively.f, Top 5GOMF terms
of S-PM proteinsinthethree clusters. Pvalues are calculated by hypergeometric
distribution. g, Validation of TNFRSF11B and NPTX1in PDAC plasmasamples.
Human plasmasamples from training and validation cohorts were tested by
ELISAKkits. h, Annotation of ligand-receptor pairs in 29 bulk human tumour
tissueson the basis of the indicated tumour progression trends. Dataare
mean =s.d. All pairs refer to the pairs shown in Extended Data Fig. 3jin which
the expression of atleast ligand or receptor was significantly changed in
human Tumour versus Normal in N-glycoproteomic dataset. Box plots are as
definedinFig.2c (e, tissue results of g). Box plots of plasmaresults ing: centre
line, median; boxes, interquartile range; whiskers, minimum to maximum.
Pvalues are from two-tailed unpaired Student’s t-test.
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Extended DataFig. 5| Extended analysis of pTyr protein complex and pTyr
site profiling and integrated analysis of ligand-receptor-downstream
signalling axes. a, Clinical tissue samples used for N-glycoproteomic analysis,
photo-pTyr-scaffold, and pTyr peptide enrichment. b, Overlap of pTyr writers,
readers, and erasersidentified by photo-pTyr-scaffold approachand pTyr
peptide enrichmentapproach. c, Summary of all the pTyr writers, readers,
and erasersidentified by two approachesin Fig.4b. Therectangle indicates
proteinsidentified by the photo-pTyr-scaffold approach and the circle
indicates the pTyrsitesidentified by pTyr peptide enrichment approach.
Proteinsare classified according to their molecular functions. d, Expression
levels and pTyr sites of top ranked pTyr writers, erasers and readersin Fig. 4c.
Box plotsareasdefinedin Fig. 2c. Pvalues are from two-tailed unpaired

Student’st-test. e, The overlapped GOBP terms of proteins identified by our
multidimensional proteomics (S-PM and pTyr machinery proteinsidentified
intumour tissues by N-glycoproteomic profiling and pTyr-mediated complexes
profiling) with the core signalling pathways summarized from global genomic
analysis of PDAC””’8, The core signalling pathways summarized in these two
references were combined. Pvalues are from hypergeometric distribution.

f, The four categories of activated ligand-receptor-downstream signalling
axesinwhich the expression of both receptorand downstream protein were
significantly changed in tumoursinthe pTyrsignalling dataset (circles labelled
with P).g, Spatial and temporal annotation of the 148 pairsin Fig.4d. h, The
activated paracrine signalling pairs from stromal cells to PCCs in tumour and
their downstream proteins screened out fromg.
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Extended DataFig. 6 | Functional characterization of reciprocal signalling
betweenstromal cellsand PCCs mediated by the PDGFR-PTPN11-FOS
signalling axis. a, Expression levels of PDGFRA, PDGFRB, and PDGFCinthe
multidimensional proteomic datasets shownin Figs.1-4. The number of
samples for protein expression, cell type, tumour progression, and pTyr
activationisindicatedinFig.1a, Fig.2a, Fig.3b,and Extended DataFig. 5a,
respectively. Box plots are as defined in Fig. 2c. Pvalues are from two-tailed
unpaired Student’s t-test. b, Validation of PDGFR activation by PANC1CM or
recombinant PDGF-BB and inhibition by the PDGFRinhibitor crenolanibin
HPaSteCs. Cells were starved in FBS-free medium for 12 h with or without
PDGFRinhibitor crenolanib, and then stimulated with PDGF-BB or PANC1CM
for 5 minbefore cell lysis for WB analysis. ¢, Validation of signalling proteins
downstream of PDGFRA and PDGFRB. HPaSteCs were transfected with siRNAs
targeting PDGFRA or PDGFRBin normal medium for 24 h, followed by in FBS-
free medium for 24 h, and then stimulated with PANC1 CM for 5 min before cell
lysis for WB analysis. d, Validation of PTPN11as an upstream regulator of ERK
signalling but not AKT signalling. Cells were starved in FBS-free medium for
12 hwith or without PDGFRinhibitor crenolanib or PTPN11inhibitor SHP0O99
withindicated concentrations, and then stimulated with PDGF-BB for 5 min
before cell lysis for WB analysis. e, Secretome analysis of HPaSteCs after
PDGF-BB stimulationand PDGFR or PTPN11inhibition (n =3 biological

replicates). HPaSteCs were treated with100 ng mI™ PDGF-BB, 0.5 uM
crenolanib or 10 uM SHP099 for 24 h, respectively. f, Investigation of the
signalling axis regulating LIF expression upon PDGF stimulation. Cells were
treated with PDGFRinhibitor crenolanib (0.5 uM),JAK inhibitor ruxolitinib

(1 M), PI3K inhibitor LY294002 (10 puM), PTPN11inhibitor SHP099 (10 uM),
MEK inhibitor mirdametinib (10 pM), or ERK inhibitor ravoxertinib (10 pM)

for 24 hbefore cell lysis for total RNA extraction and measurement of LIF
mRNA levels by real-time qPCR. g, Effect of PTPN11 knockdown on LIF protein
secretion from HPaSteCs with or without PDGF-BB stimulation. h, Effect of
inhibitors targeting the PDGFR-PTPN11-ERK signalling axis on LIF promoter
activity. HPaSteCs were stimulated with PDGF-BB with or without an inhibitor
targeting PDGFR, PTPN11or ERK. L/F promoter activity was measured by a dual-
luciferase reporter assay system. i, Validation of FOS asa L/F gene transcription
factor after PDGF-BB stimulation (100 ng ml™, 24 h) as determined by ChIP
assay. P1to P4 indicate four promoter regions of L/F, the result shows that P2
regionis the bindingsite of FOS. Due to similar molecular weight of proteins,
samples were runon separate gels, with -actin as sample processing control
(b-d).Allthe bargraphsare mean +s.d.ofn=3 (b-d,f,g,i) or n=4 (h) biological
replicates; Pvalues are two-tailed unpaired Student’s t-test (a,f-i) or one-tailed
paired Student’s t-test (b-d).
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Extended DataFig.7 | Workflow for identification of shed PM proteins

and extended analysis for validation of MMP-mediated shedding of PM
proteins. a, Schematicrepresentation of detail criteria foridentification of
shed PM proteinsin tumours. Instep 1, the unique peptide ratio of ECD/ICD for
PM proteins (Ratio,) identified in the PM proteome by the N-glycoproteomic
analysis of cell pellets (data presented in Extended Data Fig. 3¢c), the same ratio
for PM proteins (Ratios) identified by the secretome analysis (data presentedin
Extended DataFig.3c), and the same ratio for PM proteins (Ratios_p,) identified
inthe S-PM proteome by the N-glycoproteomic analysis 0f29 PDAC tumour
tissues (data presented in Fig. 1b) were calculated after datafilteringaccording
totheindicated criteria, respectively. The strict cutoffensures the reliability
and reproducibility of quantification performancein each dataset.Instep 2,

to avoid false positive calculation of shedding proteins due to the intrinsic
difference of sequencelength of ECD and ICD, the Ratiog were first normalized
to (divided by) their corresponding Ratioy, to generate the IndeX,,ining Values so
astoidentify shed PM proteinsin the secretome of 8 cell lines. Then, 45 shed PM
proteins were identified in cell lines. By using the same normalization step and
indicated filtering criteria, 22 shed proteins were finally identified and
validated in tumour tissues. b, Molecular functions of the 22 shed proteins
identified in tumour tissues. ¢, Expression level of MMP1, MMP9, MMP11,

MMP15, ADAMI10, and ADAM17 intumour and normal tissues by N-glycoproteomic
profiling.d, Knockdown efficiency of each MMPby siRNA in PANCl cells in
Fig.5e. Cellswere transfected with siRNAsin normal medium for 24 h, followed
by in FBS-free medium for 24 hbefore that WCLs were collected for total RNA
extraction. The mRNA levels of MMPs were measured by real-time qRT-PCR.

e, Statisticanalysis of WB resultin Fig. 5f, showing sAXL levels in PANC1CM after
knockdown of different MMPs. Cells were transfected with siRNA targeting
MMP1, MMP9, MMP11, or MMP15in normal medium for 24 h, followed by in FBS-
free medium for 24 h before that CMand WCL were collected for WB analysis.
f,Knockdown efficiency of each MMPby siRNAin MIA PaCa2cells. g, Global
profiling of shedding substrates of MMPs in MIA PaCa2 cells. The heatmap
showssheddinglevel of 17 PM proteinsidentified as shed proteinsin cell lines
and tumour tissues. AXL levels are shown as an example. h, Validation of AXL
shedding upon MMPknockdown by siRNAsin MIA PaCa2 cells. Cells were
treated with siRNAs by following the same procedure as PANC1.sAXLinCM

and WCLwas detected by WB, B-actin was run on the same gel asloading
control, and the bar graph shows band intensities of SAXL in CM of the WB
image. Box plotsareas definedinFig.2c(c,g). Allthebar graphsare mean s.d.
ofn=4(d,f)orn=3(e,h)biological replicates. Pvalues are from two-tailed
unpaired Student’s t-test (c,d,f,g) or one-tailed paired Student’s t-test (e, h).
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Extended DataFig. 8| PRM quantification of AXL sheddinginPCCand
stromal regions of tumours. a, Expression level of TAM family members AXL,
MERTK and TYRO3 in multi-dimensional proteomic datasets. The number of
samples for protein expression, tumour progression, and pTyr activation s
indicated inFig. 1a, Fig. 3b, and Extended Data Fig. 5a, respectively. Box plots
areasdefinedinFig.2c. Pvaluesare from two-tailed unpaired Student’s t-test.
b, Thelinearity of PRM quantification for stableisotope labelled heavy
peptides of ECD and ICD of AXL, and GAS6. Different amount of heavy
peptides were spiked into100 ng of PANC1 peptides before PRM-MS analysis.
c-e,Representative PRM-MS transition peaks of ICD (c) and ECD (d) of AXL, and
GAS6 (e) from tumour samples. The transition peaks of stable isotope labelled
heavy peptide spiked into the sample are shown on the right. The dark arrow
indicates theretention time and mass error for the highest transition peak.
f,IHC image of lymph node metastasis. Tumour cells metastasized into the

lymph node were marked with IHC staining targeting KRT19. Ten lymph nodes
were stained and representative image is presented. g-i, Classification of
tumours according tolymph node metastasis status and relative levels of SAXL
and GAS6in PCC and stromaregions of 50 primary tumour samples (g,h), and
in41samples showing consistent trend between PCCs and stroma (namely, the
absolute amount of sAXL is higher or lower than GAS6 for both PCC and stromal
regionsisolated from the same tumour). Displayed are averages of PCC and
stromal regions quantified from the same tumour for both sAXL and GAS6 (i).
j.Boxplotof sAXL, GAS6, and CA19-9 levelsin human plasmasamples from the
training cohort and validation cohort of normal controls and PDAC patients.
Centreline, median; boxes, interquartile range; whiskers, minimum to maximum.
Theresults from the training cohort and the validation cohort were combined
for ROC curve analysisin Fig. 6d.
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Extended DataFig. 9| Combinedinhibition of AXLsheddingand AXL activity
synergistically reduced cancer cell proliferation, migration, and tumour
growth. a, Inhibition of AXL shedding by the broad-spectrum MMP inhibitor
BB-94.B-actin was runon the same gel asloading control. The bar graphis
statistical analysis of SAXL level in PANC1CM.b, Inhibition of AXL sheddingin
primary KPCP tumour cells by the broad-spectrum MMP inhibitor BB-94. Cells
were maintained in FBS-free medium containing 10 pm BB-94 for 24 h, and
secretome in CM was profiled by LC-MS/MS analysis. The LFQintensity of AXL
was extracted for comparison between control and BB-94 treatment.

¢, Statistic analysis of the WB results in Fig. 6e, showing relative band intensities
of p-AKT after normalization to total AKT. d, PRM analysis of two AXL pTyr
peptides after enrichment of phosphopeptides. The treatment of PANC1 cells
wasthesameasinFig. 6e. The left panel of each pTyr peptideisrepresentative
transition peaks. The dark arrow indicates the retention time and mass error
for the highest transition peak. e, Schematic workflow for testing synergistic
effectbetween BB-94 and R428 on PDOs. f, Histological characterization of
PDAC tumour tissues and corresponding PDOs and PDOs-derived xenografts.
PDOs and PDOs-derived xenografts formed typical glandular tubular
structures similar to the corresponding patient tumours, and had similar
expression levels of the epithelial cell marker KRT19 and SOX9, and cell
proliferation marker Ki67.g,h, Solo or combined drug treatments on xenograft
tumours generated by one case of PDO (DAC-71) with significant synergistic
response (g) between BB-94 and R428 (statistics are presented in Fig. 6g).

i-k, Validation of synergistic effect on xenograft models generated by one case
of PDO (DAC-18) with no synergistic response (i). Dataare mean +s.d.ofn=8

xenograft tumours per group (j, k). 1, Orthotopic tumours of PDAC under
differentdrugtreatment. Orthotopic model was constructed by injecting KPCP
primary cancer cellsinto pancreata of NSG mice. After tumour formation, mice
were daily administrated withindicated drugs for 14 days. The dark red tissues
were spleens, whichwere removed before measuring tumour weights. Tumour
weights are presented asmean + s.d. of n =9 mice per condition.m, Correlation
of MMPI and MMP11 mRNA expression levelsin 66 pancreatic PDO lines with
drug combinationresponse of BB-94 and R428. Box plots are as defined in
Fig.2c.n,0, Colony formation assay of MIA PaCa2 cells with stable knockdown
of MMPI or MMP11by shRNAs. Cells were treated with DMSO as control or

0.5 UM R428 for testing of inhibition efficiency (n). Knockdown efficiency was
measured by real-time qRT-PCR (0). p, Transwell migration assays of MIA PaCa2
cellsunder sheddinginhibition and/or AXLinhibition. Shown arerepresentative
crystal violet-stained images of transwell migration assays of MIA PaCa2 cells
under different treatments. Quantification of cell migration determined by
counting the number of migratory cells per field and relative numbers of
migratory cells were calculated by normalizing to control cells. q, Expression
of EMT markersin cancer cellsuponinhibition of shedding by BB-94. Due to
similar molecular weight of proteins, samples were run on separate gels, with
B-actinassample processing control. Allthe bar graphsaremean+s.d.ofn=3
biological replicates (the data pointsin p are relative cellnumbers from 2
random views of each biological replicates). Pvalues are from two-tailed
unpaired Student’s t-test (b,d, k,I,m,n,o0,p) or one-tailed paired Student’s t-test
(a,c,q).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X [

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection  Mass spectrometry data were acquired using Xcalibur software v4.5 (Thermo Scientific). Laser capture microdissection was carried out on a
LMD7000 system (Leica). TSA staining images were taken with a SP8 LIGHTNING Confocal Microscope (Leica). Western blot signal was
detected using a Tanon 6100C gel imaging system. gRT-PCR was performed with a CFX96 system (Bio-Rad). For ELISA assays, signal acquisition
was carried out by a Luminx MAGPIX multiplex immunoassay system (Luminex), or a SR-X system (Quanterix). Luciferase signal was detected
using a SpectraMax i3x multi-mode microplate reader (Molecular Devices). NMR spectra were acquired using a Bruker 400 MHz machine.

Data analysis Database searching for the mass spectrometry raw data were performed using MaxQuant (v1.5.5.1). Extraction of peptide transition peak
areas from PRM raw files was performed by Skyline (v20.2.0.286). Bioinformatics and statistical analyses were performed using R (v3.6.1).
Normalization of LFQ intensities was performed using R package Limma (v 3.38.3). R packages for visualization and plotting included: ggplot2
(v3.3.5), ggpubr (v0.4.0), pheatmap (v1.0.12), igraph (v1.2.6), RColorBrewer (v1.1-2), reshape2 (v1.4.4), ggrepel (v0.9.1), circlize (v0.4.12),
dplyr (v1.0.5), networkD3 (v0.4), voronoiTreemap (v0.2.1), and cytoscape software (v3.8.2). Colocalization analysis of TSA staining results was
performed using Colocalization Finder plugin (v1.8) in FlJI. Cell-type deconvolution was performed using CIBERSORTx. Gene ontology
enrichments were computed using the ‘enrichGO’ function from R package ‘clusterProfiler (v3.10.1) . Protein entry was mapped by
annotation R package ‘org.Hs.eg.db (v3.7.0)". The tumor progression-related S-PM proteins in the time-resolved proteomic dataset were
clustered by applying the fuzzy c-means method from R package ‘Mfuzz (v2.50.0)". The AUC in drug treatment assay on organoids was
calculated with the sintegral function in R. The pathway enrichment of ligands, receptors, and pTyr-mediated complexes was analyzed by
STRING web-based platform. Other data was analyzed using GraphPad Prism software (v7.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

In the manuscript, we enclosed a “Data availability” section, stating that "The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository (https://www.ebi.ac.uk/pride/) with the dataset identifier PXD048644. The UniProt human and mouse proteome
databases are available at https://www.uniprot.org/. All other data supporting the findings of this study are available within the article and its Supplemental
Information files. Source data are provided with this paper."

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We collected and report sex characteristics of patients from whom tumors or plasma were analyzed in the manuscript. Our
findings did not investigate sex-based differences. We did not document subjects’ gender in this study.

Reporting on race, ethnicity, or Information on the race, ethnicity, or other socially relevant groupings of human participants was not collected.
other socially relevant
groupings

Population characteristics Age, sex, tumor site, tumor size, differentiation, TNM classification, AJCC stage, margins, and levels of tumor markers
(CA19-9, CA125, CEA) of PDAC patients enrolled for collection of tissue samples are included in Supplementary Table 1. Age,
sex, TNM classification, and AJCC stage of PDAC patients enrolled for collection of plasma samples are included in
Supplementary Table 3.

Recruitment Patients who agreed and signed informed consent were recruited at the Affiliated Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology. There are no biases on the selection of patients. A total of 122 patients were
enrolled in this study for collection of tissue samples, including 78 PDAC patients, 16 other cancer patients diagnosed with
tumor sites close (within 5 cm) to pancreas and some part of normal pancreas necessarily resected, and 28 chronic
pancreatitis patients. 159 PDAC patients and 154 normal controls were enrolled for collection of plasma samples. Detailed
information can be found in the section of "Human samples" in Methods and Supplementary Table 1, 3.

Ethics oversight The study was approved by the Medical Ethics Committee of Tongji Medical Hospital (# TIDBPS02).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For proteomic analysis, the "effect magnitude" was unknown and therefore power was not calculated. Approximated sample sizes were
estimated based on the general experiences. For the cell line validation experiments, at least 3 biological replicates were performed. For
animal experiments, at least 8 biological replicates were performed. P values were statistically calculated to determine the significance where
applicable.

Data exclusions  For the glycoproteomic data of clinical samples, SDS-PAGE was performed to filter the low quality samples with significant protein
degradation. No collected data were excluded for other experiments.

Replication For all the findings reported in the paper, at least three biological replicates were performed with similar results, except for N-glycoproteomic

method development experiments, where technical replicates were performed with similar results. Replicates were as noted in figure legends.

Randomization  The tissue and plasma samples from each condition were collected from hospitals and sent for proteomic or ELISA analysis without
randomization process. For animal studies, littermates at the same age were randomly enrolled into the cohorts. In all cases, when the
treatment started, the mice were all grossly/visually healthy and body weight was not significant different, so randomly assigned into the
cohorts of treatments.
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Blinding For MS-based experiments, sample conditions were blinded to investigators during sample processing and decoded for database searching
and statistical analysis. For in vivo studies, all the enrolled mice or subsequent samples were labelled only with mouse ID numbers and did not
indicate type of treatment. Treatment type was decoded after the data acquisition and quantification analysis were completed. For other
experiments, investigators were not blind to group allocation as this information was essential for experiment conducting.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.
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Did the study involve field work? [] Yes [no

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
™ Antibodies |Z |:| ChlP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants

XXXOXOO S
LI X X B

Antibodies

Antibodies used These primary antibodies against the indicated proteins were used for western blotting: B-actin (Cell Signaling Technology; clone
8H10D10; cat# 3700; 1:5000), PDGFRA (Cell Signaling Technology; clone D1E1E; cat# 3174S; 1:1000), phospho-PDGFRA-Y742
(Abcam; cat# ab5452; 1:1000), AXL-ectodomain (Abcam; clone EPR19880; cat# ab219651; 1:1000), PDGFRB (Cell Signaling
Technology; clone 28E1; cat# 3169S; 1:1000), PTPN11 (Abcam; cat# ab32083; 1:2000), phospho-PTPN11-Y542 (Abcam; clone
EP508(2)Y; cat# ab62322; 1:5000), AKT (Cell Signaling Technology; clone DIE; cat# 4060S; 1:2000), phospho-AKT-S473 (Cell Signaling
Technology; clone 11E7; cat# 4685S; 1:2000), ERK (Cell Signaling Technology; clone 137F5; cat# 4695; 1:2000), phospho-ERK-T202/
Y204 (Cell Signaling Technology; clone D13.14.4E; cat# 4370S; 1:2000), E-Cadherin (Cell Signaling Technology; clone 24E10; cat#
3195; 1:1000), N-Cadherin (Cell Signaling Technology; clone D4R1H; cat# 13116; 1:1000), Snail (Cell Signaling Technology; clone
C15D3; cat# 3879; 1:1000), ZEB1 (Cell Signaling Technology; clone D80D3; cat# 3396; 1:1000), HRP-conjugated goat anti-mouse 1gG
(Beyotime; cat# A0216; 1:1000), HRP-conjugated goat anti-rabbit IgG (Beyotime; cat# A0208; 1:1000).

These primary antibodies against the indicated proteins were used for TSA staining: KRT19 (Abcam; clone EP1580Y; cat# ab52625;
1:1000), PDGERB (Cell Signaling Technology, clone 28E1; cat# 3169S; 1:1000), SLC1A3 (Abcam; cat# ab416; 1:200), TRPV4 (Abcam;
cat# ab191580; 1:500), PKD1 (Abcam; cat# ab74115; 1:200), CDON (Abcam; cat# ab227056; 1:200), LRIG2 (Abcam; cat# ab157492;
1:100), TMPRSS4 (Abcam; cat# ab150595; 1:200),

These primary antibodies against the indicated proteins were used for IHC staining: KRT19 (Cell Signaling Technology; clone D4G2;
cat# #12434; 1:500), Ki67 (Abcam; clone SP6; cat# ab16667; 1:500), SOX9 (Cell Signaling Technology; clone D8G8H; cat# #82630;
1:500).

Validation All antibodies in the study were used according to the user manuals and validation statements can be found on the respective
manufacture websites.
B-actin (Cell Signaling Technology; clone 8H10D10; cat# 3700): https://www.cellsignal.cn/products/primary-antibodies/b-
actin-8h10d10-mouse-mab/3700
PDGFRA (Cell Signaling Technology; clone D1E1E; cat# 3174S): https://www.cellsignal.cn/products/primary-antibodies/pdgf-receptor-
a-dlele-xp-rabbit-mab/3174
phospho-PDGFRA-Y742 (Abcam; cat# ab5452):
https://www.abcam.cn/products/primary-antibodies/pdgfr-alpha-phospho-y742-antibody-ab5452.html
AXL-ectodomain (Abcam; clone EPR19880; cat# ab219651):
https://www.abcam.cn/products/primary-antibodies/axl-antibody-epr19880-ab219651.html
PDGFRB (Cell Signaling Technology; clone 28E1; cat# 3169S):
https://www.cellsignal.cn/products/primary-antibodies/pdgf-receptor-b-28e1-rabbit-mab/3169
PTPN11 (Abcam; cat# ab32083):
https://www.abcam.cn/products/primary-antibodies/shp2-antibody-y478-ab32083.html
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phospho-PTPN11-Y542 (Abcam; clone EP508(2)Y; cat# ab62322):
https://www.abcam.cn/products/primary-antibodies/shp2-phospho-y542-antibody-ep5082y-ab62322.html
AKT (Cell Signaling Technology; clone 11E7; cat# 4685S):
https://www.cellsignal.cn/products/primary-antibodies/akt-pan-11e7-rabbit-mab/4685
phospho-AKT-S473 (Cell Signaling Technology; clone D9E; cat# 4060S):
https://www.cellsignal.cn/products/primary-antibodies/phospho-akt-ser473-d9e-xp-174-rabbit-mab/4060
ERK (Cell Signaling Technology; clone 137F5; cat# 4695):
https://www.cellsignal.com/products/primary-antibodies/p44-42-mapk-erk1-2-137f5-rabbit-mab/4695
phospho-ERK-T202/Y204 (Cell Signaling Technology; clone D13.14.4E; cat# 4370S):
https://www.cellsignal.cn/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-d13-14-4e-xp-174-rabbit-
mab/4370

E-Cadherin (Cell Signaling Technology; clone 24E10; cat# 3195): https://www.cellsignal.cn/products/primary-antibodies/e-
cadherin-24e10-rabbit-mab/3195

N-Cadherin (Cell Signaling Technology; clone D4R1H; cat# 13116):
https://www.cellsignal.cn/products/primary-antibodies/n-cadherin-d4r1h-xp-rabbit-mab/13116

Snail (Cell Signaling Technology; clone C15D3; cat# 3879):
https://www.cellsignal.cn/products/primary-antibodies/snail-c15d3-rabbit-mab/3879

ZEB1 (Cell Signaling Technology; clone D80D3; cat# 3396):
https://www.cellsignal.cn/products/primary-antibodies/zeb1-d80d3-rabbit-mab/3396

HRP-conjugated goat anti-mouse 1gG (Beyotime; cat# A0216):
https://www.beyotime.com/product/A0216.html

HRP-conjugated goat anti-rabbit IgG (Beyotime; cat# A0208):
https://www.beyotime.com/product/A0208.html

KRT19 (Abcam; clone EP1580Y; cat# ab52625):
https://www.abcam.cn/products/primary-antibodies/cytokeratin-19-antibody-ep1580y-cytoskeleton-marker-ab52625.html
PDGERB (Cell Signaling Technology, clone 28E1; cat# 3169S):
https://www.cellsignal.cn/products/primary-antibodies/pdgf-receptor-b-28e1-rabbit-mab/3169

SLC1A3 (Abcam; cat# ab416):
https://www.abcam.cn/products/primary-antibodies/eaat1-antibody-ab416.html

TRPV4 (Abcam; cat# ab191580):
https://www.abcam.cn/products/primary-antibodies/trpv4-antibody-ab191580.html

PKD1 (Abcam; clone 7e12; cat# ab74115):
https://www.abcam.cn/products/primary-antibodies/polycystin-1pcl-antibody-7e12-ab74115.html

CDON (Abcam; cat# ab227056):
https://www.abcam.cn/products/primary-antibodies/cdon--cdo-antibody-n-terminal-ab227056.html
LRIG2 (Abcam; cat# ab157492):
https://www.abcam.cn/products/primary-antibodies/Irig2-antibody-ab157492.html

TMPRSS4 (Abcam; cat# ab150595):
https://www.abcam.cn/products/primary-antibodies/tmprss4-antibody-ab150595.html

KRT19 (Cell Signaling Technology; clone D4G2; cat# #12434)
https://www.cellsignal.cn/products/primary-antibodies/keratin-17-19-d4g2-xp-174-rabbit-mab/12434
Ki67 (Abcam; clone SP6; cat# ab16667)
https://www.abcam.cn/products/primary-antibodies/ki67-antibody-sp6-ab16667.html

SOX9 (Cell Signaling Technology; clone D8G8H; cat# #82630 )
https://www.cellsignal.cn/products/primary-antibodies/sox9-d8g8h-rabbit-mab/82630
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The human pancreatic cancer cell lines PANC1 (CRL-1469), AsPC1 (CRL-1682), MIA PaCa2 (CRL-1420), KP4 (JCRB0182),
SU.86.86 (CRL-1837) and SW 1990 (CRL-2172), and the human embryonic kidney cell line HER293T (CRL-11268) were
acquired from ATCC. The spontaneously immortalized pancreatic stellate cell line hPSC, which was isolated and established
from a pancreatic cancer patient (PMID: 21558392), was provided by Evans group (Salk). The human pancreatic stellate cell
line HPaSteC was purchased from ScienCell. KPCP cancer cells were primarily established in the lab.

Authentication All the cell lines from ATCC were authenticated by STR profiling by ATCC. Other cell lines were not authenticated.
Mycoplasma contamination Cell lines were tested for mycoplasma contamination every month. The mycoplasma contamination test results were
negative.

Commonly misidentified lines  none.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.




Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

>
Q
Y
(e
D
1®)
O
=
o
S
_
(D
1®)
o
=
5
(@]
wn
[
=
3
Q
<

Laboratory animals Three-, five-, and seven-week-old transgenic KPC (KrasLSL-G12D/+; Trp53flox/flox; Pdx1-Cre) mice were kindly provided by Yu Shi
from Salk institute. Five-week-old NSG mice were purchased from Shanghai Model Organisms Center and used for generating
orthotopic PDAC model. Six-week-old SCID mice were purchased from Biocytogen Pharmaceuticals (Beijing) Co., Ltd. and used for
generating organoid-derived xenograft model. Mice were housed in standard closed plastic cages supplied with bedding, food and
water. The specific pathogen free room is maintained at temperature of 20-26 °C°C°Cdegrees Celsius, humidity of 40-70%, and
12h/12h lighting cycle (on from 7:00-19:00).

Wild animals none.

Reporting on sex Sex was not considered in the study design.

Field-collected samples  none.

Ethics oversight All animal studies were performed in accordance with the guidelines and regulations, and ethical approval was received from the
Institutional Animal Care and Use Committee (IACUC) at Southern University of Science and Technology (experiments using

orthotopic mouse models), or from IACUC at Center for Excellence in Molecular Cell Science (experiments using xenograft mouse
models).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  none.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area

Ooodos




Experiments of concern

Does the work involve any of these experiments of concern:

Yes

OO0oodoods
Oooooogdgd

Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlIP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.

-
g
C
=
()

©
O
Et\
o
=
—
™

©
O
E,..
)

Q
wn
C
3
=
Q
>

<




Flow Cytometry

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Cell population abundance

Gating strategy

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design
Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template

Noise and artifact removal

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

|:| Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain [ | ROI-based || Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

-
Q
C
=
()

o
o)
=
o
=
-
D)

S,
o)
=
)

Q@
wm
C
3
=
Q
S

<

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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