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Pancreatic ductal adenocarcinoma (PDAC) has prominent extracellular
matrix (ECM) that compromises treatments yet cannot be nonselec-
tively disrupted without adverse consequences. ECM of PDAC, despite
the recognition of its importance, has not been comprehensively
studied in patients. In this study, we used quantitative mass spec-
trometry (MS)-based proteomics to characterize ECM proteins in
normal pancreas and pancreatic intraepithelial neoplasia (PanIN)- and
PDAC-bearing pancreas from both human patients and mouse genetic
models, as well as chronic pancreatitis patient samples. We describe
detailed changes in both abundance and complexity of matrisome
proteins in the course of PDAC progression. We reveal an early up-
regulated group of matrisome proteins in PanIN, which are further up-
regulated in PDAC, and we uncover notable similarities in matrix
changes between pancreatitis and PDAC. We further assigned cellular
origins to matrisome proteins by performing MS on multiple lines of
human-to-mouse xenograft tumors. We found that, although stromal
cells produce over 90% of the ECM mass, elevated levels of ECM
proteins derived from the tumor cells, but not those produced
exdusively by stromal cells, tend to correlate with poor patient survival.
Furthermore, distinct pathways were implicated in regulating expression
of matrisome proteins in cancer cells and stromal cells. We suggest that,
rather than global suppression of ECM production, more precise ECM
manipulations, such as targeting tumor-promoting ECM proteins and
their regulators in cancer cells, could be more effective therapeutically.

PanIN | pancreatitis | PDAC | ECM

Patient survival in pancreatic ductal adenocarcinoma (PDAC)
remains among the lowest of all common cancers, with 5-y
survival rate less than 8% (1). Various therapeutic efforts have
yielded only limited improvements in patient survival over the
past few decades. A hallmark of pancreatic cancer is highly fi-
brotic stroma, which constitutes a major fraction of the tumor
mass. PDAC fibrosis compromises drug delivery, hampers im-
mune cell access, and promotes resistance to cytotoxic therapies
(2-5). Nonselective depletion of tumor-associated stroma using
inhibitors of the Hedgehog pathway (4) or targeted depletion of
hyaluronan (HA) by PEGylated-hyaluronidase (6), both enhanced
drug uptake and stabilized the disease in preclinical mouse mod-
els, at least transiently. However, clinical trials of Hedgehog
pathway inhibitors in metastatic PDAC failed to provide any
therapeutic efficacy, and phase 2 clinical trials with such inhibitors
were halted because of paradoxical acceleration of disease pro-
gression (7). Preclinical studies in mouse PDAC had revealed
successful depletion of stromal elements upon long-term inhibition
or genetic ablation of Hedgehog signaling, as well as depletion of
a-smooth muscle actin-positive stromal cells. However, tumor cells
were less differentiated (8, 9), and the mice demonstrated signs of
severe cachexia (8), resulting in higher mortality. These data imply
that the stromal microenvironment likely contains components that
can either promote or restrain tumor progression. On the other
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hand, a phase 2 clinical trial of PEGPH20 showed improvement in
progression-free survival of HA-high patients (10). Together, these
clinical findings suggest that a more detailed understanding of
stromal components could provide potential biomarkers for patient
stratification, and targets for more focused interventions.
Extracellular matrix (ECM), as a major component of PDAC
stroma, provides both biophysical and biochemical cues that reg-
ulate malignant cell behavior. Abnormal ECM in the tumor mi-
croenvironment not only triggers cancer progression by directly
promoting cellular transformation and metastasis, but also affects
stromal-cell behaviors, such as angiogenesis and inflammation, and
can enhance formation of a tumorigenic microenvironment (11,
12). ECM proteins have also been recognized as important
components of the metastatic niche to maintain cancer stem cell
properties and enable outgrowth of metastasis-initiating cells
(13-15). Sorting out the composition and changes of the ECM
during PDAC progression, as well as the contributions of stromal
and epithelial compartments to PDAC matrix, would guide the
development and application of more precise PDAC therapies.

Significance

We describe here the most comprehensive analyses of extracellular
matrix (ECM) of pancreatic ductal adenocarcinoma (PDAC) yet
available, which detected previously unknown molecular changes
during PDAC progression in both mouse models and human pa-
tients. These data distinguish ECM proteins produced by tumor cells
from those produced by stromal cells and show that it is the diverse
set of tumor cell-derived proteins that correlate best with poor pa-
tient survival. In contrast, the stroma-derived ECM proteins, which
comprise the bulk of the microenvironmental ECM, include both
proteins correlating with good survival and proteins correlating with
poor survival. These data may help explain why prior nonselective
depletion of the stroma led to poorer patient outcomes and suggest
more precise ECM manipulations as PDAC treatments.
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The matrisome is defined as the combination of core ECM pro-
teins, including collagens, glycoproteins, and proteoglycans, and ECM-
associated proteins, such as ECM regulators (e.g., proteases and their
inhibitors, cross-linking agents), ECM-affiliated proteins (e.g., mucins
lectins, annexins), and secreted factors (e.g., growth factors, chemo-
kines) (16). We have used liquid chromatography-tandem mass
spectrometry (LC-MS/MS) to define the matrisome compositions of
several normal and tumor tissues from mouse models of cancer, as
well as human tumors (16-21), and such studies have revealed pre-
viously unknown, functionally relevant cancer promoters (17, 21).

To date, there have not been comprehensive analyses of the
matrisome in progressive stages in PDAC patients. In this study, we
applied quantitative MS-based proteomic approaches to examine
systematically the composition and dynamics of ECM proteins
during PDAC progression in both mouse PDAC models and hu-
man patient samples. High levels of ECM proteins derived from
tumor cells, rather than those exclusively produced by stromal cells,
tend to associate with poor patient survival, while different stromal-
cell-derived ECM proteins can either positively or negatively cor-
relate with survival. These results demonstrate that the detailed
proteomic analysis of PDAC tumor ECM can distinguish clinically
relevant and tumorigenesis-promoting ECM proteins, which are
potential candidates for future focused therapeutic interventions.

Results

A Quantitative Proteomic Approach to Profile ECM Changes during
PDAC Progression. To define ECM compositions and changes in
the course of PDAC progression, we enriched ECM proteins
from tissue and tumor samples from 2 mouse genetic models
that recapitulate the different stages of PDAC progression
as well as samples from human patients (Fig. 1 4 and B). Mouse
samples included histologically verified triplicates of normal
pancreas, early and late pancreatic intraepithelial neoplasia
(PanIN)-stage pancreas harvested from the slowly progressing
LSL-Kras®'?P*: Pdx1-Cre (KC) mice, and PDACs harvested from
the LSL-Kras®'?P/*; LSL-p53 172H;Jr; Pdx-1-Cre (KPC) mouse
model (SI Appendix, Fig. S1 A and B). The human samples included
normal human pancreas, PanIN pancreas, PDAC, and chronic
pancreatitis (CP), which is a progressive inflammatory disease of
the pancreas where a high level of fibrosis occurs (22) (SI Ap-
pendix, Fig. S1 A and B). Normal human pancreas samples came
from patients who had undergone surgery for adenoma of the
duodenum. The incidence of PanIN increases to 60% in pan-
creatitis, which is considered to be a risk factor for PDAC (23).
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In order to capture and compare matrix compositions for pan-
creatitis and PanINs, we chose pancreatitis samples with minimal
incidence of PanINs based on histology (SI Appendix, Fig. S1B).
PDAC samples came from patients without neoadjuvant treat-
ment, which is known to alter tumor ECM (24).

ECM proteins were enriched from pancreatic tissues using a
modified subcellular fractionation protocol and verified by immu-
noblots with antibodies against protein markers representing dif-
ferent subcellular fractions (16) (Fig. 1 A4 and B). For both human
and mouse, the compositions of the ECM-enriched fractions were
then characterized by LC-MS/MS using isobaric mass tagging with
tandem mass tag (TMT) 10-plex reagents for quantification (SI
Appendix, Fig. S1C). Total abundance of peptides derived from
matrisome proteins comprised more than 90% of total precursor
ion signal intensity, indicating successful enrichment of ECM and
ECM-associated proteins (Fig. 1C). In PDAC progression and in
pancreatitis, collagens were the most prominent group of proteins,
comprising more than 90% of the ECM protein signals at all stages
(Fig. 1 C and D). Fibrillar collagens COL1A1, 1A2, and 3A1 are
the major collagens that contribute over 90% of all collagen mass
in samples across all stages in the pancreas and increase 2.6-fold
(range, 2.2 to 3.0) during progression from normal pancreas to
PDAC (SI Appendix, Fig. S2 A and B and Supplemental Materials
and Methods). Abundances of proteins in the various ECM cate-
gories, relative to collagens I and III, increased as PDAC pro-
gressed (Fig. 1D), indicating an increase in the complexity of the
ECM over the course of PDAC progression on top of the overall
increase in ECM (Fig. 2 E and F; SI Appendix, Fig. S3 A and B). In
order to illustrate this increase in matrisome complexity, we pre-
sent the data normalized to the levels of collagens I and III in
subsequent analyses (SI Appendix, Supplemental Materials
and Methods).

Detection of ECM Signatures Characteristic of Distinct Stages. The
timeline for PDAC progression from initiation to metastatic dis-
ease can be nearly 2 decades, suggesting a wide window of op-
portunity for early detection (25). We therefore compared human
PanIN ECM to normal pancreas ECM, and identified a set of 147
proteins overrepresented in the PanIN matrix (Fig. 2 4 and D).
Among these, most (136) were also further overrepresented in
PDAC (Fig. 2 B and D), indicating that they represent early PDAC
progression signatures that might be functionally relevant in PDAC
progression and/or useful as biomarkers (Fig. 2 A, B, and D and
Dataset S1D; also compare Fig. 3E to SI Appendix, Fig. S34).
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Fig. 1. Proteomic analysis of enriched ECM and ECM-associated proteins in human patient samples and genetically engineered mouse models. (A) Simplified

schematic of the ECM enrichment and liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based quantification of normal and diseased pancreas
samples. See Materials and Methods for details. The arrow points to ECM pellet. (B) Western blot showing stepwise removal of cytosolic (1), nuclear (2), membrane
(3), and cytoskeletal (4) fractions of proteins and final enrichment of ECM. Example shown is an extraction from a mouse KPC PDAC tumor. (C) Total abundance
from summed precursor ion peak areas for all peptides (ion counts) and protein numbers from different groups of ECM and non-ECM proteins. Data from the
human PDAC TMT set A (hA) are shown. (D) ECM from all stages has abundant collagens (>90%). An increase in the abundance of different groups of proteins
relative to collagens | and Ill was observed in PanIN, PDAC, and CP ECM compared to normal pancreas. Abundance for each sample was calculated by splitting the
combined precursor ion peak areas (MS1-based) in proportion to the individual reporter ion intensities (MS/MS-based) for each sample. Data from hA set are shown.
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Fig. 2. Comparisons among diseased pancreas matrices and normal pancreas matrix. (A—C) Volcano plots comparing normal pancreas to PanIN (A), PDAC (B), and
pancreatitis (C) of human samples using ECM protein TMT reporter-ion ratios to show the increase of many ECM proteins. Proteins with Benjamini-Hochberg 2-tailed
t test adjusted P values less than 0.1 (Materials and Methods) and fold changes more than 1.5 are highlighted. Note that many proteins up-regulated in PanIN are
further up-regulated in PDAC. (D) Venn diagram showing the overlap of significantly overrepresented proteins (P.qj < 0.1, fold change > 1.5) in each stage (Dataset
S1D). The identities of the proteins in each field are shown; proteins in each matrisome category are ordered from the most abundant (Top) to the least abundant
(Bottom), as decided by the mean abundance of the hA and hB sets. When there are too many proteins to list here, see Dataset S1D for complete information.

Pancreatitis and PDAC are both characterized by excessive
stroma and are clinically difficult to distinguish (26, 27). We found
that matrisome proteins significantly overrepresented in pancrea-
titis compared with normal are nearly exclusively (157/159) in-
cluded among those overrepresented in PDAC and comprise
around 3/4 of those (157/221), suggesting that matrix changes in
pancreatitis represent a subset of the changes in PDAC (Fig. 2 B-D
and Dataset S1D; also compare Fig. 3E to SI Appendix, Fig. S3B).
PDAC, compared with PanIN and pancreatitis, up-regulates the
largest set of matrisome proteins (Fig. 2D) and shows the biggest
increase in matrisome protein abundance (Fig. 1D) and complexity
(Fig. 2D); thus, PDAC represents the most fibrotic state.

We then compared the matrisome proteins, broken down into
their categories, that are shared or specific to certain stage(s). Two
out of 3 significantly overrepresented secreted factors shared by
PanIN and PDAC, but not by pancreatitis, are WNT molecules
(WNT11 and WNT4; Fig. 2D, list 1). Another WNT, WNT2B, is
overrepresented in PDAC but not in PanIN or pancreatitis (Fig. 2D,

Tian et al.

list 2). Together, these data imply that WNTs may be specifically
active in progression to PanIN and to PDAC, while this program may
not be relevant in pancreatitis. There is a large group of relatively
minor collagens that are overrepresented only in PDAC (9 collagens
out of 41 total proteins in Fig. 2D, list 2, as compared to 16 collagens
out of 233 total proteins in Fig. 2D; all lists combined). This result
suggests that assembly of a diverse set of collagens is likely a late step
of disease progression. Furthermore, the 2 pancreatitis-specific up-
regulated proteins are REG1A and REG1B. They are known to be
associated with islet development, beta-cell damage, diabetes, and
pancreatitis (28). Thus, while the 3 disease states (PanIN, PDAC,
and pancreatitis) share many or most matrisome proteins, there are
characteristic matrisomal differences that distinguish them.

Human Patient and Mouse PDAC Share Similar ECM Compositions and
Changes. Mouse genetic models have been used in preclinical
testing of PDAC drugs, and the KPC model is one of the most
widely used (29). We therefore sought to compare the composition
of mouse and human PDAC ECM. Hierarchical clustering of the

PNAS | September 24,2019 | vol. 116 | no.39 | 19611
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Fig. 3. Comparisons of global changes in ECM and ECM-associated proteins in the course of PDAC progression in human and mouse. Hierarchical clustering
of the protein-level TMT ratios by Pearson correlation using all identified matrisome proteins grouped almost all PDAC samples separately from normal and
PanIN samples in both human (A) and mouse (B). Over 200 ECM and ECM-associated proteins were identified from both human and mouse sets (C), with a
majority being significantly overrepresented (P,4j < 0.1) in PDAC compared to normal. Only proteins identified in both pairs of TMT MS (hA and hB for human;
mA and mB for mouse) were included. Note that collagens | and Il are the most prevalent proteins overall. (D) Pearson correlation analysis showed that core
matrisome proteins (collagens, glycoproteins, and proteoglycans) and ECM regulators have the best correlations between mouse and human in normal, PanlIN,

and PDAC stages. Input was the abundance of all individual proteins identified

in both sets of TMT MS for human and mouse. (E and F) Comparisons of protein

abundance in normal pancreas and PDAC from human (E) and mouse (F). Proteins above the diagonal line are selectively overrepresented in PDAC. The gray
regions are enlarged and plotted on a log scale to show all proteins. The dotted lines parallel to the diagonal line on the log-scale plots indicate 1.5-fold more (Top
line) or less (Bottom line) than normal samples. Note the good agreement between human and mouse data with respect to up-regulated proteins.

protein-level TMT ratios grouped PDAC: in a separate clade from
normal pancreas, PanINs, or pancreatitis in both human (10/11
PDAC) and mouse (3/3 PDAC) samples (Fig. 3 4 and B). These
and prior figures indicate that PDAC tumors have qualitatively and
quantitatively different ECM from normal pancreas, PanINs, and
pancreatitis. In total, we identified comparable numbers of
matrisome proteins from both human and mouse (294 vs. 245,
respectively; Fig. 3C and Dataset S1). Among these, a major
fraction (193) overlapped between human and mouse. There
is also marked overlap between significantly overrepresented
matrisome proteins in PDAC in human and mouse (Fig. 3C).
Pearson correlation analyses showed that human patient and
mouse model ECM compositions were highly correlated
throughout PDAC progression, especially in the categories
that comprise or regulate core matrisome proteins, including
collagens, glycoproteins, proteoglycans, and ECM regulators
(Fig. 3D).

Plotting the top 5 most abundant proteins from each matrisome
category of both species against stages of PDAC progression
showed that the most abundant proteins comprising the tissue
matrices were similar, in both abundances and alterations, between
human and mouse in the categories of collagens, glycoproteins,
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and proteoglycans, but that ECM regulators, ECM-affiliated pro-
teins, and secreted factors showed somewhat more variation (S/
Appendix, Fig. S2 A and B).

Focusing specifically on comparisons between normal pancreas
and PDAC, many matrisome proteins are significantly overrepre-
sented in PDAC compared to normal in both human (lists 1 to 4 in
Fig. 2D) and in mouse, and many of these are common between the
2 species (Fig. 3 E and F). For example, the following features are
shared between human and mouse: fibrillar collagens COLIAL,
COL1A2, and COL3ALl are the most abundant collagens at all
stages, while COL6A3 (and to a lesser extent COL6A1/A2) is highly
overrepresented in PDAC; Fibrillin-1 (FBN-1), fibronectin (FN1),
fibrinogens (FGA, FGB, and FGG), and periostin (POSTN) are the
most abundant glycoproteins, and they are all overrepresented in
PDAC; S100 family members are the most abundant and over-
represented secreted factors in PDAC. Immunohistochemistry
confirmed many of the significantly overrepresented proteins in
PDAC compared to normal pancreas in both human and mouse (S7
Appendix, Fig. S4). Overall, these data not only disclosed the major
compositions of normal and diseased pancreas ECM but also
revealed a high degree of resemblance between human patients and
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the KC/KPC mouse models in the ECM changes during PDAC
progression.

Stromal Cells Make Most of the Bulk ECM. It is crucial to understand
the cellular origin of the matrisome proteins to delineate their
functions. Therefore, we generated human-to-mouse orthotopic
xenograft tumors in NOD/SCID/IL2Ry-null (NSG) mice using
AsPC1 and BxPC3 human PDAC cell lines, as well as HuO1 and
HuO2 human organoid lines (30), and applied unlabeled LC-
MS/MS analyses on the enriched ECM proteins (Fig. 44). From
the MS results, we assigned cellular origins based on the peptide
sequence differences between human and mouse: human-derived
proteins are made by cancer cells, while mouse-derived ones are
made by stromal cells. A limitation of this system is that we do not
capture matrisome proteins contributed or induced by many im-
mune cells because these experiments required immunocompro-
mised NSG mice.

We assigned cellular origins to 220 matrisome proteins, seen
in at least 2 out of the 4 classes of xenotransplant tumors and
identified by at least 2 species-distinguishing peptides (Fig. 44).
We defined individual proteins to be cancer-cell or stromal-cell
derived when at least 90% of the ECM peptide abundance was
derived from human or mouse, respectively, and defined all of
the others as “both-derived.” We assigned tumor vs. stromal-cell
origins to 180 of 294 human patient matrisome proteins (Fig. 44
and ST Appendix, Fig. S5D, columns 1, 2, 3, and 4). Among these,
a higher proportion of glycoproteins, proteoglycans, and ECM
regulators are stroma-derived; collagens, ECM-affiliated pro-
teins, and secreted factors come from both cancer cells and
stromal cells (SI Appendix, Fig. S5D, columns 5, 6, and 7).

Stromal cells make most of the ECM mass across all 4 types of
xenograft tumors, and stroma from organoid-derived xenograft
tumors makes more ECM than that from 2D cell-line—derived
tumors (Fig. 4B). Pearson correlation showed that organoid-
xenograft ECMs resemble human PDAC ECM slightly more
closely than do 2D cell-line-xenograft ECMs, although all are
similar (S Appendix, Fig. S54). We further found that stromal
cells generate predominantly core matrisome components (colla-
gens, glycoproteins, and proteoglycans), while the tumor cells make a
wider diversity of all categories of matrisome proteins (Fig. 4 C and
D). Cancer-cell-derived matrices are not closely similar among 2D

A

2D line: AsPC1 (N=3
2D line: BXPC3 (N=3
Organoid: HuO1 (N:
Organoid: HuO2 (N:

Xenograft MS

B = Cancer-cell-derived C

lines and organoids (SI Appendix, Fig. S5B), but they appear to
induce very similar stromal-cell-derived ECM components (S/
Appendix, Fig. S5C).

Cancer-Cell-Derived Matrisome Proteins Correlate with Short Patient
Survival. ECM proteins can affect tumor progression and patient
survival, by promoting tumor cell proliferation, survival, and meta-
static spread (17, 31). However, the functions of ECM proteins have
not been assessed in the context of their origins. Here, we wanted to
examine systematically the correlations between patient survival and
ECM proteins of different cellular origins. To examine patient
survival, we calculated Cox regression P values and hazard ratios for
each of the most significantly overrepresented ECM proteins
identified from our human patient TMT MS datasets (Dataset S3).
We compared overall survival of patients within the top quartile
(25%, n = 44) with those within the bottom quartile (25%, n = 44)
of gene expression in The Cancer Genome Atlas (TCGA) pan-
creatic cancer dataset (179 patients; http://www.cbioportal.org/). A
sizeable number of cancer-cell-derived and both-derived ECM
proteins that are overexpressed in human PDAC, correlated with
short patient survival, and none correlated with good survival. In
contrast, among stromal-cell-derived matrisome proteins, some
correlated positively, and others negatively, with patient survival
(Fig. 5 A and C, SI Appendix, Fig. S6, and Dataset S3). We then
examined survival in an independent dataset of 65 PDAC patients,
samples from which have at least 40% epithelial cellularity (32). We
arrived at a similar conclusion that ECM proteins made by cancer
cells tend to correlate with poor patient survival, whereas among
ECM proteins exclusively derived from stromal cells, some correlate
with good survival and some with poor survival (Fig. 5 B and C, ST
Appendix, Fig. S6, and Dataset S3). Matrisome proteins in the
categories of ECM regulators, ECM-affiliated proteins, and se-
creted factors are cancer-cell- and both-derived and correlated with
poor patient survival. Stromal-cell-made proteoglycans, on the other
hand, correlate with good patient survival (Fig. 5C and Dataset S3).
Together, these results lead to the interesting conclusion that, al-
though the bulk of matrisome proteins are derived from stromal
cells, cancer cells secrete matrisome proteins that appear to be
protumorigenic while individual stromal-cell-derived matrisome
proteins appear either to support or restrain tumor progression.

Human patient MS

)
=%) 220 294 Cancer-cell- I
-2) derived
Both- I
N derived
Enriched \
) ECM ) Ms ) " Stromal-cell- I
' derived
Orthotopic xenograft 0 20 40 60 80 100 120
tumors Number of matrisome proteins

Stromal-cell-derived Cancer-cell-derived Stromal-cell-derived = Collagens
Huoz | ] N - Gycovoens
L]
Huo1 | L 1 Proteoglycans
® ECM regulators
sxpes i I | ,
ECM-affiliated
AsPC1 . _ - — m Secreted factors
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Fig. 4. Definition of matrisome proteins derived from cancer cells and stromal cells and their characterization. (4) Schematic overview of the xenograft ECM MS
experiment. Venn diagram shows cell-of-origin assignments for a large fraction (180/294) of ECM proteins identified from human patients. “Human patient MS"”
group includes proteins that are identified in both A and B sets of TMT MS analyses (S/ Appendix, Fig. S1C). “Xenograft MS” group includes proteins that are detected
in at least 2 out of 4 xenograft lines, and by at least 2 species-specific peptides. On the Right, the numbers of matrisome proteins are broken down into their cellular
origins, and their matrisome categories are also shown. (B) Stromal cells (mouse) contribute more ECM mass than do cancer cells (human), even more so in organoid
lines (HUO1, HuO2) as compared with 2D lines (AsPC1, BxPC3). Abundances calculated from summed precursor ion chromatographic peak area of LC-MS/MS peptides.
(C and D) Cancer-cell-derived ECM includes proteins from all ECM categories (C), while stromal cells primarily make collagens and glycoproteins (D).
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Probing the ECM Reveals Differential Activation of Major Signaling
Pathways in Cancer-Cell and Stromal-Cell Compartments. We next
sought to investigate whether the expression of the ECM proteins in
different cell types was controlled by differential upstream regulators
and pathways. We used Ingenuity Pathway Analysis (IPA) to identify
presumptive regulators in cancer cells and stromal cells, by analyzing
2 lists, comprising proteins that are significantly overrepresented in
human PDAC and can be synthesized by 1) cancer cells or 2) stromal

cells, respectively (Dataset S4). From these analyses, we identified
regulators and pathways that are potentially active in regulating
matrisome protein expression by the cancer-cell and stromal-cell
compartments.

TGFB1 appears to be the factor potentially regulating the
greatest number of matrisome proteins in both cancer cells and
stromal cells (Fig. 5D and Dataset S4, Tab 2). TGF-f signaling is
known to regulate expression of many matrisome proteins and
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Fig. 5. Survival and pathway analyses on matrisome proteins derived from cancer cells and stromal cells. (A and B) ECM proteins significantly overrepresented in human
PDAC TMT MS comparing PDAC to normal with P,q; < 0.02 were tested against both TCGA (A) and QCMG (B) human PDAC datasets. Cancer-cell-derived proteins (red)
and both-derived proteins (gray) correlated with small Cox regression P values and large hazard ratios (HRs), indicative of short survival. In contrast, many stroma-derived
proteins (blue) tend to correlate with good survival (low hazard ratio). Proteins that do not significantly correlate with survival (Cox regression P > 0.05) are grayed out in
Lower part of figure. (C) The identity of the proteins that significantly correlate with survival (Cox regression P < 0.05). Refer to color legends in the figure for the
meaning of the color coding of each column. (D) Ingenuity Pathway Analysis (IPA) was performed on proteins that are overrepresented in PDAC and made by cancer cells
and/or stromal cells (Materials and Methods). The top 8 predicted regulators of the significantly overrepresented matrisome proteins exclusively in cancer cell and stromal
cells, as well as in both compartments, are shown. Refer to Dataset S4 for the complete lists of regulators. The bolded genes are predicted direct regulators.
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play important pleiotropic roles in cancer progression (33, 34).
Among the regulators that are active in cancer cells but not
stromal cells in our analysis (Materials and Methods), FGF10,
FAK]1, and EGF are the top 3 most strongly predicted regulators
of matrisome proteins (Fig. 5D). The 6 matrisome proteins that
are predicted to be regulated by FGF10 all correlate with poor
patient survival, which suggests that FGF10 may be an important
protumorigenesis factor that is active in cancer cells (Dataset S4,
Tab 3, and Discussion). In the stromal cells, IL6 and ILI0RA
signaling pathways score as high-ranking potential regulators for
matrisome protein expression, along with a few other regulators
that have not been studied previously in PDAC, such as AHR and
CRI1L. Altogether, IPA analysis suggests that different signaling
pathways may function within the tumor cells or stromal cells to
regulate matrisome protein expression in PDAC. The pathways
that are active in cancer cells represent potential targets for
therapeutic intervention, whereas caution should be exercised
when targeting pathways that are also active in stromal cells.

Discussion

The role of the ECM in cancer is of long-standing and increasing
interest. In this study, we used proteomics to define multiple
changes in ECM profiles in the course of PDAC progression in
both the KC/KPC mouse models and in human patient samples.
We observed marked increases in both abundance and com-
plexity of ECM as PDAC progresses, concordant with the in-
creasing level of desmoplasia. We describe early changes in
matrix proteins, commencing at the PanIN stage, which could
potentially be used for early detection biomarkers. Furthermore,
using MS analysis of xenografts, we systematically assigned
cancer-cell vs. stromal-cell origins to a majority of the ECM and
ECM-associated proteins discovered in human PDAC. This
analysis revealed that, although the bulk of the ECM mass is
derived from stromal cells, significantly more ECM proteins
produced by the tumor cells correlate with poor prognosis.

Complex Changes in ECM Composition. PDAC is one of the most
desmoplastic cancers. ECM in PDAC has been acknowledged to
be functionally important yet not comprehensively understood.
Some previous proteomic studies identified differentially
expressed proteins in PDAC patient samples and normal pan-
creas (35-37). However, these studies used the entire tissues and
only identified limited numbers (<10) of matrisome protein
changes, which suggests that ECM enrichment, as used here, is
necessary for a more complete assessment of ECM changes. A
recent compartment-resolved proteomic stu% on a different
KTC mouse PDAC model that carries Kras®'*® and has loss of
Tgfbr2 (38) observed fibrosis and inflammation markers being
up-regulated in PDAC. In our study, we carefully selected
samples from the different progression stages and tumor differ-
entiation levels in both human and mouse. We also modified the
ECM enrichment protocol to suit pancreatic tissue characteris-
tics (high zymogens for normal pancreas, and high level of fi-
brosis for PDAC) to successfully deplete abundant cytoskeleton
proteins and histones, which are the usual contaminants for
enriched ECMs, while retaining matrisome proteins. In fact, over
90% of the protein abundance in our analyses came from
matrisome proteins (Fig. 1C). We identified a large number of
matrisome proteins: 294 for human and 245 for mouse (Fig. 3C),
which is higher than reported in the analysis of KTC mouse
PDAC tumors (38) or than has usually been identified from
other types of tumors (17, 18, 21). The latter difference could
also be partly due to the high complexity and desmoplastic
characteristic of PDAC.

The KC/KPC mouse models have been used as primary pre-
clinical models for PDAC drug development. The data presented
here show that human PDAC and KC/KPC mouse models are
very similar in their ECM profiles and in their changes during
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PDAC progression. They share not only the most abundant
proteins in each of the core matrisome categories, but they also
up-regulate similar proteins during PDAC progression, such as
COL6, FN1, and TNC (Fig. 2D, lists 2 to 4). There are, however,
some differences between human and mouse matrices. For ex-
ample, mice express more Coll2al than humans in PDAC (Fig. 3
E and F), and TIMP3 is abundant in normal and diseased pan-
creas in human but not mouse (SI Appendix, Fig. S2 A and B).
The ECM-affiliated proteins and secreted factor profiles are also
significantly different between human and mouse (SI Appendix,
Fig. S2 A and B). Our study comprehensively compares the
matrisome proteins in the KC/KPC mouse models and human
patients, and one should be aware that differences in the ECM
may lead to differential efficacies between preclinical and clinical
drug tests.

Comparisons among PanIN, PDAC, and Pancreatitis. We aimed to
resolve the PDAC ECM changes along a temporal axis. PanIN-
stage pancreas up-regulates a panel of matrisome proteins, and
they likely represent an early response to transformed neoplastic
cells. Serum proteins, fibrinogens (FGA and FGG), and VWF
are overrepresented in PanIN ECM, perhaps suggestive of an
early activation of a “wound-healing program” in the pancreas.
The deposition of provisional fibrin-rich matrix could promote
neoplastic cell migration and induce angiogenesis (39). Many of
the significantly up-regulated matrisome proteins in PanIN ECM
have not previously been implicated in PDAC. For example, we
observed up-regulation of CHRDL1, a known antagonist of
BMP4 signaling and a tumor suppressor in breast cancer (Fig. 24
and SI Appendix, Fig. S34) (40). It is unclear what role CHRDL1
may play in the progressing stage of PDAC.

ECMs from pancreata exhibiting PanIN and pancreatitis, al-
though less abundant than ECM in PDAC (Fig. 1D), both
showed increases in similar and highly overlapping sets of pro-
teins with those in PDAC matrix (Fig. 2D). Moreover, cell lines
of different genotypes, such as the BxPC3 line (wild-type Kras
gene) and AsPCl1 line (mutated Kras gene) (41), as well as hu-
man PDAC organoids, induce very similar ECM protein ex-
pression in the xenograft tumors (SI Appendix, Fig. S5A). Here,
we have the advantage of distinguishing cancer-cell- vs. stromal-
cell-derived matrix. We observe that, although the ECM pro-
teins made by the cancer cells can differ in vivo (S Appendix, Fig.
S5B), the stromal cells upon induction express highly similar
matrisome protein profiles (SI Appendix, Fig. S5C). This implies
that various perturbations in the pancreas, including oncogenic
transformation and chronic inflammation, can lead to similar
stromal reactions to build up a dense stroma, which one could
think of as a wound or inflammatory response.

Stromal-Cell-Derived ECM Proteins Appear Correlated with Either
Good or Poor Prognosis. The dense stroma in PDAC has been
suggested to hamper drug delivery and to be immunosuppres-
sive. How to treat this high fibrosis state has been a focus of
study. We know now that nonselective ablation of the stromal
ECM response, for example by inhibition of hedgehog-pathway
signaling, leads to more aggressive cancer cells, implying that the
dense stroma in PDAC may be a double-edged sword (8, 9). The
mechanisms underlying the acceleration of cancer progression
are not fully understood. In this study, we discovered that, unlike
cancer cells, stromal cells express matrisome proteins that corre-
late with both good and poor prognosis in patients. This suggests
that stromal cells build matrix in the tumor microenvironment that
can both promote and restrain cancer progression. Many of the
highly expressed, stromal-cell-derived proteins that correlate with
poor survival in the Queensland Centre for Medical Genomics
(QCMG) dataset are small leucine-rich proteoglycans (SLRPs),
including osteoglycin (OGN), PRELP, fibromodulin (FMOD),
decorin (DCN), and asporin (ASPN) (Fig. 5C and Dataset S2).
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DCN has been shown to inhibit tumor cell growth by physically
antagonizing receptor tyrosine kinase signaling; furthermore,
DCN and FMOD are TGF-p binders and blockers (42, 43). Al-
though not in our list of survival-correlated proteins, lumican
(LUM) is another SLRP produced by stromal cells (Dataset S2)
that is significantly up-regulated in human PDAC ECM (Dataset
S1D) in this study. Stromal expression of LUM has been shown to
reduce metastasis and prolong PDAC patient survival through
mechanisms including inhibition of EGFR signaling by promoting
its internalization (44) and inducing a quiescent cell state (45).

PDAC can be subcategorized into different genotypic sub-
groups, and these could result in differential stromal contents (32,
46). Heterogeneity exists not only in cancer cells but also at the
level of tumor-associated fibroblasts in various types of cancer
(47-51). Fibroblasts exist as phenotypically and functionally dis-
tinct groups (47, 49, 51). It will be intriguing to investigate whether
the different functional subtypes of fibroblasts secrete different
combinations of matrisome proteins, especially ones correlated
with good or poor survival, through methods such as single-cell
mRNA sequencing in human PDAC tumors (52).

In conclusion, when designing therapeutic strategies, one should
be cautious in assessing the net effect of the dense desmoplasia
and, rather than global targeting of ECM, case-by-case assessment
of individual ECM proteins as targets is needed. For example,
single-agent hyaluronidase treatment in PDAC patients seemed to
improve progression-free survival in a phase II clinical trial (10),
although HA is a linear polysaccharide and thus was not assessed
by our protein-focused MS analyses.

Tumor Cell-Derived ECM Proteins Appear Best Correlated with Poor
Prognosis. Cancer cells, on the other hand, make less than 10% of
the ECM mass. However, we found that a number of cancer-cell-
derived matrisome proteins correlate with poor patient survival,
whereas very few correlate with good prognosis. Consequently,
cancer-cell-derived matrisome proteins could be attractive thera-
peutic candidates. However, it is important to note that correlation
does not mean causation, and these candidate ECM proteins need
to be assessed for their functional involvement in cancer progression.

IPA revealed different pathways and regulators that poten-
tially drive matrisome gene expression in cancer cells and stro-
mal cells. FGF, FAKI1, and EGF score as the top 3 regulators
potentially active in cancer cells but not in stromal cells. Con-
sistent with our finding, previous studies showed that stroma-
derived FGF10 could activate its receptor FGFR2 expressed on
the PDAC cancer cells to induce migration and invasion, cor-
relating with poor patient survival (53). FAK1 has also been
shown to be active in neoplastic PDAC cells and to correlate
with an immunosuppressive tumor microenvironment and poor
patient survival. Consequently, inhibition of FAK has been
proposed to be a promising therapeutic regimen for PDAC (54).
Factors downstream of EGFR in pro-oncogenic signaling path-
ways, including JUN, MAP2K1, MKNKI1, and ERK, are pre-
dicted to be regulators of matrisome proteins in cancer cells (Fig.
5D and Dataset S4). EGFR has been shown to be overexpressed
or overactivated in multiple types of cancer cells, including
PDAC cells, to promote tumorigenesis (55-57). Erlotinib, a
targeted EGFR inhibitor, was tested in a phase III clinical trial in
advanced PDAC and slightly improved overall survival as the
primary endpoint, resulting in Food and Drug Administration
approval for the combination of gemcitabine plus erlotinib (58).
The result of this clinical trial is consistent with our finding that
targeting regulators that regulate cancer-cell-derived matrisome
proteins may be beneficial to PDAC patients.

Conclusions

Our proteomic analysis defined multiple levels of matrix changes
during PDAC progression, including increasing ECM diversity,
as well as the similarity of mouse PDAC models with the human
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disease. Importantly, we delineated the different contributions of
matrix proteins made by cancer cells or stromal cells. Although
the bulk of the desmoplastic ECM is produced by the stromal
cells, tumor cells also themselves produce diverse ECM proteins,
and these, in particular, correlate with short patient survival.
Meanwhile, the bulk stroma-derived ECM components include
proteins that correlate with either short or long survival.

Our study suggests the need for more precise targeted inter-
ventions. When choosing interventions to deplete the bulk of
matrix, one ought to pay attention to good survival-correlated
stromal proteins and/or cells that make them. On the other hand,
cancer-cell-derived ECM proteins, or their regulators, could be
potential candidates for therapeutics.

Materials and Methods

Mouse Strains and Samples. The Massachusetts Institute of Technology (MIT)
and Cold Spring Harbor Laboratory (CSHL) Animal Care and Use Committees
reviewed and approved all animal studies and procedures. KPC and KC
mouse models were on C57BL/6J background. Samples representing early
and late PanIN stages were collected from KC mice at 3 and 9 mo of age,
respectively. Three nonadjacent pieces of pancreas were sectioned and ex-
amined histologically, and pancreata with at least 2/3 pieces having the
expected lesions were selected. PDAC tumors were collected from tumor-
bearing KPC mice. All samples were snap-frozen when collected.

Human Samples. All participating individuals provided written informed
consent. The study was conducted in accord with the Helsinki Declaration of
1975 and was approved by the regional research ethics board of northern
Sweden (Dnr. 09-175M/2009-1378-31). Human PDAC tissues were collected
from patients undergoing Whipple's procedure. Normal pancreatic tissues
were collected from patients with adenomas in the duodenum; CP samples
were from patients with severe and symptomatic CP, and PanIN lesions were
from patients with adenomas in the duodenum or benign lesions in the
pancreas where adjacent pancreatic tissue showed no other pathology than
PanIN. Tissue samples were snap-frozen in liquid nitrogen directly after
collection and examined by 2 independent pathologists before inclusion in
the study.

Orthotopic Implantation from 2D Cell Culture. For xenograft tumor experi-
ments, 5 x 10° AsPC1 or BxPC3 cells in 50 uL of PBS were injected into
pancreata of 8- to 10-wk-old NOD/SCID/IL2Ry-null (NSG) mice (The Jackson
Laboratory). Tumors were harvested 6 wk post injection.

Organoid Culture and Implantation. All human organoid experiments were
approved by the institutional review boards of Memorial Sloan Kettering
Cancer Center and CSHL, and all subjects taking part in the study provided
written informed consent. Organoids were isolated as previously described;
briefly, tumor tissue was digested with collagenase Il (5 mg/mL; Gibco) for
12 h at 37 °C in “human complete medium” as published in Boj et al. (30).
Tissue was further digested for 15 min at 37 °C in TrypLE (Gibco). The cells in
suspension were seeded in Matrigel with human complete medium on top
to establish organoids. After expansion, ~0.5 x 106 cells were spun down,
suspended in 50 pL of PBS, and injected orthotopically into pancreata of 6-
to 8-wk-old NSG mice (30). Palpable tumors larger than 8 mm were
harvested.

ECM Protein Enrichment from Pancreatic Tissues. The ECM enrichment method
was modified from previous studies (16). In brief, we used the CNMCS
compartment protein extraction kit (Millipore) to decellularize tissue sam-
ples ranging from 50 to 100 mg. Frozen samples were homogenized with a
Bullet Blender (Next Advance). The stiff PDAC samples were first finely
minced manually with scissors for better homogenization results. The lysates
were then incubated in a series of buffers to remove sequentially: 1) cytosolic,
2) nuclear, 3) membrane, and 4) cytoskeletal proteins. One modification from
the kit protocol and the protocol previously published (59) is that we used 20%
CS plus 80% M buffer instead of 100% CS buffer for removal of cytoskeletal
proteins for better retention of ECM proteins in pancreatic tissues. The
remaining insoluble pellet is the ECM-enriched fraction. The effectiveness of
the ECM protein enrichment was monitored by immunoblotting.

Protein Digestion, Peptide Fractionation, TMT Labeling, and Quantitative MS.

ECM-enriched fractions were solubilized in 8 M urea, disulfide bonds reduced
and alkylated, and proteins deglycosylated with PNGaseF and digested with
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Lys-C, and trypsin at 37 °C, all as previously described (17). Detailed in-
formation about the compositions of the 4 TMT 10-plexes (human 10-plexes
A and B and mouse 10-plexes A and B), and TMT labels used is given in S/
Appendix, Fig. S1C). Details of quantitative MS, as well as protein abundance
quantification and domain analysis, are provided in SI Appendix, Supple-
mental Materials and Methods.

Survival Analysis. Gene expression and clinical data for human PDAC (both
TCGA and QCMG) were downloaded from cBioportal (32). Gene expression
data were Z-score normalized. For each profiled gene, we calculated the Cox
proportional hazard regression P values and hazard ratios by determining
the overall survival differences in categorized patients using quartile ex-
pression values (top vs. bottom quartile) for TCGA dataset (n = 179), and
using all PDAC patients with continuous expression values for QCMG dataset
(n = 65). The Cox regression analyses were done using the R package Olsurv.

IPA. IPA (https://www.ingenuity.com/products/ipa) was used to identify po-
tential upstream regulators. The input lists included proteins that were
significantly overrepresented in human PDAC and were synthesized by 1)
cancer cells or by 2) stromal cells; those defined by MS data as both-derived
were included in both input lists. The P value cutoff of 1E-5 was first applied
to the 2 output lists, and then the filtered hits from both lists were com-
pared to each other to assign regulators active in the cancer cells, stromal
cells, or both compartments.
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