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Abstract. Emerging evidence reports that regulation of the
extracellular matrix influences the progression of colorectal
cancer (CRC). The present study investigated regulation of
the extracellular matrix proteome in colorectal malignancy
within a high-risk Appalachian population compared with
non-Appalachian populations. A targeted mass spectrometry
imaging proteomic method directed at collagen regulation was
used. Tissue microarrays (TMAs) comprising of matched CRC
with adjacent normal to tumor (NAT) from 45 patients were
constructed into 86 samples to evaluate the extracellular matrix
proteome (ECM). A total of five specific peaks were discov-
ered to differ between NAT and tumor with high sensitivity
and specificity by receiver operating characteristic (AUROC)
=0.7, Wilson/Brown P<0.0002. Evaluation of patient TMA
cores showed increased levels of combined ECM peptides
in advanced stage Appalachian CRC (III + IV) compared
with early staged CRC (I + II) (AUROC 0.8595; 95% confi-
dence interval, 0.8190-0.8999; Wilson/Brown P<1.0x10"),
contrasting with the non-Appalachian tumors, which showed a
decreased ability to discriminate between early and late stage
(AUROC 0.6618; 95% confidence interval, 0.6126-0.7110;
Wilson/Brown P<1.0x10%). Comparison of advanced stage
CRCs between Appalachian and non-Appalachian popula-
tions showed high sensitivity and specificity in distinguishing
the populations (AUROC 0.7612; 95% confidence interval,
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0.7109-0.8114; Wilson/Brown P<3.0x10°'%). History of
smoking, sex and tumor origin location did not show signifi-
cant ability to distinguish by AUROC. A combination of high
mass resolution, high mass accuracy spatial proteomics and
sequencing proteomics by liquid chromatography coupled to
tandem mass spectrometry revealed that fibrillar collagens
were spatially regulated within the CRC tumor microenviron-
ment. Fibrillar collagen post-translational modifications of
hydroxylated proline revealed distinct spatial separation based
on the presence of a number of hydroxylated proline sites. The
present study highlighted that the targeted mass spectrometry
imaging of the ECM proteome may provide new insight and
novel predictive tools for understanding CRC, particularly
among Appalachian patients.

Introduction

Colorectal cancer (CRC) is the third most common malig-
nancy for men and women. Treatment options for advanced
stage CRC are limited and survival remains poor relative to
early stage CRC (i.e. <20% to >90%) (1-9). Underserved and
geographically isolated populations, such as Appalachian and
African Americans, often present with at diagnosis with more
aggressive CRCs (relative to other groups) and have higher
mortality (9-12). Appalachian populations are diagnosed
with CRC at a later stage of disease which is associated with
poor survival (13-15). Although the causes of the disparities
are not fully understood, health services factors (e.g., access
to care), and income related variables contribute to poorer
outcomes (13,14,16,17). Further, lifestyle differences such as
smoking, obesity, and diabetes have been shown to contribute
to increased cancer burden and poor prognosis (13,14,16,17).
Nevertheless, after adjustment for health services,
income-related variables (18,19), and lifestyle behavioral
characteristics, appreciable differences in outcomes remain,
highlighting the need to uncover other factors that contribute
to the differences in outcomes in underserved populations.
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Understanding molecular differences within CRCs within
this population may influence clinical decision making and
improve prognosis of all high-risk CRC patients.

Pathological progression of CRC has a significant involve-
ment of collagen alteration during initiation, progression,
and metastasis (20-23). Collagen interfacing pathways such
as discoidin domain signaling, integrin signaling, metallo-
proteinases, and cross-linking lysyl hydroxylase, and prolyl
hydroxylase enzymes are systematically altered and predictive
of prognosis and survival (24-28). Translational regulation
of specific collagen types contributes to expansion of the
tumor microenvironment, promotes cell migration, alters cell
adhesion, and induces endothelial mesenchymal transition
(EMT) (29-31). Biomechanical properties of the extracellular
matrix (ECM) microenvironment are altered and premalig-
nant CRC tumor tissues have been reported to have increased
stiffness of stromal ECM compared to normal tissues (32-34).
Products of active collagen regulation are detected from
early stages in both tissue and serum (21,35,36) with high
levels of collagen a-1(I) detected in urine during metastatic
stages (37,38). However, the spatial regulation collagen expres-
sion as defined by pathological cell feature and related to
specific population disparities within the tumor microenviron-
ment remains poorly defined.

Several tools exist to evaluate the ECM in CRC. Ex-vivo
spatial imaging tools such as multiphoton microscopy
(MPM) (39,40), second harmonic imaging (SHI) (41) or
MPM-SHI combined (42,43) have been used to study the orga-
nization of collagen fibers in colon cancer. These MPM and
SHI studies have shown collagen degradation in CRC tumor
formation and as the tumor becomes invasive, collagen fibers
become straighter and denser. Collagen signatures of the CRC
tumor microenvironment have also been measured by MPM
and SHI and are predictive of recurrence and survival (40).
Imaging techniques using Raman or infrared spectros-
copy elucidate basic chemistries to distinguish cancerous
CRC tissue ex-vivo (44,45). In vivo tools such as magnetic
resonance imaging or Raman & SHG endoscopy may be
used as a CRC measurement to spatially image the collagen
structure during a fibrotic process (46-48). Very few reports
exist towards understanding the molecular details of collagen
translational and post-translational regulation within the CRC
microenvironment.

In this study, we examine specific collagen translational
and post-translational changes that could distinguish normal
and CRC tissues and show unique spatial contributions to
the CRC tumor microenvironment. Special attention is paid
to comparing Appalachian and non-Appalachian residents of
eastern Kentucky and southern Ohio. We previously reported a
strategy for targeted spatial proteomic imaging of the collagen
type structures and other extracellular matrix (ECM) proteins
from clinically archived formalin-fixed, paraffin-embedded
tissues by mass spectrometry imaging (MSI) (49-51). The
strategy can uniquely be used for tissue microarray mass
spectrometry imaging (TMA-MSI) to allow assessment of
larger patient numbers within highly defined pathologies and
for tissue sections towards investigating molecular gradients
across the tissue microenvironment. This study specifically
reports differences in collagen peptides between CRC and
normal adjacent to tumor (NAT) with high predictive power,

particularly for late-stage CRC within the Appalachian
population. Further examination of select CRC resections
demonstrates complex translational and post-translational
spatial regulation of the ECM microenvironment within CRC.
This proof-of-concept study advances our understanding of
collagen regulation in CRC pathologies towards finding new
key diagnostic or therapeutic targets in populations, such as
Appalachian, that are at increased risk for CRC.

Materials and methods

Tissue microarray construction. Colon tissues were collected
in Y2002-2009 from residual surgical tissue by the Markey
BPTP-SRF with approval by the University of Kentucky IRB
for use under a waiver of consent (IRB13-0608). Cases were
screened and selected by Dr. Eun Lee with the UK Dept. of
Pathology and Laboratory Medicine and representative areas
of tumor and normal selected for coring. Cases selected
were annotated by the Markey Cancer Research Informatics
Facility and the tissue microarray (TMA) was constructed
by the Markey Cancer Center BPTP-SRF. Inclusion criteria
were age 40-85 as the target risk population, female and male,
and smoking or nonsmoking status data. Exclusion criteria
were pregnant female. Appalachian vs. non-Appalachian
origin was determined by patient's county of residence. All
patients self-identified as white. Clinical data included history
of smoking and location of tumor (proximal, distal, rectal) as
influence on disease prognosis. Slides of the TMA and associ-
ated data were de-identified before dispensing for research.
Resections of colorectal cancer were obtained through the
Hollings Cancer Center Biorepository. Resections that demon-
strated malignant polyps of male or female age similar in age
were selected as representatives of collagen gradients across
the colon tissue. Analysis of tissue microarrays and tissues
were approved as exemption #4 by the Medical University of
South Carolina IRB. Maps of counties were created through the
publicly available USGS National Map National Boundaries
deposited in the public domain and free for public use; Data on
counties are available from U.S. Geological Survey, National
Geospatial Program.

TMA and CRC resection proteomic imaging analysis. TMAs
and tissues were prepared and analyzed for extracellular matrix
proteomic signatures as described previously (49,50,52-54)
and included an internal standard, (GluFib peptide m/z
1570.6768) spiked into the matrix. TM As were analyzed by
MALDI QTOF (timsTOF fleX, Bruker) in positive ion mode,
collecting 300 laser shots per pixel with stepsizes of 80 ym
between pixels. Data were acquired over m/z range 600-2,500.
Focus PreTOF transfer time was 75 us, Pre Pulse Storage was
20 us, quadrupole ion energy was set to 15.0 eV with a low
mass of 500 m/z. Data were analyzed using SCiLS™ Lab
software 2021C (Bruker Scientific, LLC, Bremen, Germany).
After normalization to the internal standard, extracted peak
intensities were exported from SCiLS for statistical analysis.
Hierarchical clustering analysis of TMA data was performed
using the Cluster and TreeView software tool programs
originally developed for analyzing cDNA microarray data (55).

Resections of CRC were analyzed on a Fourier Transform
Ion Cyclotron Resonance mass spectrometer (Scimax, Bruker)
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equipped with a dual source matrix assisted laser desorp-
tion/ionization (MALDI and electrospray ionization (ESI).
Data was acquired in broadband positive ion mode with 200
shots per pixel with transient lengths of 1.3282 over a m/z
range of 544-2,500. Image data were analyzed using SCiLS
Lab software 2023A (Bruker Scientific, LLC, Bremen,
Germany). Principal components analysis was performed
on individual spectra derived from pathologies annotated as
muscularis, submucosa and tumor using unit variance scaling
on 5 components within SCiLS software. Hierarchical image
clustering on colorectal resections utilized a bisecting k-means
algorithm with the Manhattan metric.

Sequencing proteomics on CRC resections. Data were
collected on an Orbitrap Eclipse mass spectrometer
(ThermoFisher Scientific) coupled to a Dionex Ultimate 300
RSLCnano system (ThermoFisher Scientific). One microgram
of the recovered peptides from each sample was injected onto
a 5 mm nanoviper p-Precolumn (i.d.300 pgm, C18 PepMap
100, 5.0 gm, 100 A) from ThermoFisher Scientific at 5 ul/min
in formic acid/H20 0.1/99.9 (v/v) for 5 min to desalt and
concentrate the samples. For the chromatographic separation
of peptides, the trap-column was switched at 5 min to align
with the EASY-Spray column PepMap RSLC C18 with a
150 mm column (i.d. 75 ym, C18, 3.0 um, 100 A). The peptides
were eluted using a variable mobile phase (MP) gradient from
98% phase A (Formic acid/H20 0.1/99.9, v/v) to 32% phase
B (Formic Acid/Acetonitrile 0.1/99.9, v/v) over 60 min (from
5-65 min) at 300 nl/min followed by a high organic wash
up to 90%B at 66 min, hold for 10 min and return to initial
conditions at 77 min to re-equilibrate at 90 min. MSI1 data
were collected in the Orbitrap (120,000 resolution; maximum
injection time 50 ms; AGC 4x10°). Charge states between
2 and 6 were acquired for MS2 analysis, and a 20 sec dynamic
exclusion window was used. Cycle time was set at 2.5 sec. MS2
scans were performed in the ion trap with HCD fragmentation
(isolation window 0.8 Da; NCE 30%; maximum injection time
40 ms; AGC 5x10%). The data was recorded using Thermo
Scientific Xcalibur 4.5 software. Data was searched through
MaxQuant as previously done(49,50,52-54) and filtered to
peptides with scores =70 with reporting of site modifica-
tion probabilities for hydroxylated proline. Putative peptide
identities were assigned to TMA image data by accurate mass
matching under 10 mDa and to resection image data by accu-
rate mass matching <5 ppm. Previous databases of collagen
peptides found by the method (49,50,52-54,56) were used to
further support putative peptide identifications.

Statistical analysis. All samples were included in statistical
analysis. Peak height analysis was performed using commer-
cial software (SigmaStat V3.5, SPSS, Chicago, IL). Clinical
characteristics were compared by Chi-square P-value. The
selection of clinically important peaks was determined by
one-way ANOVA or two-way ANOVA when appropriate.
Individual peptides were evaluated by Mann-Whitney U test
on natural log normalized peak intensities. Statistical signifi-
cance was set with an a value of P<0.05. Data are represented
as mean =+ standard error of the mean (SEM). Peaks that
yielded statistically significant differences based on ANOVA
and multiple comparisons were utilized for meta-analyses and
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analysis for clinical correlations. Clinically significant peaks
were determined based on individual and then combined
peak scores based on receiver operating characteristic (ROC)
curve analysis (Prism 9.2.0, La Jolla, CA). This analysis gener-
ated Area Under the Receive Operating Curve (AUROC)
values which were utilized to determine clinical significance
from each analysis (=0.70; Wilson/Brown P-value <0.001).
Predictive individual peaks were combined into a single
predictive reading to explore AUROC values as a combined
evaluation. Principal components analysis within SCiLS
software (Bruker Scientific, LLC, Bremen, Germany) was
completed on colorectal tissue pathologies used unit variance
scaling, 5 components and evaluated 2,453 peaks from
individual spectra originating from pathologically defined
region of tumor (18,948 spectra), muscularis (12,599 spectra)
and submucosa (19,157 spectra).

Results

Overview of the study. A goal in this study was to under-
stand the potential contribution of collagen proteomic
regulation in normal adjacent to tumor (NAT) and tumor
and the relationship to colorectal cancer disparities observed
between United States Appalachian (App) region compared
to Non-Appalachian (N-App) region (Fig. 1A). Consented
cases collected from 2014-2019 were annotated as App (n=19)
or N-App (n=25) based on the patient's county of residence
within the Kentucky Appalachian or Non-Appalachian
regions (Fig. 1B). There was no significant difference in
clinical data included self-reported race, sex, body-mass-index
(BMI), smoking, location (proximal, distal, rectum) and tumor
stage; Appalachian patients were significantly older at diag-
nosis compared to Non-Appalachian patients (Table I). TMA
block and core selection was performed by a board-certified
pathologist and up to three cores were selected per patient
dependent on the availability of the tissue (Fig. 1B). Data
includes pathology hematoxylin and eosin stain and peptide
intensity by collagen targeted mass spectrometry imaging
(Fig. S1). Collagen peptide regulation is systematically
examined in NAT compared and tumor stage, evaluating for
Appalachian specific regulation based on clinical characteris-
tics. A subset of colorectal cancer tissue resections was further
analyzed for overall tissue gradient patterns and sequence
information by chromatography coupled to tandem mass
spectrometry. Putative peptide identifications (49,50,52-54,56)
to peaks found in the tissue microarray data are presented as
a compilation of the peptide database from proteomics in this
study summarized with comparison to previously published
databases (Table II) (57,58). This study suggests that spatially
localized translational and post-translational regulation of
collagen contributes to increased tumor burden and changes
with malignancy and increased risk factors.

Specific collagen peptides differentiate tumor independent of
appalachian status & tumor stage. Collagen remodeling is a
hallmark of colorectal cancer with significant roles in conver-
sion from precancerous and cancerous lesions (1,2,22,57,58).
TMA cores were initially compared based on NAT (n=57)
and tumor (n=52) status independent of Appalachian status
or tumor stage (Fig. 2). A total of 311 manually curated
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Table I. Clinical characteristics of the study.

Variable Appalachian, n* Non-appalachian, n* P-value
Region by county
Total patients 25 29
Total cores 47 54
Sex (cores) 04351
Male 12 (23) 17 (31)
Female 13 (24) 12 (23)
Age at diagnosis, n (95% CI) 69.0 (64.4,7) 592 (54.1,64.4) 0.0025
BMI at diagnosis, n (95% CI) 264 (24.9,27.9) 259 (23.5,28.2) 0.1661
Lifestyle (cores) 0.1179
Smoking 13 (23) 9 (18)
Non-smoking/unknown 12 (24) 20 (36)
Tumor location (cores) 0.9305
Proximal 6 (12) 8 (15)
Distal 12 (21) 14 (22)
Rectum 7(14) 707)
Tumor stage (cores) 0.2725
Stage | 6 (11) 11 (21)
Stage 11 7(13) 2 (4)
Stage III 4(8) 7(14)
Stage IV 2(4) 5(8)
Unknown 6 (11) 4 (7)
“Numbers in parenthesis indicates multiple cores from within the same patient population.
i - Non-Appalachian county = Non-Appalachian NAT core
[C] Appalachian county
OHIO A s o
Ion &= e Appalachian w ? Tumor
__ == ghll core
o f\# \_.:J EsT (2) Poly collection
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TENNESSEE {

= (2) Format in TMA
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(4) Scanning by high (5) Data analysis
mass resolution

mass spectrometry

Figure 1. Study design and workflow. (A) Regional Appalachian and non-Appalachian counties inform which samples were collected in the study. Map was
constructed from the publicly available U.S. Geological Survey, National Geospatial Program (https://www.usgs.gov/programs/national-geospatial-program).
(B) Previously banked patient matched tumors and NAT from men and women were used in the study (panel 1). Cores were selected by a pathologist from
the tumor or NAT and formatted into a TMA (panel 2). TMAs were sectioned for proteomic imaging analysis. Tumors were further annotated by stage.
Pathologist-designated cores were used to create a formalin-fixed, paraffin-embedded tissue microarray (panel 3). Tissue sections of the TMA prepared for
collagen targeted proteomic analysis were scanned by mass spectrometry; Each core was sampled ~225 times (panel 4). Data analysis used peak intensities as
a total score per core (panel 5). Images created using Biorender (Biorender.com). NAT, normal adjacent to tumors; TMA, tissue microarray.

monoisotopic peptide peaks showed distinct clusters based on
peptide intensity (Fig. 2A). When evaluated based on benign or
malignant status, five peptide peaks showed significant altera-
tion with area under the receiver operating curve (AUROC)
demonstrating sensitive and specific discrimination per NAT or

tumor status (Fig. 2B-F). Putative peptide identifications from
previous published accounts and from proteomics within this
study on collagen regulation in colorectal resections reported
that the majority of the peptides are from the fibrillar collagens
collagen a-1(I), collagen a-2(I), collagen a-1(III) (Table II).



-ourjoid paje[AX0IpAY ‘J A H $SSeW [BO1}9I09Y] ‘SSBW "JOAY], {SSBW PIAIISQO ‘SO :SQ0UIRJaI aseqerep-g(q “Apmis Jussaid £q paouanbas uiioy opndod urew soyedrpuy,

(29) orIcId ureyo ([A)g-» udse[jo) V910D 0 6v1-8¢1 AAOUIOALANYT 01¢ [4Vaati4! 1891611
(95°€9) ¢LS80d ureyd (AJ)Z-» udse[jo) [A4400] I YT 1-CeT | dADAIDdTLNVHD 08 L29eTll 619°¢ccl
+«(€9) 19¥20d ureyd (I11) -0 uade[[o) IVET10D [4 908-S6L ddDLADIIDISD 0¢ 8ISCLII 0CSCLIT
«(95°€9) 19t¢0d ureyd (1) 1-0 udse[jo) IVET10D ! C8Y-LLY IOVVOHITO 0¢ cerevs 6Ct cv8
+«(€9) 19vc0d ureyd ([[D1-0 uade[jo) IVET10D I CEL-8CL OT1009aAD(Dd 0¢ 6LE'8SL 8¢'8SL
g 850d (ID 1-0 uaderjon IVZ10D 18C-€LC
& (9SS €S) €T180d ‘ureyo ([)g-0 uage[o) ‘TVIT0D I TLT-€91 d1LO(DdIDIVD €1 9TY'GLY 6¢t'SLS
3 (€9 €C180d ureyd ([)g-0 uade[jo) [A4¥ (00 0 ¢19-¥09 SdDISODIID 09 LEV'LT8
= «(LS) 19¥20d ureypd (1)g-o uade[jo) ¢VIT10D I 0LS-29¢ dADAHDOVID 06 9Ty LC8 Iev' LTS
2 (L9 €C180d ureyd ([)g-0 uase[jon CVIT10D 0 £69-589 dAOIVOVID 0¢ G8¢ 108 88¢ 108
m «(9G°€S) csyeod ureyd ()1-0 uade[jon IVITTOD (4 81v-10v SdDIVDOHIADIVOVID 06 0L9 evel SLY Vel
= «(9G°€S) csyeod ureyd ()1-0 uade[jon IVITTOD 0 T€e-LTE VVODILVOANDIVOVID 08 (41N 74! VLS TV
5 +«(€9) 19vcod ureyd ([[D1-0 uade[jo) IVET0D 0 966-9Y6 AVODILTOVIDTID 0¢c €9'C801
2 +«(€9) ¢Sye0d ureyd ()1-0 uade[jo) IVITTO0D I 961756 dTOAADIOOVI 0¢ €€9°C801 7€9°C801
m +«(€9) Syeod ureyod () [-0 uade[[o) IVITTOD 0 8Se-LyE OdOVADIVDAVD 08 (432! 0rS 1v01
© (95°¢S) csyeod ureyd ()1-0 udde[jon IVITIOD 0 L8O T-9LO°T VdDIVOAdIDALD (I VLS ¥E0T G860l
«(9G°€S) csyeod ureyd ()1-0 uade[jon IVITTOO C 9L€-89¢ ddDdIOIAD 0¢s eV L68 8EY'L68
(€9) csyeod ureyd ()1-0 uade[jon IVITTOD I G96-LSS dJIDAOOVID 07¢ 907 0L8 Y0¥ 0L8
(€9) csyeod ureyd ()1-0 uade[jon IVITTO0D ! ¥16-90S dSDYIOVID 07¢ 96¢£ ¢V Y6£ €v8
(‘sJoy) QouaIaja1 UOISSIOY uondirosap urajoig Quon dAH ‘ou proe oouanbag (equ) SSEIN SSBIN
aseqeieq "ON ouruy IOII SSBIN "I09Y ], 'Sq0

“g1ep Aelreoldnw anssi 03 suoneoynuapt apndad aaneind ‘I QIqeL

==
55
2=
faY

T



https://www.spandidos-publications.com/10.3892/ol.2025.15159

SOUGIANNIS et al: EXTRACELLULAR MATRIX PROTEOMIC SIGNATURES IN COLORECTAL CANCER TUMORS

A B  Peak827.431
Col1al AA562-570
16+
=
‘% 144
c
[0]
€
< 124
3]
(]
S
= 104
-
8 T T
NAT TUMOR
100+
2 80
2
= 60
2
S 40+
(0]
204
O T T T T 1
0 20 40 60 80 100
100%-Specificity%
Area 0.7420
Std. Error 0.05517
95% confidence interval
0.6338 to 0.8501
p-value 0.0001
C Peak 843.394 Peak 870.404 E Peak 1041.540 F Peak1172.520
Collal AA506-514 Collal AA557-565 Collal AA 347-358 Col3a1 AA 795-806
161 oKk 161 16+ 16+
= s = i = =
S14d b % Z 144 2 Z 14 2 14
c c [T+t C C
< 124 2 124 L P 2 124 < 12+
[ [ [ [
g g g g
2 o4 =10 ~10- = 10+
=z =z =z z
- -
8 1 1 1 1 8 1 1 8 1 1
NAT  TUMOR NAT  TUMOR NAT  TUMOR NAT  TUMOR
1007 1001 1001 1007
2 807 2 804 2 804 s 804
2 o = o
S 60+ S 60+ S 60 S 60+
2 404 2 404 2 401 2 401
& A A A
204 20+ 20 204
0 O 0 T T T 1

0 20 40 60 80 100
100%-Specificity%

Area 0.7580

Std. Error 0.05405

95% confidence interval
0.6521 to 0.8640
p-value <0.0001

0 20 40 60 80 100
100%-Specificity%

Area 0.7373

Std. Error 0.05419

95% confidence interval
0.6310 to 0.8435
p-value 0.0002

0 20 40 60 80 100
100%-Specificity%

Area 0.7334

Std. Error 0.05417

95% confidence interval
0.6272 to 0.8395
p-value 0.0002

0 20 40 60 80 10
100%-Specificity%

Area 0.7518

Std. Error 0.05446

95% confidence interval
0.6451 to 0.8586
p-value <0.0001

Figure 2. Evaluation of NAT versus tumor independent of Appalachian status and independent of tumor stage. (A) Peptide peaks showed distinct clusters
based on peptide intensity. (B-F) Five peptide peaks were altered in NAT vs. tumor per P<0.001. (B) Peptide 827.431, collagen a-1(I) chain amino acid
domain 562-570, showed significant increases in tumor with AUROC of 0.7420 (P=0.00001); (C) Peptide 843.394, collagen a-1(I) chain amino acid domain
506-514, showed significant decreases in tumor with an AUROC of 0.7580 (P=0.0001); (D) Peptide 870.404, collagen a-1(I) chain amino acid domain 557-565,
decreased in tumor with an AUROC of 0.7373 (P=0.0002); (E) Peptide 1041.540, collagen a-1(I) chain amino acid domain 347-358, decreased in tumor with
an AUROC of 0.7334, (P=0.0002); (F) Peptide 1172.520, collagen a-1(III) chain amino acid domain 795-806 decreased in tumor with an AUROC of 0.7518
(P<0.0001). AA designates amino acid domain per each collagen. Peptides showed sensitive and specific discrimination between NAT and tumor by area under
the receiver operating curve (AUROC) =0.7 and Wilson/Brown P<0.0001. “*P<0.001 and **“P<0.0001. NAT, normal adjacent to tumors; Col, collagen; LN,
natural log.
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Sites were primarily from the collagen triple helical region,
and many contained post-translational modifications with
variable sites of hydroxylated proline. To summarize, specific
collagen peptides were found that appeared to differentiate
between normal adjacent to tumor or tumor status.

Collagen peptides discriminate malignant stage III + IV
appalachian tumor from non-appalachian tumors. Tumor
cores were investigated comparing between geographical
Appalachian (App) or Non-Appalachian (N-App) region
and by stage. A total of sixteen peptides were found altered
between combined early-stage CRC (I+II) and late stage
(III+IV) (Fig. 3). Putative peptide identifications linked altered
peptides primarily to fibrillar collagens (Fig. 3A, Table II).
Higher stages showed increased levels of collagen peptides,
corresponding with previous literature reports that processes
of fibrosis and deposition of collagen a-1(I) are associated with
CRC progression (21,57,58). In most cases, collagen peptide
levels were increased in Appalachian patient cores compared
to Non-Appalachian patient cores. Combined peptide peaks
that were altered between stage I+II Appalachian compared
to Non-Appalachian showed no discriminatory power by
AUROC (Fig. 3B, AUROC 0.532; 95% CI, 0.4809-0.5947,
Wilson/Brown P-value 2.165E-1). Comparison within the
Appalachian population by early and late-stage CRCs
reported high discriminatory power of the combined peptide
signature in differentiating tumor stage (Fig. 3C, AUROC
0.859; 95% CI, 0.819-0.899; Wilson/Brown P-value 1.0E-15).
Contrasting with this, Non-Appalachian patient cores reported
that the same combined peptide signature reported lower
discriminating power between stages I=II and Stage III=IV
(Fig. 3D, AUROC 0.662; 95% CI, 0.613-0.711; Wilson/Brown
P-value 1.08E-9). In later stage III + IV tumor, comparison
of Appalachian to Non-Appalachian patient cores presented
high discriminatory values (Fig. 3E, AUROC 0.761;
95% CI, 0.719-0.811, Wilson/Brown P-value 3.0E-15). There
were no discriminating differences in peptide signatures by
sex, smoking status or origin location of the tumor, compared
within Appalachian or compared to non-Appalachian patient
cores (Figs. S2-S4). Overall, the data suggests that very specific
collagen peptide increases may be associated with later stage
disease in Appalachian CRC patients.

Colorectal resections display complex pathological gradients
of peptides by collagen-targeted mass spectrometry imaging.
To further understand the pathological role of specific collagen
peptide regulation in CRC, tissue sections of CRC were
analyzed by high mass resolution, high mass accuracy mass
spectrometry imaging. Imaging experiments were followed
by chromatography coupled to tandem mass spectrometry to
sequence collagen peptides from CRC tissue (Fig. 4A). CRC
resections used in the study were 3-8 cm (Fig. 4B). Total ion
current demonstrated reported 4,696 features above a threshold
absolute intensity of 1,000, including isotopes (Fig. 4C). Spectra
were highly complex with near-isobaric peaks (Fig. 4D) having
substantially different distribution patterns (Fig. 4E). Heuristic
clustering (Figs. 4F and S5) showed a complex peptide popula-
tion following pathological annotation (Fig. 4F) across the CRC
resections. Principal Component Analysis of the 4,696 peak set
showed separation of tumor, muscularis, and submucosa spectra
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with location of spectra from pathology accounting for 25.6%
of the variability in component 1 (Figs. 4F and S6; Table SI).
Single and combined visualization of PCA components further
highlighted distinct pathological distribution patterns of peptide
populations (Fig. 4G). A conclusion is that by collagen targeted
mass spectrometry imaging reports significant and complex
pathological distribution patterns within the colorectal tumor
microenvironment.

Collagen post-translational modifications align with specific
CRC pathologies. To further investigate pathological variation
associated with collagen post-translational modifications, we
evaluated images from peptides significant in tumor compared
to normal adjacent to tumor found in the tissue microarray
data. An important distinction is that in the TMA data, the
core was chosen from the center of the tumor whereas in
the CRC resections, the entire resection (3-8 cm) is shown.
This allows visualization of molecular gradients across
several pathologies. Each CRC showed a diversity of spatial
regulation related to collagen a-1(I) chain and collagen a-2(I)
chain mapping same m/z previously found in the TMA
found as differential in tumor vs. NAT or in Appalachian vs.
Non-Appalachian (Fig. 5A). Interestingly, higher intensity of
identified collagen peaks was found adjacent to the primary
tumor. Evaluation of peak intensity based on proline hydroxyl-
ation status varied in each tissue with hydroxylated sites being
more intense (Fig. 5B). Mapping each collagen peptide domain
by site variant showed differential spatial patterns [Fig. 5C,
example peptide GPIGSRGPS amino acids #604-612 from
collagen a-2(I)]. In certain cases, overlaying modified and
unmodified versions demonstrated complementary patterns
related to collagen post-translational regulation (Figs. 5D and
S7-S9). In summary, collagen post-translational modification
of hydroxylated proline appears spatially regulated in CRC
with increased intensity adjacent to tumor.

Discussion

Colorectal cancer (CRC) begins as a submucosal invasion
of tumor cells that forms the initial tumor and subsequently
advances into the muscularis propria and then perirectal adven-
titia (58-61). High stromal content is a poor prognosticator as
well as advanced stage, higher grade, and invasion of the peri-
neural and lymphovascular regions (62,63). Re-organization
of the stromal extracellular matrix remodeling plays a
significant role throughout colon cancer including metas-
tasis (20,23,64-67). In CRC, collagen systematically changes
from irregular wavy structures to highly dense and linearly
packed fibers that have been shown to increase migration
of cancer activated fibroblasts (68,69). Fibrillar collagens
contain protein domains that are a rich systems biology (70)
facilitating communication through the cell-matrix interac-
tions. Alterations in collagen organization reflect differential
exposure of the collagen domains involved in cell binding,
signaling, and protease interaction (38,71-77). In this study
we leverage mass spectrometry imaging to examine changes
in collagen peptide variation from staged CRC as a tissue
microarray and as tissue sections. This study included tumors
from the Appalachian population that have been shown to have
higher risk of developing more aggressive cancers including
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CRC (13,14). To our knowledge, this is the first study to assess
ECM proteomic regulation in clinically archived tissues that
includes potential collagen hydroxyproline changes within
patient-matched NAT and colorectal tumors and is the first to
consider a role in spatial distribution of collagen expression as
a factor in the CRC tumor microenvironment.

Collagen and stromal extracellular matrix have been shown
to have predictive values colorectal cancer (23,38,57,77).
These studies have been done at the qualitative level with
limited information on collagen protein structure changes
that may influence cancer progression. In the present study
we discovered five peaks that distinguish tumor compared to
NAT with high sensitivity and specificity. Peptides belonging
to fibrillar collagens collagen a-1(I) chain (COL1A1), collagen
a-2(I) chain (COL1A?2), and collagen a-1(III) chain (COL3A1)
showed specific sites of hydroxylated proline (HYP) that were
altered in NAT vs. tumor. Collagen HYP sites form hydrogen
bonds to glycine residues that are the basis for the triple helical
collagen structure in common with fibrillar collagens (75).
Differences in sites of proline hydroxylation has been previ-
ously established to modulate collagen signaling within the
tissue microenvironment by exposing or covering domains
involved in cellular function and signaling (23,51,53). Prolyl
hydroxylases, the enzymes that facilitate HYP modification
alters tumor progression across many cancers (71). Previous
proteomic studies report that prolyl 4-hydroxylase 1 (P4AHA1)
was increased relative to benign colon mucosa and was
an independent prognosticator showing poor outcome for
patients with early stage CRC (27). Furthermore, inhibition of
P4HA1 decreased tumor cell growth and metastasis to liver
and bone (78). Few studies have reported the dynamics of
hydroxylated proline site changes due to the activity of prolyl
4-hydroxylases. A single proteomic study found a lower degree
of collagen hydroxylation within the triple helical region
when CRC metasizes to liver (66). Collectively, the evidence
supports that site specific modulation of the collagen protein
structure alters with changes in malignancy.

A specific set of peptides was found to distinguish
late-stage CRC in the Appalachian population compared to
Non-Appalachian population. The Appalachian population
has multiple factors that contribute to disparities: a high level
of poverty and unemployment, lower levels of education,
geographic isolation, and an inadequate health care infrastruc-
ture of healthcare resources and professionals (13,16,17). Along
with these societal aspects, generational lifestyle behaviors also
influence cancer progression. High levels of obesity, smoking,
and a sedentary lifestyle are characteristic of the Appalachian
population (13,14,16,17), and these characteristics correlate to
high prevalence and severity of colorectal cancer (15,79), not
only in this specific population, but in the general population
as well. Our group and others have previously explored linking
molecular factors to lifestyle influences as a contribution to
disease (80-82). The present study, while done on a small
cohort, provides initial evidence that the microenvironment of
the extracellular matrix proteome (outside of the cells) is altered
in a population with specific risk factors for colorectal cancer.
The increased expression in late-stage colorectal cancer from
the Appalachian population corresponds with previous reports
that collagen deposition and pathways increase in CRC (20-23).
Here, very specific peptides found increased above that of the
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non-Appalachian populations, suggestive of a collagen struc-
ture-function regulation that facilitates a more aggressive cancer
microenvironment (Figs. S6-S8). The peaks selected showed
similar trends in expression patterns. This is expected as past
studies using the method (49-51) show that a majority of peaks
come from the same protein population consisting of collagens
and extracellular matrix proteins that provide collagen fiber
regulation. Proteomic modulations to the extracellular matrix
microenvironment contribute to colorectal signaling in this
high-risk population and may provide a new avenue to stratify
patients, provide new therapeutic targets, and direct treatment
from an earlier stage in diagnosis.

A new finding presented in this manuscript is the significant
spatial regulation of collagen structure within the colorectal
tumor microenvironment. In the tissue microarrays, cores
were selected by a pathologist and show relative patterns from
tumor tissue or normal adjacent tissue. Mass spectrometry
imaging of the tissue from colorectal resections provided a view
of the molecular gradients contributing to colorectal cancer.
Surprisingly, while the resections were from diverse patients,
the samples all show that collagen was relatively decreased in
the primary tumor when compared to the adjacent pathologies
or margins. Spatial clustering of multiple peptides and prin-
cipal components analysis strengthened the primary structural
features of tumor, submucosa and muscularis all show very
distinct spatial regulation of the extracellular matrix proteomes.
Sequencing data further highlighted that collagen peptides that
altered by post-translational status aligned differentially with
pathological features of colorectal resections. Previous litera-
ture has described that collagen fibers form interconnective
‘highways’ that influence tumor cell migration (83) and this may
be why expression increased at the tumor boundaries. However,
the molecular content of these fibers and the regulation of
informational domains that participate in cell function and
signaling has yet to be defined. This work suggests that across
the colorectal tumor microenvironment, fibrillar collagens are
discretely regulated at the post-translational level dependent
on cell content and alter with primary colorectal structure
(Figs. S6-S8). Further, these regulations may be exacerbated by
environmental factors specific to the patient which can influ-
ence the patient's prognosis.

There are limitations to this study. patients self-
identified as white and it is possible that the unique tri-racial
European-white, Sub-Saharan, and Indigenous American
ancestry of some Appalachians (84) may contribute to higher
cancer risk and lead to development of more aggressive
CRC. Genetically defined ancestry would aid in determining
hereditary CRC traits. African-Americans also show signifi-
cant disparities in progression and outcome of colorectal
cancer (12). We hypothesize that the significant molecular
differences by extracellular protein modulation discovered
in this study may also contribute to CRC progression within
African-American populations. Lower socioeconomic
factors contribute to lower frequencies of physician visits,
and this may be why the Appalachian population showed a
later diagnosis age compared to non-Appalachians (11). We
recognize that this study was conducted as a single-center
retrospective study on a small cohort, which might have
led to potential selection bias. Future investigations will
expand patient number and patient diversity in order to fully
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understand the influence of collagen proline hydroxylation
in CRC pathology in underserved, high risk populations.

In conclusion, increased collagen deposition has been
established as a hallmark of colorectal cancer progression.
Past studies have reported on pathological collagen regulation
by chemical staining and collagen fiber measurements (20-23).
We show here that molecular profiles of the collagen protein
structure change with malignancy and differentiate high risk
populations. Additionally, we show that spatial regulation of
collagen occurs across the colorectal tumor microenvironment,
with post-translational regulation by hydroxylated proline
differentiating the CRC histopathological region. The collagen
protein structure has discrete domains that contribute to cell
and protein binding, modulating cell function within the tumor
microenvironment. These structural domains are modulated for
cell use through alteration in hydroxylated proline status. Our
collective data suggests that cell-matrix specific interactions
contribute to structure-function changes within the CRC tumor
microenvironment. Previous work by many groups has shown
that collagen regulation is a predictive tool in clinical outcomes
in many cancers, including CRC. Future work expands on the
findings of this study to further define how collagen structure
regulation associates with clinical outcomes in underserved
populations. Studies linking cell signaling to spatial collagen
regulation in the colorectal cancer microenvironment will be
essential to understanding mechanisms and effects of collagen
regulation in colorectal cancer progression.
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