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ARTICLE INFO ABSTRACT

Keywords: Objective: To assess the potential impact of mutant ECM amino acids (AA) on melanoma-related matrix me-
Extra-cellular matrix talloproteinase-7 (MMP7) activity.

MMP7 Design and methods: We applied a novel scripted algorithm, based on the MEROPS database, to reveal mutant-
m:{:ﬁ;‘:mo acids dependent sensitivity changes across the cancer genome atlas, melanoma dataset.

Results: This approach revealed a strong bias in favor of mutant AA dependent protease sensitivity increases.
Thus, melanoma specimens with relatively few mutations had only MMP7 mutant sensitive, ECM peptides. As
mutations increased, melanoma specimens included mutant AA representing mostly increased sensitivity and a
small but increasing number of mutant AA representing decreased MMP7 sensitivity. There was no detection of
melanoma specimens with only decreases in MMP7 sensitivity. Furthermore, melanoma specimens with ex-
clusively increased sensitivity and thereby only a few overall mutations represented reduced T-cell infiltrates
and worse outcomes.

Conclusions: Overall, the results indicated that changes in MMP7 sensitivity, attributable to mutant AA, have the
potential of identifying patients with distinct survival outcomes as well as patients with cancer specimen im-

Immune cell infiltrates

mune activity.

1. Introduction

Over the last decade, a vast amount of cancer mutation data has
been collected and made available for numerous studies that have not
been directly related to the original motivation for the tumor DNA se-
quencing, namely, that cataloging more potential driver mutations
would enhance knowledge regarding tumor development. While this
original motivation has been fruitful, the corollary studies have also led
to benefits. For example, it is clear that high mutation rates are asso-
ciated with a greater anti-tumor immune response [1-7], presumably,
although not yet certainly due to an increased level of (effectively non-
self) neoantigens stimulating the increased immune response.

One of the areas of corollary study that has been limited has been
the impact of mutant amino acids on protease sensitivity [8,9]. In-
creased protease activity in the cancer micro-environment, and in some
cases, intracellularly, is a hallmark of cancer. Extra-cellular cancer
proteases are considered to be effectors of metastasis [10], and in many

cases, alterations in protease activity can regulate cancer antigen pre-
sentation [11]. Thus, appreciating the impact of mutant amino acid
(AA) substitutions on the activity of proteases is likely to yield benefits
in understanding basic cancer development processes. Also, under-
standing the impact of mutant AA on protease sensitivity may provide
for technical opportunities to facilitate cancer characterizations, a point
of emphasis for this report. Included among the many reasons for ex-
tending the vast cancer mutant database to protease sensitivity is the
ease of expanding this dimension of knowledge, owing to the fact that
an extensive catalog of high quality information regarding protease
binding sites has been available for decades [12,13]. In fact, effectively,
protease binding quantifications in silico represented pioneering efforts
in bioinformatics.

In particular, matrix metalloproteinase-7 (MMP7) has been asso-
ciated with melanoma progression and invasion [14-16]. For example,
Kawasaki et al. have demonstrated that MMP7 expression can be de-
tected in 29 out 33 (87%) of melanoma samples, with 100% of
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metastatic samples expressing MMP7, revealed by a retrospective Im-
munohistochemical study [16]. The group established MMP7 as a sur-
vival-related biomarker in melanoma, with 5-year survival rates for
MMP7-positive cases being 26.3% and 5-year survival rates for MMP7-
negative cases being 100% [16]. These results support the idea that
MMP?7 has a distinct effect on patient survival. Thus, in this report, we
examined the melanoma mutant AA impacts on MMP?7 sensitivity. This
study is focused on the structural subset of matrisome proteins, as
previously defined [17], i.e. the entire collection of proteins that are
present in the ECM and have categorized the proteins into six cate-
gories: (i) glycoproteins, (ii) collagens, (iii) proteoglycans, (iv) ECM-
affiliated proteins, (v) regulatory factors, and (vi) secreted proteins. In
this report, we investigated the role of mutant amino acids (AA) in the
ECM structural proteins. Also, melanoma was a focus because of its
especially high mutation rate thereby presumably providing for many
mutant matrisome coding regions, due to the randomness of muta-
genesis and the large size of these coding regions [18]. Furthermore,
even independently of ECM related mutagenesis, there is very little
known regarding MMP7 and the ECM breakdown in melanoma, al-
though a previous study with brain tumors clearly indicates the vul-
nerability of the ECM to MMP7 [19].

2. Methods

2.1. Identification and collection of mutant matrisome peptides from the
TCGA and Broad databases

Naba et al. [17,20,21] have established the “matrisome”, as ex-
plained in detail in Introduction. We removed all secreted factors (i.e.
hormones, interleukins) and regulatory factors (i.e. peptidases, pepti-
dase inhibitors) from the indicated matrisome collection. We down-
loaded mutant AA data, for the partial matrisome, for the Broad skin
cutaneous melanoma (SKCM) dataset and for the cancer genome atlas
(TCGA) provisional datasets for SKCM, bladder urothelial carcinoma
(BLCA), glioblastoma multiforme (GBM), and ovarian cystadenocarci-
noma (OV) datasets (cBioPortal.org) [22-24]. The partial matrisome
included all ECM glycoproteins, collagens, proteoglycans, and ECM-
affiliated proteins, for a total of 445 ECM proteins (Table S1). Missense
mutation frequencies representing either an increase or decrease in
MMP7 sensitivity, according to the software described below, were
counted and a “comparison of proportions” statistical test was con-
ducted using the web tool, https://www.medcalc.org/calc/comparison_
of proportions.php.

2.2. Assessment of protease sensitivity changes due to mutant peptides

Protease cleavage matrices for MMP7 and MMP16 (matrix me-
tallopeptidase-16) were obtained from the MEROPS Sanger Database
[12] and saved in a comma-separated values file format. The protease
cleavage matrices for MMP7 and MMP16 are available in the SOM
(Table S2). These protease cleavage matrices were then used as an input
file, along with the cBioPortal-derived, ECM mutant AA data, for the
script, WholeProteanomeMutationAssesorV4.pl (Table S3). This Perl
script was developed in ref. [8] to assess protease digestion potential of
a peptide with a mutant AA in comparison to the same peptide with a
wild-type AA sequence. The script assesses the impact of the mutant AA
from one side of the MEROPs matrix to the other, i.e., over a section of
eight AA. For example, the mutant is first placed at the extreme N-
terminal end of the matrix, and the matrix value is calculated and
compared to the calculation based on having the wild-type AA, as de-
fined by the Uniprot database [13], in the same position. The mutant
AA is then moved one position towards the C-terminal end of the ma-
trix, and the calculations are repeated. The positions in the matrix are
referred to as P4, P3, P2, P1, P1’, P2/, P3’, P4/, reflecting the direction
from amino terminal to carboxy terminal, with the cut site between P1
and P1’. For each position, every AA has a numerical value. Thus, after

86

Clinical Biochemistry 63 (2019) 85-91

a difference has been established for the mutant AA and the wild-type
AA for each position, P4 — P4/, the value of the greatest difference is
recorded. This analysis only included missense mutations. Also, muta-
tions within eight amino acids of either terminal of the proteins as-
sessed were not included in this analysis due to limitations of the
software, WholeProteanomeMutationAssesorV4.pl. An example of the
calculations of the algorithm for MMP?7 is available in the SOM (Table
S4).

2.3. Kaplan-Meier outcomes analyses

Clinical data, including overall and disease free survival outcomes,
for the TCGA provisional SKCM dataset were downloaded from www.
cBioPortal.org. Survival data were then matched to corresponding
TCGA barcodes representing sensitivity differences attributed to ma-
trisome mutations and/or the recovery of V(D)J recombination reads
from exome files [25-27], as detailed in the next Methods section.
Kaplan-Meier survival curves were then generated, as detailed in
Results, using Graphpad Prism software.

2.4. Obtaining TRB V(D)J Recombination reads from TCGA provisional
SKCM exome files

Primary and metastatic tumor, whole exome sequence (WXS) files in
binary alignment map (BAM) format were downloaded from the
genome data commons (GDC) to University of South Florida research
computing using the GDC data transfer tool (https://gdc.cancer.gov/
access-data/gdc-data-transfer-tool) with authorization via dbGaP ap-
proved project #6300 (Table S5, GDC filenames from the download
manifest). Recovery of immune receptor recombination reads was
performed in two stages. First, a list of candidate reads was generated
using scripts described previously [25,27]. In the second step, candi-
date reads which contained a V region, J region, and a productive CDR3
domain were identified using novel software, available upon email re-
quest to the corresponding author. To further ensure read fidelity, the
final list of productive V(D)J recombination reads was filtered to in-
clude only reads that matched both V and J regions with at least 90%
nucleotide match fidelity and at least 20 nucleotide match length (Table
S6).

2.5. Computational assessment of basic protease sensitivity

For a computation of basic protease sensitivity, all mutant AA are in-
putted into the original software, WholeProteanomeMutationAssesorV5.pl
(Table S7), and a calculation is performed with the mutant AA in all po-
sitions of the matrix, respectively, to obtain a maximal score with the
mutant AA, based on the MEROPS protease cleavage matrix [12,13]. That
mutant AA based score is compared to the maximum score producible by
the matrix. The threshold provides a selection for a percentage of the
maximum score for the matrix. Example calculations are available in the
SOM (Table S8).

3. Results
3.1. Melanoma mutation frequency

To determine whether there were differences in mutation fre-
quencies, among melanoma samples, for the structural ECM proteins
(Table S1), we first obtained the average number of missense mutations
in the structural ECM protein coding regions for two melanoma data-
sets: TCGA provisional SKCM (skin cutaneous melanoma; n = 471) and
Broad SKCM (n = 121) (www.cBioPortal.org) (Table S9, Table S10).
There was an average of 26.2 and 24.4 missense mutations per patient
barcode (sample) in the Broad SKCM and the TCGA SKCM provisional
datasets, respectively. The mutation frequency for the ECM structural
proteins was much lower in several other cancers: BLCA, GBM, and OV
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(Fig. 1A, Table S11).

One hundred percent and 95.0% of barcodes within the Broad
SKCM and TCGA SKCM datasets, respectively, had at least one missense
mutation in the ECM structural proteins assessed in our analysis.
Consistent with our mutational frequency assessment, when comparing
the proportion of barcodes with ECM missense mutations in the TCGA
SKCM datasets to the TCGA BLCA (p < .0001), GBM (p = .0161), and
OV (p < .0001) datasets, the TCGA SKCM dataset has a statistically
significantly greater proportion of barcodes with ECM missense muta-
tions in all cases (Fig. 1B, Table S11). In sum, the ECM protein coding
regions are highly mutated in melanoma.

3.2. Increased MMPY7 sensitivity

We next considered whether the melanoma ECM missense AA
substitutions could confer increased or decreased sensitivity to MMP7,
an extracellular protease associated with melanoma progression
[14,15], based on an in silico protease digestion algorithm as detailed
in Methods (Table S3). We first evaluated the impact of mutant AA
substitutions in the ECM structural proteins in the TCGA SKCM dataset
at the 0.7 threshold, i.e., the difference in the protease binding scores,
represented by either the mutant AA or the wild-type AA, respectively,
had to be at least 70% of the value of the AA that represents the highest
score in the MMP7, MEROPs [12,13] scoring matrix (Table 1; Table
S12). Results indicated a much greater number of AA substitutions that
led to increased rather than decreased sensitivity (p < .0001). This
shift towards increased MMP7 sensitivity was consistent across two
thresholds, 0.7 and 0.9, the latter representing the higher standard of
the requirement for a 90% increase or decrease in the score, due to the
mutant AA (Table 1; Table S12). Both the TCGA and Broad SKCM
(Table 1; Table S13) datasets revealed this trend towards increased
sensitivity.

We next determined whether this shift towards increased protease
sensitivity was specific for MMP7. We repeated the initial analysis using
the MEROPS protease cleavage matrix for MMP16. Results indicated

Table 1

that the same set of mutant AAs that conferred a shift towards protease
sensitivity for MMP7 conferred a shift towards decreased protease
sensitivity for MMP16 (Table 2, Table S14).

3.3. Purely sensitive barcodes have worse outcomes

We next determined whether barcodes representing increased sen-
sitivity towards MMP7 conferred any survival distinctions in the TCGA
SKCM dataset. (No survival information was available for the Broad
dataset.) We obtained survival data and matched overall survival (OS)
and disease-free survival (DFS) data with the output from the protease
digestion algorithm to generate KM curves. At the 0.9 threshold, of the
342 barcodes representing at least one missense AA substitution in the
ECM structural proteins, 243 barcodes represented at least one missense
AA substitution that increased MMP7 sensitivity. Of these 243 bar-
codes, most included AA substitutions representing both increased and
decreased MMP7-sensitivity, respectively. Thus, we identified the bar-
code set that excluded all barcodes with no mutations for the ECM
structural proteins (ECM; Table S1) and excluded all barcodes with
(multiple) AA substitutions representing increased and decreased
MMP?7 sensitivity. This set of 56 barcodes, with only AA substitutions
representing an increase in MMP?7 sensitivity at the 0.9 threshold, also
represented a worse OS and DFS when compared to all remaining TCGA
SKCM barcodes (Fig. 2A, B). The mean survival periods and p-values for
the log-rank tests are given in the legend for Fig. 2. The full Graphpad
Prism output for Fig. 2A is available in the SOM (Table S15). These OS
and DFS results were consistent for both the 0.9 and 0.7 thresholds
(Fig. 2C, D).

3.4. Recovery of TRB recombination reads in WXS representing the distinct
classes of MMP7, mutant ECM sensitivity changes

Previous work has established the recovery of TRB recombination
reads from WXS files as an assay for the presence of T-cells in tumor
specimens, for examples, refs. [27, 28]. Given the association between

A breakdown of protease sensitivity data, representing the TCGA and Broad datasets for melanoma (SKCM), for MMP7 and the ECM structural proteins, using
WholeProteanomeMutationAssesorV4.pl. As described in detail in the text, the WholeProteanomeMutationAssesorV4.pl software establishes a change in protease
sensitivity, according to the MEROPS binding matrix [12,13] for that protease, in this case MMP7. Additional details available in Tables S12, S13.

0.7 Threshold

0.9 Threshold

Dataset Number of mutant AA Number of mutant AA p-Value Number of mutant AA Number of mutant AA p-Value
substitutions that confer substitutions that confer substitutions that confer substitutions that confer
decreased sensitivity increased sensitivity decreased sensitivity increased sensitivity
SKCM TCGA 283 1126 2.327E-05 101 1071 1.555E—-07
SKCM Broad 373 1450 2.724E-07 31 298 7.961E—09
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A breakdown of protease sensitivity data, representing the TCGA dataset for melanoma (SKCM), for MMP7 and MMP16 and the ECM structural proteins, using
WholeProteanomeMutationAssesorV4.pl. As described in detail in the text, the WholeProteanomeMutationAssesorV4.pl software establishes a change in protease
sensitivity, according to the MEROPS binding matrix [12,13] for that protease, in this case MMP7 and MMP16. Additional details available in Tables S12, S14.

0.7 Threshold

0.9 Threshold

Protease Number of mutant AA Number of mutant AA p-value Number of mutant AA Number of mutant AA p-Value
substitutions that confer substitutions that confer substitutions that confer substitutions that confer
decreased sensitivity increased sensitivity decreased sensitivity increased sensitivity
MMP7 283 1126 2.327E-05 101 1071 1.555E—-07
MMP16 1288 717 0.0405 712 148 1.092E-05

the ECM and lymphocyte infiltration/activation [29,30], we searched
TCGA SKCM WXS files for the presence of TRB recombination reads, as
described in Methods. Our initial results indicated that barcodes re-
presenting the presence of the TRB recombination reads had a sig-
nificantly improved OS and trended towards a better DFS (Fig. 3A, B),
not surprising for melanoma.

We next sorted TRB recombination read-positive barcodes based on
whether they were recovered from the WXS files representing the group
of 56 barcodes that represented only AA substitutions that conferred
increased MMP?7 sensitivity (Fig. 2A, Table S16). Results indicated that
barcodes with only an increase in MMP7 sensitivity but without the
presence of TRB recombination reads had worse survival outcomes than
barcodes with TRB recombination reads present (Fig. 3C-G). The mean
survival periods and p-values for the log-rank tests are given in the
legend for Fig. 3. The full Graphpad output for Fig. 3C, D is available in
the SOM (Table S17).

3.5. Barcodes representing only MMP7 sensitive mutant peptides and TRB
read recovery also represent a higher mutation rate

Previous work has indicated that T-cell infiltrates are associated
with higher mutation rates, in both humans and in a mouse model
[1,7]. We thus determined the average number of mutations among the
ECM structural protein coding regions (Table S1) for barcodes that re-
presented only an increase in sensitivity to MMP7, and the presence of
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TRB recombination reads, for comparison to the average number of
mutations for barcodes that represented only an increase in sensitivity
to MMP7 and the absence of TRB recombination reads. Results in-
dicated that barcodes representing the presence of TRB recombination
reads had a statistically significantly higher mutation rate than the
barcodes without TRB recombination reads (Table 3, Table S18). In
short, barcodes representing fewer mutations, among the ECM struc-
tural protein coding regions, had a reduced T-cell infiltrate.

3.6. Absolute MMP7 sensitivity is not correlated with a survival distinction

To determine whether the absolute sensitivity of mutant peptides
could be contributing to the distinct survival differences, we designed a
protease digestion algorithm that calculated a MEROPS-based score for
the mutant peptide sequences. This protease digestion algorithm cal-
culated a score for each mutant peptide and compared that score to the
maximum score possible for the MMP7, MEROPS quantification matrix
(Table S2). Using the same set of TCGA SKCM barcodes and same set of
ECM proteins used in the previous analyses, results indicated that 132
barcodes represented at least one AA substitution among the ECM
structural proteins that represented a minimum of 70% of the max-
imum score possible with the MMP7 matrix (Table S19). When com-
pared to all remaining barcodes, these 132 barcodes do not represent
statistically significant survival differences (Fig. S1A, S1B).

Fig. 2. Kaplan-Meier curves representing exclusively
an increase in sensitivity to MMP7. (A) Kaplan-Meier
(KM) overall survival (OS) curve for TCGA SKCM
barcodes that represent only increased sensitivity to
MMP?7 at the 0.9 threshold (n = 56, gray), compared
to the OS for all remaining barcodes (n = 404, black).
Median OS for the barcodes representing increased
sensitivity to MMP7, 53.48 months; median OS for all
remaining barcodes, 92.94 months. Log rank com-
parison p-value, p = .027. (B) KM disease-free sur-
vival (DFS) curve for TCGA SKCM barcodes that re-
present exclusively increased sensitivity to MMP7 at
the 0.9 threshold (n = 46, gray), compared to the
DFS for all remaining barcodes (n = 354, black).
Median DFS for the barcodes representing increased
sensitivity to MMP7, 29.83 months; median DFS for
all remaining barcodes, 55.49 months. Log rank
comparison p-value, p = .0008. (C) KM OS curve for
skin SKCM barcodes that represent purely increased
sensitivity to MMP7 at the 0.7 threshold (n = 45,
gray), compared to the OS for all remaining barcodes
(n = 415, black). Median OS for the barcodes re-
presenting  increased  sensitivity to MMP7,
48.82 months; median OS for all remaining barcodes,

B

200 300 400
survival (months)

D

200
Disease-free survival (months)

300 400

92.94 months. Log rank comparison p-value, p = .0178. (D) KM DFS curve for SKCM barcodes that represent purely increased sensitivity to MMP7 at the 0.7
threshold (n = 36, gray), compared to the DFS for all remaining barcodes (n = 364, black). Median DFS for the barcodes representing increased sensitivity to MMP7,
35.87 months; median DFS for all remaining barcodes, 54.80 months. Log rank comparison p-value, p = .0058. Note, the number of barcodes decreases, for barcodes
representing exclusively sensitive AA, when the threshold is lowered, because the lower threshold then “captures” some mutant AA substitutions that, at that lower
threshold, represent a decrease in MMP7 sensitivity. Those mixed sensitivity barcodes are then removed from the assessments (i.e., in Fig. 2C, D).
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Fig. 3. Kaplan-Meier curves representing a distinct increase in sensitivity to MMP7 and VDJ recombination read count recovery. (A) KM OS curve for TCGA SKCM
barcodes that were positive for TRB VDJ recombination reads (n = 247, gray), compared to the OS for all remaining barcodes (i.e., negative for TRB VDJ re-
combination reads; n = 213, black). Median OS for the barcodes positive for the TRB VDJ recombination reads, 103.12 months; median OS for all remaining
barcodes, 60.18 months. Log rank comparison p-value, p = .0022. (B) KM DFS curve for TCGA SKCM barcodes that are positive for TRB VDJ recombination reads
(n = 221, gray), compared to the DFS for all remaining barcodes (n = 179, black). Median DFS for the barcodes positive for TRB VDJ recombination reads,
56.01 months; median DFS for all remaining barcodes, 47.11 months. Log rank comparison p-value, p = .0787. (C) KM OS curve for TCGA SKCM barcodes that
represented only increased sensitivity to MMP7 (at the 0.9 threshold) and are negative for TRB VDJ recombination reads (n = 25, gray), compared to the OS for all
remaining barcodes (n = 435, black). Median OS for the barcodes that represent increased sensitivity to MMP7 and negative for TRB VDJ recombination reads,
22.11 months; median OS for all remaining barcodes, 89.06 months. Log rank comparison p-value, p < .0001. (D) KM DFS curve for TCGA SKCM barcodes that
represented only increased sensitivity to MMP7 (at the 0.9 threshold) and negative for TRB VDJ recombination reads (n = 20, gray), compared to the DFS for all
remaining barcodes (n = 380, black). Median DFS for the barcodes that represent increased sensitivity to MMP7 and negative for TRB VDJ recombination reads,
12.61 months; median DFS for all remaining barcodes, 54.80 months. Log rank comparison p-value, p < .0001. (E) KM OS curve for TCGA SKCM barcodes that
represented only increased sensitivity to MMP7 (at the 0.9 threshold) and positive for TRB VDJ recombination reads (n = 31, gray), compared to the OS for all
remaining barcodes (n = 429, black). Median OS for the barcodes that represented only increased sensitivity to MMP7 and are positive for VDJ recombination reads,
80.62 months; median OS for all remaining barcodes, 78.91 months. Log rank comparison p-value, p = .8558. (F) KM DFS curve for TCGA SKCM barcodes that
represented only increased sensitivity to MMP7 at the 0.9 threshold and positive for TRB VDJ recombination reads (n = 26, gray), compared to the DFS for all
remaining barcodes (n = 374, black). Median DFS for the barcodes that represent only increased sensitivity to MMP7 and positive for TRB VDJ recombination,
40.97 months; median DFS for all remaining barcodes, 51.48 months. Log rank comparison p-value, p = .2087. (G) KM OS curve for TCGA SKCM barcodes that
represented only increased sensitivity to MMP7 (at the 0.9 threshold) and negative for TRB VDJ recombination reads (n = 25, gray), compared to the OS for SKCM
barcodes that represented only increased sensitivity to MMP7 and positive for VDJ recombination reads (n = 31, black). Median OS for the barcodes that represent
only increased sensitivity to MMP7 and negative for VDJ recombination reads, 22.11 months; median OS for the barcodes that represented only increased sensitivity
to MMP7 and positive for VDJ recombination, 80.62 months. Log rank comparison p-value, p = .0148.
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Table 3

Average number of mutations per barcode for barcodes that have at least one
MMP?7-sensitive mutation in the ECM structural proteins (Table S1) and are
positive for TRB VDJ recombination reads vs. barcodes that have at least one
MMP?7-sensitive mutation in the ECM structural proteins but are negative for
TRB VDJ recombination reads. Details regarding the recovery of TRB VDJ re-
combination reads are available in Tables S6, S16, and S18.

MMP7-sensitive with TRB MMP?7-sensitive without TRB p-Value

14.19 8.92 0.0013681

4. Discussion

The above bioinformatics analyses indicated that mutant AA in the
ECM structural proteins lead, far more often than not, to an increase in
MMP-7 sensitivity. However, an increase in sensitivity, particularly
with the algorithm used to detect this increase, does not necessarily
indicate that the mutant AA has the effect of making peptides with
those mutant AA highly sensitive to MMP?7. In fact, when applying a
second algorithm to mutant, structural ECM proteins, whereby only an
absolute value related to MMP7 sensitivity was calculated, no sig-
nificant differences in survival between patients with relatively sensi-
tive versus relatively insensitive mutant, ECM peptides was detected.
This may be somewhat surprising given the association of high levels of
MMP-7 secretion by melanoma cells with reduced survival [16].

Nevertheless, the above data did effectively identify a low-surviving
set of patients with mutant ECM peptides representing an increase in
MMP?7 sensitivity, albeit without an overlapping assessment of absolute
sensitivity. This set of low surviving patients could be explained as
follows. First, the set of low surviving patients had tumors with mutant
AAs in the structural ECM proteins that only represented an increase in
MMP-7 sensitivity. It was not possible, or at least highly unlikely, to
have a tumor with AA that led only to increased resistance, given our
results that such AA substitutions are rare. However, given the high
frequency of AA substitutions leading to an increase in sensitivity, and
given tumors with only a few mutations, the occurrence of a relatively
small number of patients with only increased sensitivity and a small
number of mutations is expected. Second, as noted in the Introduction,
fewer mutations means a lower anti-cancer immune response [31], and
indeed, in this study, the recovery of TRB recombination reads from the
exome files of the melanoma dataset examined supported this conclu-
sion. Thus, the patients having tumors with mutant AAs leading only to
an increase in MMP-7 sensitivity is thereby explained.

The association of the overall increased number of sensitive mutant
AA with a higher mutation rate and better outcomes may have its
technical applications. For example, because most mutant AA do in-
crease ECM structural protein sensitivity, it would be likely only a
matter of establishing MMP-7 digestion standards to make an in vitro
comparison of relatively few mutations versus a high number of mu-
tations, possibly with a microscopic assay, representing many simple
alternatives. Second harmonic generation microscopy in particular is a
highly convenient method for assessing ECM structural protein integrity
[32]. This type of approach could be particularly important where cost-
effectiveness is required, such as in repeated assessments of mutation
accumulation, as in childhood chemotherapy treatment; or in settings
where DNA sequencing is not practical or possible. With such an ap-
proach, it may be easier to justify use of immune checkpoint inhibitors,
or other immuno-therapies, where DNA sequencing, to obtain mutation
burdens is considered a guide to the use of immunotherapies, but where
the DNA sequencing is not economically or technologically practical.
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