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Abstract

Matrix metalloproteinase-11 (MMP11) is an enzyme with proteolytic activity against

matrix and nonmatrix proteins. Although most MMPs are secreted as inactive proen-

zymes and are later activated extracellularly, MMP11 is activated intracellularly by

furin within the constitutive secretory pathway. It is a key factor in physiological tis-

sue remodeling and its alteration may play an important role in the progression of epi-

thelial malignancies and other diseases. TCGA colon and colorectal adenocarcinoma

data showed that upregulation of MMP11 expression correlates with tumorigenesis

and malignancy. Here, we provide evidence that a germline variant in the MMP11

gene (NM_005940: c.232C>T; p.(Pro78Ser)), identified by whole exome sequencing,

can increase the tumorigenic properties of colorectal cancer (CRC) cells. P78S is

located in the prodomain region, which is responsible for blocking MMP11's protease

activity. This variant was detected in the proband and all the cancer-affected family
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members analyzed, while it was not detected in healthy relatives. In silico analyses

predict that P78S could have an impact on the activation of the enzyme. Further-

more, our in vitro analyses show that the expression of P78S in HCT116 cells

increases tumor cell invasion and proliferation. In summary, our results show that this

variant could modify the structure of the MMP11 prodomain, producing a premature

or uncontrolled activation of the enzyme that may contribute to an early CRC onset

in these patients. The study of this gene in other CRC cases will provide further infor-

mation about its role in CRC development, which might improve patient treatment in

the future.

K E YWORD S

colorectal cancer, familial colorectal cancer type X, matrix metalloproteinase 11, proline for
serine exchange in the 78 amino acid position of a protein, whole exome sequencing

What's new?

Matrix metalloproteinases have a tremendous capacity to degrade extracellular matrix proteins.

While their activity has been closely associated with the invasive nature of malignant solid

tumors, including colorectal cancer, their role in the carcinogenesis of colorectal adenomas

remains unclear. Here, the authors unveil an MMP11 variant able to produce a premature or

uncontrolled activation of the MMP11 enzyme that may contribute to early disease onset in

colorectal cancer patients. The identification of this new variant may facilitate the earlier detec-

tion of new tumors as they develop or become malignant in colorectal cancer patients.

1 | INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer and the

second leading cancer-related cause of death worldwide (all sexes,

data from WHO [www.who.int] and World Cancer Research Fund

[www.wcrf.org]). Although most CRCs are considered sporadic, it is

estimated that familial risk is involved in up to 30% of all cases.1

However, not more than 5% to 6% are caused by known germline

mutations in cancer-predisposing genes.2 The most common form of

inherited CRC is Hereditary Non-Polyposis Colorectal Cancer

(HNPCC), a familial syndrome characterized by an increased suscepti-

bility to CRC and other associated tumors as defined by the

Amsterdam I and II clinical criteria.3,4 An important fraction of HNPCC

constitutes Lynch syndrome, which is caused by germline inactivating

variants in the mismatch repair (MMR) genes and leads to tumors pre-

senting microsatellite instability (MSI). However, almost half of the

families that fulfill the Amsterdam criteria show microsatellite-stable,

MMR-proficient tumors and have a still unknown genetic basis. Con-

sequently, they have been designated familial colorectal cancer type X

(FCCTX).5 Although next-generation sequencing (NGS) has allowed

the identification of new CRC predisposition genes,6 most FCCTX

cases remain unexplained. FCCTX comprises a heterogeneous group

of families that presumably includes different genetic syndromes.

These may involve high or moderate-penetrance variants in novel

cancer-predisposing genes, but they could also result from the combi-

nation of low-penetrance variants in different genes.7 Therefore, iden-

tifying the different molecular mechanisms implicated in FCCTX

tumorigenesis remains a challenge and a priority. Hence, in our study

we conducted whole exome sequencing (WES) to look for germline

genetic alterations in a FCCTX family cohort that fulfilled the Amsterdam

I/II criteria,3,4 lacked MMR germline variants and presented MMR-

proficient tumors. Although several candidate variants were identified in

the family here presented, only the variant identified in the MMP11 gene

showed a perfect segregation with the disease.

Matrix metalloproteinase-11 (MMP11), also known as Stromelysin-3

(SL-3 or ST3), is a member of the matrix metalloproteinase (MMP) family

or matrixins. The main biological function of this group of enzymes is the

degradation of proteins from the extracellular matrix (ECM; eg, fibronec-

tin, proteoglycans and collagen), for which they require the presence of

metal ions such as Ca2+ or Zn2+.8-10 They are also known to control the

shedding and releasing of biologically active chemokines, cytokines and

growth factors,11 being relevant in physiological processes such as mor-

phogenesis, tissue remodeling and injury repair.9,12 MMPs deregulation

is strongly associated with pathologies such as arthritis,13 brain

disorders,14 fibrosis,15 heart failure16 and cancer.9,17,18 In this last disease,

the role played by MMPs in the degradation of stromal connective tissue

and basement membrane components make them key elements during

tumor invasion and metastasis.19 Although most MMPs are secreted and

exert their function extracellularly, some of them, such as MMP1,20

MMP221 and MMP11,22,23 may be active inside the cell, modifying intra-

cellular proteins.

Due to the great importance of these enzymes in the maintenance

of homeostasis, their activity is regulated by several mechanisms, such as

transcriptional regulation, mRNA processing, compartmentalization,

2 MARTIN-MORALES ET AL.
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proteolytic processing or specific protein inhibitors (eg, tissue inhibitors

of metalloproteinases or TIMPs).9,24 The proenzyme regulatory mecha-

nism is particularly important in this family of enzymes. They are pro-

duced as preproenzymes and processed during their translation to the

plasma membrane. After this cleavage, MMPs remain in the form of inac-

tive proenzymes that need to be activated.12 The prodomain is formed

by �80 residues at the N-terminal region, containing a consensus con-

served sequence, PRCXXPD, that forms the “cysteine-switch.”24 This

domain interacts with the zinc-binding motif of the active center through

three histidines that are coordinated with the cysteine by a Zn2+, keep-

ing the MMP in its inactive state. This prevents the interaction between

a water molecule and the Zn2+, which is essential for the catalytic activ-

ity of the protein.12 Pro-MMPs are mainly activated by furin-mediated

proteolysis at the recognition sequence RX[R/K]R, located in the C-

terminal region of the propeptide.24 Furin activity releases the propep-

tide, generating the active form of the MMP.12 Particularly, MMP11 is

intracellularly activated by furin, as well as by PACE4, in the trans-Golgi

network,22,25 being secreted as a 47 kDa active protease. Nonetheless, it

can also be attached to the membrane or in intracellular compartments

in its active form.26 Multiple proteins degraded by MMP11 have been

identified, including serpins such as A1AT, other protease inhibitors like

A2M,27 IGFBP-1,27,28 β-casein (non-specific, weak activity)27 and ERα

(in vivo preliminary data).29 MMP11 structure also includes four HPX

(hemopexin-like) domains, which are common to other MMPs (eg,

MMP1, MMP2, MMP3, MMP9 or MMP10), although their functions

have not been fully determined. They may facilitate MMPs binding to

other proteins, such as TIMPs or ECM components.

MMP11 has been found to be overexpressed in diverse types of

cancer,30 proving to be a critical factor in various malignant tumors

such as lung cancer,31,32 laryngeal cancer,32 head and neck

carcinoma,33 gastric cancer,34 breast cancer,35,36 pancreatic cancer,37

oral cancer38 and CRC39,40,41 through diverse clinico-pathological

approaches. It is known that MMPs and TIMPs exert powerful effects

on the local microenvironment during tumorigenesis and tumor pro-

gression. In addition, MMP11 has been evaluated as a predictive

serum-based tumor marker in gastric, breast, colorectal and lung can-

cer.42 Despite this, its potential as a CRC prognosis biomarker and its

underlying molecular mechanism remains unclear. In the present

study, we have investigated the MMP11-P78S variant and we provide

evidence that it can be involved in the CRC carcinogenesis and

increase the tumorigenic properties of CRC cells.

2 | MATERIALS AND METHODS

2.1 | Patient cohort

The studied family was recruited at the Genetic Counseling Unit of

Hospital Clínico San Carlos (Madrid, Spain) and was part of a cohort of

FCCTX families that fulfilled the Amsterdam I/II criteria,3,4 lacked

MMR germline variants and presented MMR-proficient tumors. Dif-

ferent family members were recruited for segregation studies, and

formalin-fixed paraffin-embedded (FFPE) tumor blocks from cancer-

affected relatives were obtained when available. Information on per-

sonal and family cancer history was obtained, and cancer diagnoses

were confirmed by medical and pathology records. Healthy individuals

recruited at the Blood Bank of Hospital Clínico San Carlos were used

as controls, and FFPE tumor blocks from sporadic CRC patients were

used as CRC controls.

2.2 | DNA and RNA extraction and quantification

Germline DNA and RNA were extracted from peripheral blood using

the MagNA Pure Compact extractor system (Roche Diagnostics) and

PAXgene Blood RNA Kit (PreAnalytiX), following the manufacturers'

recommendations. Tumor DNA and RNA were extracted from 7-μm

thick FFPE tissue sections, using the QIAamp DNA FFPE Tissue Kit

and the RNeasy FFPE Kit (Qiagen), according to their protocols. A

NanoDrop (Thermo Fisher Scientific) was used to assess DNA/RNA

quantity and quality. However, for NGS purposes, DNA quality was

also tested by agarose gel electrophoresis and its concentration was

measured in a Qubit 3.0 Fluorometer (Life Technologies) and a 2100

Bioanalyzer (Agilent).

2.3 | Whole exome sequencing

WES was outsourced to Sistemas Gen�omicos (Valencia, Spain). The

exome capture was performed using SureSelectXT Human All Exon

V3 (51Mb, Agilent Technologies), and the library was sequenced on

an Illumina HiSeq 2000 platform with paired-end reads of 101 bp and

a �50 average coverage depth. Reads were trimmed and aligned

against the human reference genome version GRCh37/hg19 using the

BWA software and processed by Picard-tools and SAMtools. The

sequencing coverage and quality statistics for each sample are sum-

marized in Table S1. Variant calling was performed using two different

algorithms (VarScan and GATK), and the identified variants were

annotated according to the recommendations of the HGVS.

2.4 | Variant filtering and prioritization

The identified variants were filtered for the selection of those:

(a) shared by the cancer-affected family members; (b) carried in het-

erozygosis; (c) coding (frameshift, inframe, nonsense, missense) or

splice region variants located in autosomes; (d) rare, with minor allele

frequency (MAF) ≤0.01 in the general population according to Gno-

mAD (gnomad.broadinstitute.org) and not present in three or more

families and (e) predicted to be damaging by least four out of five in

silico tools for missense variants (SIFT [sift.bii.a-star.edu.sg], PolyPhen

[genetics.bwh.harvard.edu/pph2/], Condel [bbglab.irbbarcelona.org/

fannsdb/], MutationTaster [mutationtaster.org] and PROVEAN

[provean.jcvi.org]) and two out of two for inframe variants, or

MARTIN-MORALES ET AL. 3
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predicted to alter splicing by the Human Splicing Finder (umd.be/

HSF/) for splice region variants. Finally, filtered variants were priori-

tized based on the gene and variant location, thoroughly examining

the literature and using UniProt (uniprot.org), OMIM (omim.org), Reac-

tome (reactome.org), PathCards (pathcards.genecards.org), STRING

(string-db.org), SMART (smart.embl-heidelberg.de) and cBioPortal's

MutationMapper (cbioportal.org/mutation_mapper).

2.5 | Variant validation and segregation study

Candidate variants were validated by PCR followed by Sanger

sequencing of the corresponding region of each gene (primers avail-

able upon request). The segregation was also assessed by Sanger

sequencing in germline DNA from the available family members and

tumor DNA from a deceased relative.

2.6 | Reverse transcription PCR and digital PCR

Reverse transcription PCR (RT-PCR) was performed using the Prime-

Script RT Reagent Kit (Perfect Real Time, Takara, Clontech), following

the kit's instructions. The absence of genomic DNA in cDNA samples

was confirmed prior to their use by a PCR targeting exons 2 to 3 of

PALB2. For the allele-specific expression assay, a custom TaqMan digi-

tal PCR (dPCR) was carried out taking advantage of the QuantStudio

3D Digital PCR System (Applied Biosystems) and according to the

manufacturer's recommendations. Specific TaqMan probes were

designed with the Custom TaqMan Assay Design Tool (Thermo Fisher

Scientific) to recognize the P78S (FAM) or the wild-type (WT) allele

(VIC). Duplicate samples of tumor cDNA from the carriers and spo-

radic CRC controls were assessed.

2.7 | Cell culture maintenance and reagents

HEK293T (RRID: CVCL_0063) and HCT116 (RRID: CVCL_0291) cells

obtained from ATCC (Manassas, Virginia) were cultured in DMEM or

McCoy's medium, respectively, supplemented with 10% fetal bovine

serum (FBS) (Gibco, #10270106). All human cell lines have been

authenticated using STR profiling within the last 3 years and were reg-

ularly tested to confirm that all experiments were performed with

mycoplasma-free cells. Transfections were performed using Lipofecta-

mine 2000 (1:3 ratio between DNA and transfection reagent), accord-

ing to the manufacturer's protocol.

2.8 | Plasmid construction

A pTT3 plasmid containing the full-length MMP11 cDNA fused to a

CD4 sequence and a bioHis tag (translated at the C-terminal end) was

obtained from Addgene (#53408). The sequence of interest was

cloned as a XbaI/NotI fragment into a pcDNA3.1 vector that included

two copies of the FLAG tag (DYKDDDDK), followed by two STREP

tags (WSHPQFEK). The P78S variant was introduced by site-directed

mutagenesis using the QuickChange mutagenesis kit (#200521, Agi-

lent) and specific primers designed according to the cDNA sequence

of the plasmid (forward: 50-gcacgccgcatctactaggcctcaggctgc-30 and

reverse: 50-gcagcctgaggcctagtagatgcggcgtgc-30), following the manu-

facturer's instructions.

2.9 | Protein extraction and detection

Cells were lysed in RIPA buffer with protease and phosphatase inhibi-

tors (PMSF 1 mM, aprotinin 10 μg/mL, leupeptin 10 μg/mL, Na3VO4

1 mM and NaF 20 mM). Protein concentration was measured by the

BCA method (#10753505, #10341664, #10495944; Thermo Scien-

tific), using a standard curve prepared with known concentrations of

bovine serum albumin (BSA). Samples were sonicated for 2 minutes

(20 seconds on and 20 seconds off cycles) and prepared in Laemmli

buffer, followed by a 5-minute incubation at 95�C. Equal concentra-

tion of protein was adjusted with RIPA buffer. SDS-PAGE gels were

transferred to PVDF membranes, blocked with 5% non-fat milk in

tris-buffered saline 0.1% Tween (TBST) solution for 1 hour and then

incubated with the specific primary antibodies (1:1000 dilution) (anti-

FLAG: F3785, Sigma; anti-β-actin: #3700, CST; anti-MMP11:

SN74-08, Invitrogen; anti-COL1A1: #72026, CST; anti-COL4A1:

55131-1-AP, Proteintech). Membranes were washed with TBST and

incubated with anti-mouse (sc-2005, SCB) or anti-rabbit (sc-2004,

SCB) HRP-conjugated secondary antibodies in 5% BSA TBST for

1 hour (1:5000 dilution). HRP luminescence was stimulated using the

Clarity Western ECL Substrate (#170-5061, Bio-Rad) and detected

with a VWR Chemi Imager Premium station. ImageJ was used for

quantification.

2.10 | Immunoprecipitation and in vitro MMP11
activity assay

FLAG immunoprecipitation was conducted as described previously.43

Pro-MMP11 activity was assessed in vitro as previously described.44

Briefly, immunoprecipitates from cells transfected with FLAG-pro-

MMP11 empty vector, WT or P78S constructs were incubated in

reaction buffer44 during 48 hours at 37�C either with 3 mg of collagen

I (C3867-1VL, Sigma) or 3 mg of collagen IV (C6745, Sigma). Then, the

cleavage of collagen chains was analyzed by Western blot using anti-

collagen I (anti-COL1A1, #72026, CST) or anti-collagen IV (anti-

COL4A1, 55 131-1-AP, Proteintech) antibodies.

2.11 | Invasion assay

The invasive capacity was analyzed using 8.0-μm pore transwells

(Falcon, #353097) coated with two different matrices: Matrigel

(250 μg/cm2) (Corning, #356234) or collagen I (10 μg/cm2) (Sigma

4 MARTIN-MORALES ET AL.
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Aldrich, C3867). Cells (75 000) were seeded in the upper chamber in FBS-

free medium and medium containing 10% FBS was added to the lower

chamber to act as a chemoattractant. After 18 hours, invasion through

the membrane was examined by cell fixation with paraformaldehyde (4%)

for 20 minutes and crystal violet staining (0.2%) for 5 minutes. Extra stain

was then removed, and cells were visualized with an Eclipse TE300 Nikon

microscope coupled to a digital DS-U2 camera. ImageJ was used to count

the cells that invaded through the matrix and the membrane.

2.12 | Viability assay

Cells (75 000) were seeded into 24-well plates in FBS-containing

medium. After 24 hours, cells were fixed with paraformaldehyde (4%)

for 20 minutes and stained with crystal violet (0.2%) for 5 minutes.

Then, extra stain was removed, and cells were visualized with an

Eclipse TE300 Nikon microscope coupled to a digital DS-U2 camera.

ImageJ was used to count the cells.

2.13 | Protein modeling

Protein modeling was performed based on the sequence of WT

MMP11 (UniProtKB-P24347) (UniProt 2019) and the P78S protein

using the I-TASSER web server (https://zhanglab.ccmb.med.umich.

edu/I-TASSER/).45-47 Once the structural models were obtained in

PDB format, the TM-Align structural alignment server (https://

zhanglab.ccmb.med.umich.edu/TM-align/)48 was used to superpose

both structures to graphically visualize the differences. PyMOL 2.0

(Schrödinger, LLC) was used to visualize and render the structures in

PDB format. To perform MMP11 alignments in different species and

alignments of all human MMPs, we used M-Coffee (http://tcoffee.crg.

cat/apps/tcoffee/do:mcoffee),49,50 obtaining all the sequences from

UniprotKB (UniProt 2019). To facilitate the visualization of the results

and obtain figures, ESPript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/

)51 and the CLUSTAL_ALN files obtained in M-Coffee were used.

2.14 | Statistical analysis

The results are expressed as the mean value ± SEM of at least three

independent experiments. Statistical analyses were made by unpaired

Student's t-test, ordinary one-way ANOVA or two-way ANOVA mul-

tiple comparisons test, depending on the experiment (P value ≤ 0.05

being considered significant: P ≤ 0.05 indicated as *, P ≤ 0.01 indi-

cated as ** and P ≤ 0.001 indicated as ***). GraphPadPrism 8.1 was

used for the representation of the results.

2.15 | TCGA COAD-READ expression analysis

RSEM-normalized RNA-seq and clinical data of TCGA COAD and

READ patient cohorts were downloaded from the BROAD Institute

FIREBROWSE repository (http://firebrowse.org/). Data was graphically

represented and statistically analyzed using R statistical environment

(R Core Team, 2020). Statistical analyses were conducted using the Mann-

Whitney U test. The P values <.05 were considered significant: P < .05

indicated as *, P < 0.001 as **, P < 0.0001 as *** and P < 0.00001 as ****.

3 | RESULTS

3.1 | Clinical presentations and family history

The family subject of our study showed an autosomal dominant mode

of CRC inheritance, fulfilling the Amsterdam I clinical criteria with

three CRCs in two consecutive generations, the earliest diagnosed at

the age of 40 (Figure 1A). In addition, there were two additional gas-

trointestinal cancers in the family (esophageal and duodenal), and two

breast cancers in distant relatives (Figure 1A). All the CRC-affected

members tested presented microsatellite-stable tumors with positive

expression of the MMR genes and lacked germline mutations in any

of the MMR genes (Figure 1A). On the other hand, the tumors from

members III:1 and III:3 were screened for KRAS and NRAS mutations

with a negative outcome. The stages at which the CRCs were diag-

nosed were II, IIIB-C and IV for members II:1, III:1 and III:3, respec-

tively (Figure 1A).

3.2 | Identification of MMP11 variant in CRC
patients

The whole exome was sequenced in two cancer-affected members of

the family, II:1 and III:1 (with CRC diagnosed at 67 and 48,

respectively, Figure 1A). After the thorough filtering and subsequent

prioritization of the variants detected, five candidate variants

were selected: NM_001142676 (CHID1): c.3G>A; p.(Met1),

NM_001367806 (PYGO1): c.1084T>C; p.(Ser362Pro), NM_005940

(MMP11): c.232C>T; p.(Pro78Ser), NM020731 (AHRR): c.680G>C; p.

(Cys227Ser) and NM033120 (NKD2): c.431T>A; p.(Met144Lys). The

segregation of these variants could be assessed in germline DNA of

three healthy relatives (III:4, III:6 and III:7) and in tumor DNA of the

deceased members III:2 and III:3. Our study demonstrated that the

non-synonymous substitution in MMP11 was the only candidate vari-

ant that segregated with the disease (Table S2).

NM_005940 (MMP11): c.232C>T; p.(Pro78Ser) was carried by

family members II:1, III:1 and III:3, diagnosed with CRC, and III:2, diag-

nosed with esophageal cancer (EsC), while it was absent in the healthy

relatives studied (Figure 1A). The c.232C>T mutation present in the

MMP11 sequence as shown in Figure 1B, is situated in the prodomain

of the enzyme (shown in Figure 1C). It should be noticed that this is a

very rare variant, with a MAF in the general population of 0.000884.

In addition, it was predicted to be damaging by four in silico tools

(SIFT: Damaging, score: 0.01; PROVEAN: Deleterious, score: �6.05;

Mutation Taster: Disease causing, prob: 0.999995; PolyPhen-2: Possi-

bly damaging, score: 0.914). On the other hand, the differential

MARTIN-MORALES ET AL. 5
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expression of the two alleles was assessed by digital PCR in tumor tis-

sue from members III:1 and III:3. As observed in Figure 2, both tumors

showed a positive expression of both the WT and mutant alleles and

no overexpression of MMP11-P78S was detected. As expected,

Sanger sequencing probed that all noncarrier controls only contained

the WT allele. Given that MMP11 had been previously reported to be

involved in cancer aggressiveness, this variant was selected for further

characterization.

F IGURE 1 Germline MMP11 variant identified in a FCCTX family. (A) Pedigree of the family where NM_005940 (MMP11): c.232C>T; p.
(Pro78Ser) was identified. WES was done in members II:1 and III:1 (in a box), and the segregation was studied in III:2, III:3, III:4, III:6 and III:7. Four
individuals were carriers (MUT), while another three were noncarriers (WT). Cancer-affected members are marked with a black corner; bottom
left: CRC, top left: duodenal cancer (DC), top right: esophageal cancer (EsC), bottom right: breast cancer (BC). The age at diagnosis is shown
between brackets. Different clinical and molecular features of the three CRCs are shown in the table. Diff, differentiation; Dx, diagnosis; IHC,
immunohistochemistry; MMR mismatch repair; Mod, moderate; MSI, microsatellite instability; MSS, microsatellite stable; mut, mutation; N/A, not
applicable; Unk, unknown. (B) Electropherogram of the WT and P78S sequence of MMP11. The arrow shows the location of the missense variant.
(C) Lollipop plot showing the different protein domains of MMP11—Sig, signal peptide, mediating preproenzyme translocation; PRO, prodomain,
which blocks MMP11 Zn-binding active site when inactive and its cleavage leads to protein activation; Peptidase, metallopeptidase domain which
includes MMP11 active site; HPX, hemopexin-like domains—and the localization of the detected aminoacid substitution (P78S) [Color figure can
be viewed at wileyonlinelibrary.com]
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3.3 | MMP11 expression analysis in TCGA CRC
patients

To further explore the role of MMP11 in CRC malignancy, we ana-

lyzed the association of MMP11 expression with overall survival,

using the Kaplan-Meier method. Analyses using CANCERTOOL

database52 showed that patients with high MMP11 expression

exhibited a worse prognosis compared to those with low expres-

sion (Figure 3A).

A detailed analysis of RNA-seq samples from the TCGA CRC

databases (COAD and READ) showed that MMP11 levels were signifi-

cantly up-regulated in tumor samples (red) compared to healthy tissue

(gray) in both datasets (Figure 3B). Moreover, MMP11 upregulation is

associated with tumor progression and recurrence (Figure 3B-D), sug-

gesting a putative role for MMP11 in CRC onset and development.

On the other hand, we analyzed the potential impact of patient gen-

der, age at diagnosis or the presence of RAS alterations, one of the

hallmarks of CRC. However, we did not find any statistical effect of

these parameters (Figure S1A-C).

3.4 | In silico effect of P78S on the MMP
pseudosubstrate

An analysis of the amino acid sequence revealed that Pro78 is extremely

conserved throughout evolution. Our analysis indicates that this residue is

located at the end of the prodomain, at the beginning of an 8-amino acid

sequence that is almost perfectly evolutionarily conserved, PRCGVPDV.

In particular, the Pro78 residue is conserved in MMP11 sequence across

the 24 species analyzed (Figure 4A). Furthermore, alignments of the

24 human MMPs “using MMP11 as a reference” identified four positions

retained in all of them, namely Pro78, His179, Asp194 and Gly258

(Figure 4B). Interestingly, TPRCGVPDV sequence contains an unpaired

cysteine that has been proposed to chelate with the prodomain, blocking

MMP11 activity.8,53 This reveals the importance of this region in the

molecular regulation of the enzyme and suggests a potential role for

Pro78. To gain further insight into the molecular alterations produced by

the P78S variant on the activity of MMP11, we analyzed the structural

repercussions of this modification in silico, predicted by a 3D model that

was obtained and aligned. A standardized TM-Score of 0.9575 was
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F IGURE 2 Allele-specific expression
of WT and P78S MMP11. (A) Digital PCR
visualization of the allele-specific
expression assay performed in the CRCs
of family members III:1 and III:3, as well as
in the CRC of a noncarrier used as a
control. The FAM dye detects the P78S
allele (in blue), while the VIC dye detects
the WT allele (in red). (B) Quantification of

the allele-specific expression obtained by
digital PCR presented as Target/Total,
where “Target” is the P78S MMP11 allele.
Data were collected from two
independent experiments, and the error
bars correspond to the confidence
intervals [Color figure can be viewed at
wileyonlinelibrary.com]
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obtained (where 1 means a perfect alignment of the structures), indicating

that both proteins are very similar in terms of folding (Figures 4C and S2).

However, the model predicted some changes in the pseudosubstrate

region caused by the Pro78Ser substitution (Figure 4D). This pseudosub-

strate acts as a molecular switch that keeps the protein in an inactive state

by blocking the accessibility of the substrate to the active center. That is

why we hypothesize that the P78S variant may have an impact reducing

the ability of the pseudosubstrate to block the activity of the protein.

3.5 | MMP11P78S increases tumor cell invasion
and proliferation

Previous reports have shown that overexpression of MMP11 variants

affecting the pseudosubstrate had an impact on the activity of the

protein.53 To determine if the P78S variant affects the activity of the

protein, constructs containing either the WT or the P78S version of

MMP11 were generated, using as a template a plasmid previously

used to evaluate MMP11 activity in cellular models,26 which was then

cloned into a pcDNA3 vector containing a N-terminal ɑ-Flag-STREP-

tag and a C-terminal 6�-histidine (ɑ-His) tag (Figure 5A). The expres-

sion of these constructs (WT and MMP11-P78S) was checked by

western blot (WB) on HEK293T cells, showing that MMP11 was not

detected in mock-transfected cells extracts, while several bands were

identified after incubation with anti-ɑ-FLAG or anti-MMP11 anti-

bodies (Figure 5B). Incubation with anti-FLAG antibody showed a

clear band (around 80 kDa) which corresponds to the pro-MMP11

form and a faint second band above this one, which could correspond

to the pro-MMP11 with post-translational modifications and/or

MMP11 complexes (90 kDa) (Figure 5B). WB quantifications indicate

F IGURE 3 High levels of
MMP11 are associated with
tumorigenesis and bad prognosis
in CRC patients. (A) Kaplan-Meier
curves showing the disease-free
survival of CRC patients with
high and low expression levels of
MMP11 ( Data source:
CANCERTOOL). (B) Box plots

showing the difference in
MMP11 expression between
normal (gray) and tumor (red)
samples in READ and COAD
patients ( Data source: GEPIA).
(C) Violin plots showing the
difference in MMP11 expression
in CRC patients divided by stage
(Data source: CANCERTOOL).
(D) Box plots showing the
difference in MMP11 expression
in normal tissue, primary or
recurrent tumor in samples from
CRC patients
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F IGURE 4 Multiple sequence alignment and protein modeling. (A) Fragment of the Multiple Sequence Alignment (MSA) obtained from
24 sequences of different animal species to study the conservation of MMP11. The alignment was performed by M-Coffee and plotted by
ESPript 3.0. Residues completely conserved in the studied species are highlighted in red. (B) Fragment of the MSA was performed to study
residue conservation across all human MMPs. The alignment was performed by M-Coffee and plotted by ESPript 3.0. The Pro78 residue (MMP11
relative position) is highlighted in red. (C) Superposed I-Tasser protein structure model of WT and P78S MMP11, showing the different domains
and residues of interest (see legend). (D) WT (in green) and P78S (in red) MMP11 renders with a magnification of the mutation region. P78 or S78
are shown in dark blue and the pseudosubstrate is shown in cyan. Greater exposure of the pseudosubstrate can be observed in the mutant model
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that the 90 kDa band represents around 30% of the pro-MMP11 form

(Table S3). Incubation with anti-MMP11 antibody showed three bands

(90, 80 and 70 kDa). The first two correspond to the ɑ-pro-MMP11

form overlapping ɑ-FLAG bands (90 and 80 kDa), and the third one,

only detected by the anti-MMP11 antibody, corresponds to the active

form of MMP11 (70 kDa), in which the N-terminal FLAG tag has been

F IGURE 5 Legend on next page.

10 MARTIN-MORALES ET AL.
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lost as a consequence of the proteolysis of the propeptide (Figure 5B).

The active form represents around 30% to 50% of total amount of the

MMP11 protein (Table S3).

To evaluate the functional consequences of MMP11-P78S, we used

HCT116 cells, a well-established CRC in vitro model positive for

MMP11.51 In these cells, a WB analysis revealed a similar band pattern

than in HEK293T cells showing 90, 80 and 70 kDa bands (Figure 5C). In

addition, the WB analysis showed that transfection of P78S variant in

HCT116 cells resulted in similar protein levels than WT version

(Figure 5C), while no signal was detected on cells untransfected or trans-

fected with the pCDNA3 empty vector (EV) used as control.

In addition, we performed immunoprecipitation (IP) analysis using

anti-FLAG antibody against the N-terminal tag followed by detection

with anti-MMP11 to clearly distinguish the pro-MMP11 from the

cleaved/active forms (Figure 5D). MMP11 immunoprecipitation

clearly showed two bands at 80 and 90 kDa. Both bands, positive

for FLAG and MMP11 antibodies, would correspond to pro-

MMP11 form. The upper band could correspond to post-

translationally modified pro-MMP11. The 70 kDa band detected

exclusively by MMP11 antibody was not present in FLAG immuno-

precipitates (Figure 5D).

To study the effect of the mutation in the activity of the pro-

MMP11 form of the enzyme, we transfected HEK293T cells and

immunoprecipitated the pro-MMP11 form using antibodies against

FLAG protein (Figure 5D). Then, we conducted an in vitro digestion of

collagen I and IV (Figure 5E,F), incubating pro-MMP11 immunoprecip-

itates with these substrates in a reaction buffer previously described

for other MMPs.44 Western blot analysis showed reduced levels of

collagen I and IV after incubation with the pro-MMP11 carrying the

P78S mutation, while no detectable reduction was detected in immu-

noprecipitates from cells transfected with empty vector or pro-

MMP11-WT (Table S3). These results suggest that pro-MMP11P78S

has some enzymatic activity, even in the presence of the pro signal.

To assess aggressiveness, we analyzed the invasive skills of CRC

cells using transwell assays. For that purpose, transwells were coated

with either collagen I or Matrigel. We found that the invasion was

increased in cells expressing the MMP11-P78S variant as compared

to both cells expressing MMP11-WT or control cells, using FBS as a

chemoattractant (Figure 5G,H). Moreover, this effect was indepen-

dent of the type of matrix used for the assays. These results indicate

that MMP11-P78S enhances the invasive capacity of CRC cells.

As previously mentioned, MMP11 is known to mediate aggres-

siveness in CRC and other tumors, such as lung and gastric cancer.

Therefore, we decided to study the effect of the expression of

MMP11-P78S on the viability of HCT116 cells. As shown in Figure 5I,

we found that the number of cells was increased in cells expressing

MMP11 P78S compared to both cells expressing MMP11-WT or the

empty vector.

Our results suggest that expression of MMP11-P78S variant

increases CRC cell invasion and viability possibly due to a premature acti-

vation of mutant MMP11, consistent with a gain of function effect.

4 | DISCUSSION

Matrix metalloproteinases are zinc-dependent endopeptidases with a

tremendous capacity to degrade ECM proteins and whose activity has

been closely associated with the invasive nature of malignant solid

tumors, contributing to their high mortality and poor prognosis.54 In

particular, MMPs and their inhibitors, are especially important in the

process of tumor invasion, progression and metastasis of CRC, one of

the most common cancers worldwide. However, it has been proposed

that, in addition to this function, these proteins may also play a role in

the carcinogenesis from colorectal adenomas.55

In the present study, a germline variant in the MMP11 gene

(NM_005940 (MMP11): c.232C>T; p.Pro78Ser) was identified in a fam-

ily with a significant history of CRC and other gastrointestinal tumors.

The family belonged to a heterogeneous group of HNPCC families

called Familial Colorectal Cancer Type X, whose genetic basis and

molecular mechanisms of tumor predisposition remain unknown.56 The

variant was initially found by NGS in the two members that were

screened and were later shown to co-segregate with all three CRCs of

the family, as well as with esophageal cancer, while being absent in the

healthy relatives. A digital PCR confirmed the expression of the variant

in the available tumors, and subsequent studies based on the analysis

of databases, protein sequences and structures, as well as in vitro

F IGURE 5 Overexpression of MMP11-P78S variant enhances pro-MMP11 activity leading to an increase in invasion and cell viability of CRC
cells. (A) Representative scheme of MMP11 cDNA, attached to CD4, in the pCDNA3.1 plasmid. The approximate molecular weights of full-length
MMP11 + CD4 (that includes its prodomain [PRO]) and cleaved MMP11 + CD4 are denoted. The location of the FLAG (FLAG) and polyHis (HIS)
tags is also indicated. Moreover, the Pro78 residue (which is replaced by a Ser in the MMP11-P78S variant) and its surrounding protein sequence
are also shown. (B) Western blot analysis of MMP11 levels using α-FLAG (anti-FLAG tag) and α-MMP11 (anti-MMP11) antibodies normalized to
β-actin to check the overexpression of WT-MMP11 (WT) and Pro78Ser-MMP11 (P78S) in HEK293T cells, compared to empty vector (EV)-
transfected controls. (C) Western blot analysis of MMP11 using α-FLAG (anti-FLAG tag) and α-MMP11 (anti-MMP11) antibodies normalized to
β-actin to check the overexpression of WT-MMP11 (WT) and MMP11-P78S (P78S) in HCT116 cells, compared to untransfected (UT) or empty
vector (EV)-transfected controls. (D) Western blot analysis of MMP11 or FLAG in anti-FLAG immunoprecipitates (IP) to detect the FLAG-pro-

MMP11 form showing no signal in cells transfected with the empty vector (EV)-transfected controls. (E) MMP11 activity in immunoprecipitates.
Western blot analysis of collagen I in pro-MMP11 WT vs pro-MMP11-P78S immunoprecipitated proteins (l.e, long exposure; s.e, short exposure).
(F) MMP11 activity in immunoprecipitates. Western blot analysis of collagen IV in pro-MMP11 WT vs pro-MMP11-P78S immunoprecipitated
proteins. (G,H) Invasion of HCT116 cells (transfected as indicated) through collagen (G) or Matrigel (H). The histograms show the mean value
±SEM of the number of invading cells as a fold increase of control (EV) cells (left). Representative images of invading cells are also included (right).
Scale bar = 100 μm. (I) Viability of HCT116 cells (transfected as indicated) at 24 h. The histogram represents the mean value ±SEM of the number
of cells as a fold increase of control (EV) cells (left). Representative images are also included (right). Scale bar = 100 μm [Color figure can be
viewed at wileyonlinelibrary.com]
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activity assays generating convincing evidence that this variant alters

the function of the protein. The functional characterization and the

evaluation of the biochemical activity of the hypothetical inactive pro-

form of this variant in a CRC cellular model further confirmed its over-

activation and its involvement in cell invasion and viability. All this sug-

gests that MMP11-P78S could be playing a role in cancer initiation and

progression in the carriers, therefore, being involved in the cancer heri-

tability of this family. Needless to say, that does not rule out that other

concomitant factors, whether genetic or environmental, could be also

contributing to their increased cancer risk.

The missense variant here described is located in the functional

prodomain of MMP11, which precedes the pseudosubstrate region

that blocks the catalytic center of the enzyme. When the prodomain

is proteolyzed, the pseudosubstrate is released, achieving the activa-

tion of the protein.53 Based on this model, the P78S variant should

not affect the functionality of the mature protein. However, this

domain is important to maintain the nonmature protein in an inactive

state.53 In silico tools predicted a potential conformational change of

the MMP11-P78S prodomain, which we hypothesize could prevent

its association with the pseudosubstrate, contained in the prodomain,

and the active center. This change would allow the enzyme to be

active even in a nonmature state. The conservation of the pseudosus-

trate residues throughout evolution and the co-segregation of the

P78S variant with the CRC phenotype in our familial study, strongly

suggest that this region of MMP11 could play a key role in CRC onset

and progression. Earlier studies performed by Park and colleagues in

1991 already identified this PRCGVPDV region as a “cysteine switch”
and established that the residues immediately surrounding the Cys

are very sensitive to mutational changes.53 The general model pro-

posed by them suggests that the “cysteine switch” is buried in an

“inhibitor pocket” that overlaps, although is not identical to, the sub-

strate-binding site. This pocket would be composed of residues con-

served among other MMPs, but not related to substrate specificity,

and the PRCGVPDV sequence would establish specific interactions

with the conserved residues in this pocket. Thus, even though the dif-

ferent MMPs have different substrate specificities, they could still be

inhibited by the same peptide. This model also suggests that alter-

ations of these residues will produce variants with a much-increased

tendency to undergo spontaneous activation. Our results showed that

MMP11 exists as three different forms in the cellular models ana-

lyzed. Two of them conserve an intact N-terminal region, which

blocks its activity, while the third one has lost the N-terminal pseudo-

substrate domain, becoming active. Based on this general model, more

than half of the amount of protein present in the cellular models ana-

lyzed, after transfection—with either WT or P78S—, is stored in the cell

as pro-MMP11 form while the remaining (around 40%) is in the cleaved/

active form. In vitro results show that the pro-MMP11-P78S enzyme is

able to degrade collagen I and IV while no degradation by WT MMP11

was detected. This confirms that pro-MMP11-P78S displays catalytic

activity. According to our model, MMP11-P78S is active in all the states,

since it does not need to be activated by furin protease. In contrast,

only 40% of the WT version is identified as active/cleaved. This

hyper-activation could have pathological consequences. Our find-

ings, consistent with previous studies, explain how a mutation in

this domain affects the activity of the protein, as explained in the

activation model shown in Figure 6.

F IGURE 6 MMP11 activation model. MMP11 cysteine switch model of activation described by Ra and Parks (2007) and possible model of
MMP11 activation based on the structural data obtained from protein modeling. In this MMP proteolytic activation model, the cleavage causes
the access of water, which disrupts the disulfide bond and results in the activation of the enzyme. In the P78S version, due to greater exposure of
the pseudosubstrate, proteolytic cleavage is not required for water to gain access and cause the enzyme's activation

12 MARTIN-MORALES ET AL.
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These results are also in agreement with accumulating evidence

regarding the protumorigenic role of MMP11 and its involvement in

cancer development, given that mutations in this region have been

associated with a high risk of Uterine Corpus Endometrioid Carcinoma

(P78S, COSMIC ID COSM1032603) and lung cancer (R79G, COSMIC

ID COSM3309649).57 However, as previously mentioned, mutations

are not the only mechanism by which this gene is able to promote

tumorigenic properties. As a matter of fact, MMP11 expression is

found to be upregulated in the serum of cancer patients, as well

as in solid tumor tissue samples, while it is almost absent in

normal tissues. This upregulation has been identified in a great vari-

ety of human cancers, such as oral cancer,38,58 desmoid tumors,59

non-small cell lung cancer,60 esophageal adenocarcinoma,61

pancreatic adenocarcinoma,37 aggressive meningioma,62 colon

cancer39,63,30,40,41 and ovarian carcinoma.64 Interestingly, MMP11

upregulation has been found to increase the tumorigenic capacity

and metastatic ability of tumor cells in advanced stages.65 Indeed,

our own analysis of TCGA data also showed a strong correlation

between MMP11 expression upregulation and CRC progression,

similarly to that observed in previous studies.40,41 Unfortunately,

the mechanism by which MMP11 is overexpressed in CRC (or other

tumors) is not completely clear. Some data from previous studies,

indicate that histone deacetylases (HDACs) inhibition increased

MMP11 expression in colon adenocarcinoma cells.66 Nonetheless,

our in vitro results showed that the overexpression of WT-MMP11

does not modify the invasive and cell viability properties of the

CRC cell line HCT116, while the expression of the P78S version is

able to increase them in these already transformed CRC cells. A

potential explanation for these results could be that the overex-

pression by itself is not enough to alter the already enhanced inva-

sive capacity of CRC cells and/or that it is not able to bypass the

control mechanisms. This highlights the relevance that the impact

of the mutant protein has on these CRC cells, providing these

tumorigenic cells with improved invasive, proliferative, survival and

metastatic abilities.

In summary and illustrated in a graphical abstract (Figure S3), here

we report a variant in the MMP11 gene, NM_005940: c.232C>T; p.

(Pro78Ser), that seems to be implicated in CRC initiation and progres-

sion. We hypothesize that this variant could modify the structure of

the MMP11 prodomain, producing a premature and/or uncontrolled

activation of the enzyme that could contribute to the early CRC onset

in these patients. The study of this gene in other familial and sporadic

CRC cases will provide further information about its pathogenicity

and its role in the heritability of colorectal and other associated can-

cers, which could contribute to improve the cancer prevention strate-

gies of the carriers in the future.
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