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Abstract 

Fragmentation, disorganization, and depletion of the collagen-rich dermal extracellular matrix 

(ECM) are hallmarks of aged human skin. These deleterious alterations are thought to critically 

mediate many of the prominent clinical attributes of aged skin including thinning, fragility, 

impaired wound healing, and propensity for carcinoma. Matrix metalloproteinase-1 (MMP1), 

initiates cleavage of collagen fibrils and is significantly increased in dermal fibroblasts in aged 

human skin. To investigate the role of elevated MMP1 in skin aging, we generated a conditional 

bitransgenic mouse (Col1a2;hMMP1) that expresses full-length, catalytically-active human 

MMP1 (hMMP1) in dermal fibroblasts. hMMP1 expression is activated by a tamoxifen-inducible 

Cre recombinase that is driven by the collagen1A2 (Col1a2) promoter and upstream enhancer. 

Tamoxifen induced hMMP1 expression and activity throughout the dermis in Col1a2 in hMMP1 

mice. At six months of age, Col1a2;hMMP1 mice displayed loss and fragmentation of dermal 

collagen fibrils, which was accompanied by many of the features of aged human skin, such as 

contracted fibroblast morphology, reduced collagen production, increased expression of multiple 

endogenous MMPs and proinflammatory mediators. Interestingly, Col1a2;hMMP1 mice 

displayed substantially increased susceptibility to skin papilloma development. These data 

demonstrate that fibroblast expression of hMMP1 is a critical mediator of dermal aging and creates 

a dermal microenvironment that promotes keratinocyte tumor development. 
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Introduction 

The dermal extracellular matrix (ECM) is primarily composed of type I collagen fibrils. These 

fibrils provide structural/mechanical support and play essential roles in skin biology. 

Fragmentation and disorganization of the collagen fibrils are the hallmarks of aged human skin 

(dermal aging) (Fisher et al., 2008). Age-related degeneration of the collagen-rich dermal ECM is 

a major contributing factor to the functional decline and fragility of aged skin and creates a tissue 

microenvironment more prone to skin disorders, such as poor wound healing (Wells et al., 2016) 

and cancer development (Fane and Weeraratna, 2020).  

We previously reported that matrix metalloproteinases-1 (MMP1), which initiates collagen 

fragmentation, is significantly elevated in aged human skin dermal fibroblasts in vivo (Fisher et 

al., 1996; Fisher et al., 2009). To address the role of MMP1 in human skin dermal aging, we have 

generated a genetically modified humanized mouse model that conditionally expresses a full-

length, catalytically-active form of human MMP1 (hMMP1) (Xia et al., 2013), in dermal 

fibroblasts, the source of the elevated MMP1 in aged human skin. We report that expression of 

hMMP1 in mouse fibroblasts causes phenotypic, cellular, and molecular alterations that closely 

mimic those observed in aged human skin. Interestingly, expression of hMMP1 in mouse 

fibroblasts displayed substantially increased susceptibility to skin papilloma development in the 

two-stage chemical carcinogenesis model. The data presented in this report provides proof of 

concept that MMP1 is a key mediator of dermal aging and MMP1-induced alterations in the dermal 

microenvironment promote epithelial skin tumor development. 
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Results  

Establishment of a humanized mouse model of dermal aging: fibroblast-selective expression 

of human MMP1. To investigate the role of MMP1 in dermal aging, we generated transgenic 

mice (CAG-LSL-hMMP1) that contain a Cre recombinase inducible MMP1 expression cassette. 

This cassette consisted of three elements; 1) a ubiquitous CAG promoter, 2) transcriptional stop 

sequences flanked by loxP sites (LSL), and 3) catalytically active, full-length, human MMP1 

(hMMP1) (Xia et al., 2013). Two transgenic founders were bred with pure C57BL/6 mice for 

multiple generations to produce CAG-LSL-hMMP1 mice with a C57BL/6 genetic background (Fig 

1a). These mice were bred with mice that express tamoxifen-activated Cre recombinase (Cre-

ERT2) under the control of the fibroblast-specific promoter and upstream enhancer of the collagen 

1A2 (Col1a2) gene (Sonnylal et al., 2010), (Fig 1a). The resulting bitransgenic mice (Col1a2-

CreER;CAG-LSL-hMMP1, abbreviated Col1a2;hMMP1) and control littermates (containing a 

single or neither transgene) were fed tamoxifen-containing chow (400mg/kg)  for one month 

during the second month of life and harvested for analyses at six months of age (Fig 1b). We 

confirmed that this Cre activation protocol induced fibroblast-specific recombination, using 

mTmG reporter mice, which express a green fluorescent protein (GFP), under the control of the 

fibroblast-specific promoter and upstream enhancer of the Col1a2 gene (Li et al., 2017). At six 

months of age, dermal fibroblasts in reporter mice constitutively expressed GFP throughout the 

dermis(Fig 1c). Following the above tamoxifen induction protocol, the skin of Col1a2;hMMP1 

mice displayed substantial levels of hMMP1 gene expression (Fig 1d). hMMP1 expression was 

near the limit of detection in control littermates. Two Col1a2;hMMP1lines with similar hMMP1 

expression were used for the studies presented in this report.  

Fibroblast-selective expression of human MMP1 in mouse skin causes age-related dermal 

collagen alterations. Newborn and adult Col1a2;hMMP1 mice were grossly normal in appearance 

(Fig 2a) however, after tamoxifen administration, at six months of age Col1a2;hMMP1 mice 

revealed skin wrinkles (Fig 2b right panel) and histological alterations (Figs 2c and 2d) that closely 

resembled those seen in aged human skin (Fisher et al., 2008). Dermal thickness was reduced by 

39%, compared to sex and age-matched control littermates (Fig 2c right panel). Masson’s 

trichrome staining, which visualizes collagen fibrils, revealed a 60% reduction of collagen fibril 

density in tamoxifen-treated Col1a2;hMMP1 mice, compared to control littermates (Fig 2d ). To 

assess MMP enzymatic activity we used in situ zymography (Fisher et al., 2009) to detect the 

endogenous capacity of skin sections to degrade exogenous fluorescently labeled collagen, which 
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is coated on the surface of slides (Fig. 2e). Skin sections from Col1a2;hMMP1 mice exhibited a 

2.4-fold lower fluorescence than skin sections from control mice, demonstrating elevated collagen-

degrading MMP protease activity. This collagen-degrading activity was localized in the dermis. 

Atomic force microscopy (AFM), which visualizes individual collagen fibrils (Quan et al., 2013), 

indicated significant fibril fragmentation and disorganization in Col1a2;hMMP1 mice (Fig 2f). 

Quantitative analysis demonstrated that the average roughness of collagen fibrils, an indicator of 

collagen fibril organization, was 3.2-fold greater in Col1a2;hMMP1 mice, compared to control 

mice (26.9 nm vs. 64.9 nm). Taken together, the above data indicate that fibroblast-specific 

expression of hMMP1 in Col1a2;hMMP1 mice causes dermal ECM alterations that closely mimic 

those observed in aged human skin (Fisher et al., 2008). The dermal ECM phenotype in 

Col1a2;hMMP1 mice strongly supports the concept that elevated MMP1 functions as a key driver 

of characteristic features of dermal aging.  

Fibroblast-selective expression of human MMP1 in mouse skin causes age-related 

deleterious alterations of the dermal microenvironment. Dermal fibroblasts reside within the 

collagen-rich ECM environment. Integrin-mediated attachment to collagen fibrils allows 

fibroblasts to achieve a spread morphology, which fundamentally regulates fibroblast function 

(Zeltz and Gullberg, 2016). We previously reported that in aged skin, fragmentation of collagen 

fibrils prevents fibroblast attachment resulting in a contracted “collapsed” fibroblast morphology 

(Fisher et al., 1997; Fisher et al., 2009; Fisher et al., 2008). Functional adaptation of fibroblasts to 

this state causes an imbalance in ECM homeostasis, with increased production of ECM-degrading 

enzymes and reduced expression of ECM proteins (Fisher et al., 2008). Similar to human skin (Fig 

3a upper panels), dermal fibroblasts in Col1a2;hMMP1 mice show significantly collapsed 

morphology and reduced size (Fig 3a lower panels).  

The TGF-β pathway is a major mediator of ECM production in human skin (Quan and Fisher, 

2015; Quan et al., 2013). TGF-β type-II receptor (TβRII) expression is reduced in fibroblasts in 

aged human skin, and this reduction is consistent with the age-related decline of collagen 

production (Fisher et al., 2016; Quan and Fisher, 2015). We observed that TβRII expression is 

reduced by 52% in Col1a2;hMMP1 mice, compared to matched littermate controls (Fig 3b). 

Furthermore, we determined that gene expression of the major collagens (Col1a1, Col1a2, and 

Col3a1) was decreased (Fig 3c), and multiple collagen-degrading MMPs (MMP1a, MMP-2, 

MMP-7, and MMP-9) were increased (Fig 3d) in Col1a2;hMMP1 mice. MMPs and tissue 
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inhibitors of metalloproteinases (TIMPs) are often coordinately regulated to control excess MMP 

activity. We found that TIMP1-4, but not TIMP4, were upregulated in Col1a2;hMMP1 mice (Fig 

3e). These data suggest that upregulation of TIPMs may limit MMP activities, which may partially 

explain the time dependence  (six months after tamoxifen treatment) for the overt development of 

the dermal aging phenotype in Col1a2;hMMP1 mice.  

In addition,  both mRNA (Fig 3f) and protein (Fig 3g) levels of the inflammaging-related cytokines 

IL-1β and IL-6 were elevated in Col1a2;hMMP1 mice, as observed in aged human skin (Quan et 

al., 2011). These data demonstrate that fibroblast expression of human MMP1 in mouse skin alters 

fibroblast morphology and ECM homeostasis thereby creating a dermal microenvironment that 

displays many of the hallmarks of aged human skin.  

MMP1-mediated dermal aging microenvironment promotes skin papilloma formation. 

Finally, we investigated the impact of the age-related dermal microenvironment on skin tumor 

development in Col1a2;hMMP1 mice. We performed cutaneous two-stage chemical 

carcinogenesis studies, which employ a single topical exposure to the mutagen 

dimethylbenz[a]anthracene (DMBA), followed by repeated applications of a phorbol ester (TPA) 

(Fig 4a) (Abel et al., 2009). Interestingly, Col1a2;hMMP1 mice displayed substantially increased 

susceptibility to skin papilloma development (Fig 4b and 4c). Notably, sex and aged-matched 

littermates showed no evidence of skin papillomas, consistent with the known resistance of the 

parent mouse strain (C57BL/6) (Abel et al., 2009). These data support the concept that elevated 

dermal expression of MMP1 induces alterations in the dermal microenvironment that promote 

epithelial skin tumor development.  

Discussion 

Fragmentation and disorganization of collagen fibrils, the major structural component in the 

dermis, are the hallmarks of the aged human dermis (dermal aging). Collagen fibril fragmentation 

is initiated by MMP1 (Brennan et al., 2003), which is very low in healthy young skin, but 

significantly increased in aged dermal fibroblasts in vivo (Fisher et al., 2009; Qin et al., 2017). 

However, whether elevated MMP1 expression by fibroblasts is sufficient to drive the aged dermal 

phenotype that is observed in aged human skin is not known. We generated and characterized 

Col1a2;hMMP1 to address this question. The data presented above provide proof of concept that 

expression of human MMP1 in dermal fibroblasts, the source of elevated MMP1 in aged human 

skin, leads to the development of the characteristic features of aged human dermis and thus 
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accelerates is a key mediator of the dermal aging process (Fig 2).  In addition to the fragmentation 

and disorganization of collagen fibrils, Col1a2;hMMP1 mice developed age-related deleterious 

alterations of the dermal microenvironment including contracted “collapsed” fibroblast 

morphology (Fig 3a), increased expression of multiple MMPs (Fig 3d), impaired TGF-β signaling 

and reduced collagen production (Figs 3b and 3c), and increased expression of pro-inflammatory 

cytokines (inflammaging) (Figs 3f and 3g). We reported that the accumulation of fragmented 

collagen fibrils and subsequent alterations in fibroblast morphology leads to functional impairment 

of collagen homeostasis (Fisher et al., 2009; Fisher et al., 2008; Qin et al., 2017; Quan and Fisher, 

2014).  

Accumulating evidence demonstrates that the association of cells with the ECM provides 

important instructions for the regulation of cell function (Chaudhuri et al., 2020; Chen et al., 1997). 

Microenvironmental cues from the ECM affect intracellular signaling networks and control 

cellular activities including adhesion, migration, proliferation, differentiation, and survival 

(Humphrey et al., 2014; Iskratsch et al., 2014; Mammoto et al., 2013). In the young human dermis, 

fibroblasts interact with collagen fibrils through collagen-binding cell surface integrins. Integrins 

interact intracellularly with the cellular actin cytoskeleton. This integrin-mediated attachment of 

fibroblasts to the ECM, in conjunction with the cytoskeleton, establishes mechanical forces and a 

stretched morphology. However, in aged human dermis, fragmented collagen fibrils cannot 

interact with the integrins, and fibroblasts become rounded (Fisher et al., 2008; Qin et al., 2017; 

Qin et al., 2014). Loss of dermal fibroblast stretching, caused by MMP1-mediated fragmentation 

of collagen fibrils, significantly inhibits the production of collagen by fibroblasts (Qin et al., 2014), 

as observed in our Col1a2;hMMP1 mice (Fig 2c). Mechanistically, reduced stretching of 

fibroblasts significantly leads to impairment of the TGF-β pathway, the major regulator of s 

collagen/ECM production. This impairment is due to decreased expression of TβRII, which is 

reduced in the aged human dermis (Fisher et al., 2016) and in Col1a2;hMMP1 mice (Fig 3b). 

Additionally, reduced dermal fibroblast stretch caused by MMP1-mediated collagen fibril 

fragmentation significantly up-regulates the expression of several age-associated MMPs. This 

upregulation is mediated by activation of the transcription AP-1 (Qin et al., 2017), which is 

composed of Jun and Fos proteins. AP-1 binds to the proximal promoter regions of multiple MMPs, 

thereby stimulating gene transcription (Eferl and Wagner, 2003). As such, the age-related 

reduction of fibroblast stretch is a critical marker of dermal aging and a mediator of the aberrant 

ECM homeostasis that is observed in aged skin. 



8 
 

Importantly, we found that MMP1-induced age-related alteration of the dermal microenvironment 

substantially increased the susceptibility to skin papilloma initiation and development. 

Keratinocyte skin cancer is very common in the elderly, but is rare in young healthy skin (Rogers 

et al., 2015), although the critical oncogenic mutations, such as Notch and p53, are readily detected 

in physiologically healthy young normal skin (Jonason et al., 1996; Martincorena et al., 2015). 

Our data suggest that age-related alterations of the dermal ECM microenvironment, such as 

composition, structural integrity, organization, and mechanical properties, as well as dermal 

inflammaging, are likely to contribute to skin tumor initiation and promotion. This concept may 

partially explain why keratinocyte cancer is so common in the elderly. 

D’armiento et al reported that keratinocyte expression of human MMP1 in mouse skin led to 

epidermal hyperplasia and increased papilloma development following two-stage chemical 

carcinogenesis (D'Armiento et al., 1995). Papilloma formation in this model likely stems from 

abnormal keratinocyte proliferation since epidermal hyperplasia increases both keratinocyte tumor 

initiation and promotion (DiGiovanni, 1992). In addition, it is also conceivable that epidermal 

MMP1 protein is secreted and transits to the dermis where it degrades collagen fibrils in the dermis 

(Xia et al., 2015) and turn contributes to increased tumor susceptibility, as observed in 

Col1a2;hMMP1 mice (Fig 3).  

In aged human skin,  elevated MMP1 is expressed in the dermal fibroblasts, not in the epidermal 

keratinocytes (Fisher et al., 2009). Therefore, our Col1a2;hMMP1 mice model of dermal aging is 

relevant to the pathophysiology status of aged human skin. Interestingly, the dermal fibroblast-

specific elevation of MMP1 is also observed in patients with segmental progeroid syndrome 

trichothiodystrophy (TTD) (Arseni et al., 2015). Primary dermal fibroblasts, but not keratinocytes, 

cultured from TTD patients have elevated expression of MMP1. interestingly, TTD patients 

display increased dermal collagen degradation and reduced expression of type I collagen, as 

observed in our Col1a2;hMMP1 mice and aged human skin. These observations in TTD patients 

provide further support that elevated expression of MMP1 by dermal fibroblasts in human skin 

leads to increased collagen degradation and decreased collagen deposition.  

Expression of hMMP1 under the control of the Col1a2 promoter and upstream enhancer (Fig 1a) 

could lead to the expression of MMP1 in collagen-producing cells in tissues other than the skin. 

We investigated the effects of hMMP1 transgene expression on the mouse major organs in 

Col1a2;hMMP1. Histopathological examination did not reveal significant alterations in the 
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connective tissues and other major organ tissues in the brain, heart, liver, spleen, pancreas, 

stomach, and intestine. Minor inflammatory cell infiltration was observed in the lung, and kidney 

(Supplementary table 1). 

MMP1 can cleave proteins in addition to collagen (Hegedus et al., 2008; Klein and Bischoff, 2011; 

Page-McCaw et al., 2007; Young et al., 2019). It has been proposed that, in addition to its role in 

ECM turnover, MMP1 may regulate signaling pathways in a nonproteolytic manner (Dufour and 

Overall, 2013; Kessenbrock et al., 2010; Parks et al., 2004). Since mice lack a clear ortholog of 

human MMP1, defining the physiological role of MMP1 by creating knockout mice is not possible. 

Our Col1a2;hMMP1 mice may be useful for understanding novel aspects of MMP1. Our 

Col1a2;hMMP1 mice are a practical mouse model of skin dermal aging to determine the role of 

MMP1 in dermal aging processing, as well as in the development of age-related skin diseases such 

as keratinocyte tumor formation and impaired wound healing, which are common in elderly.   

In summary, the above data reveal that fibroblast-specific expression of human MMP1 in mouse 

skin generates a phenotype that closely resembles dermal aging in human skin. These data support 

the concept that the observed age-related elevation of MMP1 in human skin leads to the 

fragmentation of collagen fibrils, which disrupts fibroblast-collagen interactions (Fig 4d). This 

disruption results in reduced fibroblast spreading, which alters fibroblast function, shifting 

collagen homeostasis in favor of collagen fibril degradation and reduction of collagen fibril 

production. The fragmented collagen fibril ECM microenvironment also induces the expression of 

pro-inflammatory mediators that contribute to the aging process. Significantly, we observed that 

the age-related dermal microenvironment promotes skin tumor development. Our data provide 

insight that partially explains the strong connection between aging and keratinocyte skin cancer 

incidence.  

Methods and materials 

Mice. Col1a2;hMMP1 mice: The transgenic construct was generated by cloning an auto-activating 

mutant human MMP1 (hMMP1/V94G) cDNA (Xia et al., 2013) into the pCLEX vector (Pasca di 

Magliano et al., 2006). This vector contains a highly active CAG promoter, followed by a green 

fluorescent protein (EGFP) cDNA with a polyA signal and strong termination sequence flanked 

by loxP sites, which prevents transcription of the downstream hMMP1/V94G transgene. Upon 

tamoxifen-inducible Cre recombination, the EGFP sequences are excised and transcription of the 

hMMP1/V94G is irreversibly activated in Cre-expressing cells and their progeny (Fig 1a). All 
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cloning was verified by sequencing. The hMMP1/V94G expression cassette was purified and 

injected into (C57BL/6 X SJL)F2 mouse eggs by the University of Michigan Transgenic Core. The 

transgenic founders (CAG-LSL-hMMP1 mice) were identified by PCR genotyping using hMMP1-

specific primers (5’-AACCTGAAGAATGACGGCA-3, 5’-ATACCAGGTCCAGGCTGAA-3’). 

CAG-LSL-hMMP1 mice were crossed six or more generations with pure C57BL/6 mice to reduce 

the variability of the genetic background. The resultant hMMP1 transgenic mice were mated with 

Col1a2-CreER mice (The Jackson Laboratory, stock number 029235), with Cre expression under 

the control of a stromal cell-specific regulatory sequence from the collagen 1a2 (Col1a2) promoter 

and enhancer. This crossing yielded 25% Col1a2;hMMP1 (experimental mice) and 75% of mice 

designated as control mice (25% hMMP1, 25% Col1a2-CreER, 25% C57BL/6 background). To 

activate hMMP1 transgene in mouse skin dermal fibroblasts, tamoxifen (TAM) was systemically 

delivered by TAM chow (400mg/kg) for one month (Fig 1b), which sufficiently activates 

transgene in Cre-expressing cells and their progeny (Fig 1c) (Li et al., 2017; Verhaegen et al., 

2015). There was no evidence of embryonic lethality in Col1a2;hMMP1 mice. Tissue samples 

were fixed in neutral-buffered formalin at room temperature overnight and embedded in paraffin 

and stained with H&E or Mason’s Trichrome.  Col1a2-Cre(ER)T;ROSA26mTmG reporter mice: 

Mice hemizygous for a tamoxifen-dependent Cre recombinase under the control of the fibroblast-

specific promoter and upstream enhancer of the collagen 1A2 (Col1a2) gene (Sonnylal et al., 

2010) were bred with mice harboring a double-fluorescent reporter transgene (mTmG) integrated 

into the Gt(ROSA)26Sor locus (strain #:007576, Jackson Lab) (Muzumdar et al., 2007) to 

generate Col1a2-Cre(ER)T;ROSA26mTmG mice, as previously described (Li et al., 2017). 

Reporter mice expressing a tamoxifen-inducible Cre recombinase under the control of a Col1a2 

promoter/enhancer show expression of membrane-targeted tdTomato (tdTom) prior to Cre-

mediated recombination and membrane-targeted GFP following Cre-mediated recombination. All 

experiments performed with the mice followed the standards of care approved by the University 

of Michigan Unit for Laboratory Animal Medicine (ULAM). Protocols for mouse experimentation 

were approved by the University of Michigan Institutional Animal Care and Use Committee. 

Histology, Immunohistology, and second harmonic generation microscopy. For H&E and 

Masson’s trichrome staining, the skin samples were fixed in 10% neutral buffered formalin, -

embedded in paraffin, and stained by the standard procedures. The dermal thickness and collagen 

density (blue in Masson’s trichrome) were quantified by Image J software. Immunohistology was 

performed as described previously (Fisher et al., 2009). Briefly, skin OCT-embedded cryo-sections 
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(7µm thickness) were fixed in 2% paraformaldehyde for two hours. Subsequently, the slides were 

incubated for 1 hour at room temperature with normal control serum followed by incubation of 

anti-TβRII antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA).  All sections were lightly 

counterstained with hematoxylin and were mounted with mounting media (Vector, Laboratories, 

CA, USA). Images were obtained using Zeiss fluorescence microscopy. Second harmonic 

generation microscopy was performed using a Leica SP8 Confocal Microscope with 2-Photon, at 

the University of Michigan Microscopy and Image Analysis Laboratory.  Dermal cells were stained 

with heat shock protein 47 (a marker of dermal fibroblasts, Cat#:sc-5293, Santa Cruz 

Biotechnology, Dallas, TX) or HCS CellMask™ Deep Red Stain (green) (Invitrogen-

ThermoFisher). 

RNA isolation and quantitative real-time PCR. Total RNA was isolated from mouse skin using 

a commercial kit (RNeasy mini kit, Qiagen, Chatsworth, CA) according to the manufacturer’s 

protocol. PCR template was prepared by reverse transcription using TaqMan Reverse 

Transcription kit (Applied Biosystems, Foster City, CA). All PCR primers were purchased from 

RealTimePrimers.com (Elkins Park, PA). PCR was performed in duplicate with 2μl of cDNA for 

the genes of interest using TaqMan Universal PCR Master Mix kit (Applied Biosystems) and a 

7700 sequence detector system (Applied Biosystems). PCR procedures were performed with a 

robotic workstation (Biomek 2000; Beckman Coulter, Inc., Hialeah, FL) to ensure accuracy and 

reproducibility. Target gene mRNA levels were normalized to the mRNA levels of the 

housekeeping gene, 36B4 (internal control). All primers were obtained from 

RealTimePrimers.com (Real Time Primers, LLC Elkins Park, PA). 

Zymography and Enzyme-Linked Immunosorbent Assay. In situ zymography was performed 

as described previously (Fisher et al., 1997; Fisher et al., 2009). Briefly, FITC-labeled calf skin 

type I collagen (Elastin products, Owensville, MO) was coated onto glass slides. Cryostat skin 

sections (5 µm) were placed on top of the collagen coating, and incubated for 24 hours in a sealed, 

humidified chamber at 37°C. Sections were visualized by fluorescence microscopy. Mouse skin 

homogenates were used for the analysis of cytokines (IL-1β and IL-6) levels, using Quantikine 

enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, MN) following the 

manufacturer’s protocol. 

Atomic force microscopy (AFM) imaging. Fresh skin biopsies were embedded in OCT and cryo-

sections (15µm) were mounted on microscope cover glass (1.2 mm diameter, Fisher Scientific Co., 
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Pittsburgh, PA). AFM images of the collagen fibrils were acquired using ScanAsyst mode, an 

optimized PeakForce Tapping technique that provides high-resolution AFM images (Quan et al., 

2013). ScanAsyst mode visualizes automatically and continuously monitors image quality and 

makes appropriate parameter adjustments.  For each subject, AFM images were obtained from 6 

different regions of each skin section (2×2µm scan size), which included collagen fibrils in both 

the reticular and papillary dermis. AFM images were obtained with a 512 × 512-pixel resolution. 

The surface roughness of the scanned regions was calculated as the roughness average (Ra), which 

is typically used to describe the roughness of materials’ surfaces and is calculated by a surface's 

measured microscopic peaks and valleys. The Ra of the scanned regions was quantified from raw 

data, without modifications, such as cleaning, flattening, filtering, or plane fitting, using 

Nanoscope Analysis software (Nanoscope Analysis v120R1sr3, Bruker-AXS, Santa Barbara, CA, 

USA). AFM images were obtained from the Electron Microbeam Analysis Laboratory (EMAL), 

University of Michigan College of Engineering, and analyzed using Nanoscope Analysis software 

(Bruker, Santa Barbara, CA). 

Two-stage carcinogenesis. Cutaneous two-stage chemical carcinogenesis was performed as 

described elsewhere (Abel et al., 2009). Briefly, mice were treated with a single dose of DMBA 

(30µg/100µl acetone) followed by biweekly applications of TPA (25µg/100µl ethanol). Skin 

papillomas were analyzed 8 weeks following TPA administration (Fig 3a). 

Statistics. Bar graphs represent means±SEM. Statistical analyses (t-test) were performed using 

Prism software (version 8.0.1, GraphPad, San Diego, CA) to evaluate the significance between the 

two groups. All P-values are considered significant when <0.05. 
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Figure legends 

Figure 1. Generation of a humanized mouse model of dermal aging by fibroblast-selective 
expression of hMMP1. MMP1(a) Schematic representation of the generation of a mouse model 
of fibroblast expression of full-length, catalytically-active human MMP1 (hMMP1, 
Col1a2;hMMP1 mice). hMMP1 expression is activated by tamoxifen (TAM)-inducible Cre 
recombinase under the control of the fibroblast-specific Col-1a2 promoter and upstream enhancer. 
(b) Schematic diagrams depicting the initial feeding of one-month-old mice with TAM-containing 
chow (400mg/kg) for one month and back skin samples were collected at six months of age for 
analyses. (c) Cre recombinase activity (GFP) in the dermal fibroblasts of Col1a2-
Cre(ER)T;ROSA26mTmG reporter mice. One-month-old mice were fed TAM chow for one month 
and the back skin was harvested at six months of age. The mTmG transgene confers expression of 
membrane-targeted tandem timer (td)Tomato prior to Cre-mediated excision and membrane-
targeted green fluorescent protein (GFP) after excision. Tissue was counterstained with DAPI to 
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allow visualization of nuclei. Representative images are shown. *Hair follicles. Bar=50 µm. (d) 
hMMP1 transgene mRNA expression in Col1a2;hMMP1 mice. The back skin samples were 
collected from one-month-old mice without tamoxifen administration (Before TAM) or six months 
after tamoxifen administration (After TAM). hMMP1 mRNA levels were determined by RT-PCR 
(normalized to 36B4, housekeeping gene internal control). N=5 for each group. Statistical analyses 
(t-test) were performed to evaluate the significance between the two groups. All P-values are 
considered significant when <0.05. 

Figure 2. Fibroblast-selective expression of human MMP1 in mouse skin causes age-related 
dermal collagen alterations. (a) Representative gross appearance of control (left) and 
Col1a2;hMMP1 mice (right). (b) Representative images of skin wrinkles in control (left) and 
Col1a2;hMMP1 mice (right). N=5 per group. Bar=5mm. (c) Representative H&E staining of back 
skin from control (left panel) and Col1a2;hMMP1 (right panel) mice. The dermal thickness was 
quantified by Image J software (NIH, Bethesda, MD). Note thinness of dermis in Col1a2;hMMP1 
mouse. N=5 per group. Bar=100 µm. (d) Representative Mason’s Trichrome staining of 6 months 
old control (left panel) and Col1a2;hMMP1 (right panel) mice. Cells stain red and collagen fibrils 
stain blue. The dermal collagen density (blue) was quantified by Image J software (NIH, Bethesda, 
MD). Note fewer collagen fibril bundles in Col1a2;hMMP1 mice. N=5 per group. Bar=100 µm. 
(e) Representative images of in situ zymography, which assesses collagenase activity, in control 
(left panel) and Col1a2;hMMP1 (right panel) mice. Loss of green fluorescence in Col1a2;hMMP1 
mice indicates degradation of fluorescein-labeled collagen substrate. The fluorescein collagen 
signals were quantified by Image J software (NIH, Bethesda, MD). White lines indicate the 
boundary between the epidermis and dermis. N=5 per group.  Bar=100 µm. (f) Representative 
nanoscale atomic force microscopy images of collagen fibrils from control (left panel) and 
Col1a2;hMMP1 (right panel) mice. Note intact densely-packed collagen fibrils in control, 
compared to fragmented, disorganized collagen fibrils in Col1a2;hMMP1 mice. Dermal collagen 
fibril organization, measured as collagen fibril average roughness (Ra, nm), was quantified using 
Nanoscope Analysis software (Nanoscope_Analysis_v120R1sr3, Bruker-AXS, Santa Barbara, 
CA). N=5 per group.  Bar=100 nm.  

Figure 3. Fibroblast-selective expression of human MMP1 in mouse skin causes age-related 

deleterious alterations of the dermal microenvironment. (a) Upper panels: representative 

images of human skin dermal fibroblasts in young (26 years, left panel) and aged (78 years, right 

panel) human skin. Dermal fibroblasts were identified by immunostaining with collagen chaperone 

heat shock protein 47 (blue). Green signals indicate elastin autofluorescence.  Lower panels: 

representative images of mouse skin dermal fibroblasts in control (lower left panel) and 

Col1a2;hMMP1 mice (lower right panel). Dermal cells in frozen skin sections were stained with 

HCS CellMask™ Deep Red Stain (green). SHG imaging of collagen fibrils is shown in shades of 

gray. Note stretched fibroblasts (red arrowheads) in young human skin and control mice versus 

contracted fibroblasts (white arrowheads) in aged human skin and Col1a2;hMMP1 mice. Images 
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were obtained by multiphoton laser scanning fluorescence microscopy. N=6 for each group. 

Bars=25µm. (b) Reduced TβRII protein in the dermis of Col1a2;hMMP1 mice. TβRII protein was 

identified by immunofluorescence staining (red), and nuclei were stained with DAPI (blue). The 

fluorescence signals were quantified by Image J software (NIH, Bethesda, MD). Representative 

images are shown, N=5 for each group. (c) Reduced expression of major collagens (Col1a1, 

Col1a2, and Col1a3), (d) Increased expression of multiple collagen-degrading MMPs; (e) 

Increased expression of TIMPs, and (f, g) Increased expression of inflammaging-related cytokines 

(IL-1β, and IL-6) in the skin of Col1a2;hMMP1 mice.  mRNA levels were determined by RT-PCR 

(normalized to 36B4, housekeeping gene internal control). N=5 for each group. Mouse skin 

homogenates were used for the ELISA (IL-1β, and IL-6) analysis. N=4 for each group. Statistical 

analyses (t-tests) were performed to evaluate the significance between the two groups. All P-values 

are considered significant when <0.05. 

Figure 4. MMP1-mediated dermal aging promotes skin papilloma formation. (a) Schematic 

diagrams depicting the initial feeding of one-month-old mice with TAM-containing chow 

(400mg/kg) and two-stage carcinogenesis. Back skin from Col1a2;hMMP1 and littermate hMMP1 

negative control (six months after TAM treatment) mice were treated with a single dose of DMBA 

(100μg/100μl acetone) followed by biweekly applications of TPA (25μg/100μl acetone) for 8 

weeks (two-stage chemical carcinogenesis). (b) Representative images of mice from each group 

are shown. Multiple skin tumors (black arrowheads) are seen in Col1a2;hMMP1 mice (upper right 

panel), while no tumors were observed in the control mice (upper left panel). Representative 

histology of treated back skin from control (lower left panel) and Col1a2;hMMP1 (lower right 

panel) mice. Note severe epidermal papillomatous dysplasia in Col1a2;hMMP1 mice (c) 

Quantitation of tumor numbers in control and Col1a2;hMMP1, following chemical carcinogenesis 

treatment. N=5 for each group.  Statistical analyses (t-tests) were performed to evaluate the 

significance between the two groups. The P-value is considered significant when <0.05. (d) 

Proposed model for MMP1 mediated dermal aging and skin tumor formation: Age-related 

elevation of MMP1 activity degrades collagen fibrils thereby disrupting fibroblast-collagen 

interactions, resulting in reduced spreading and adaptive functional alterations that perpetuate 

further dermal ECM fragmentation (dermal aging) and creates a dermal microenvironment that is 

conducive to skin tumor development.  


