Received Date : 11-May-2016
Revised Datem»30-Dec-2016
Accepted Date : 07-Feb-2017

Article type : Original Article

Agerelated,..reduction of dermal fibroblast size up-regulates multiple matrix

metallopr etéinases as obser ved in aged human skin in vivo

Z. Qin*, RiMy Balimunkwe, T. Quart*

Department of Dermatology, University of Michigan Medical School, Ann Arbor, Michiga
USA

Running Title:Fibroblast &e upgegulatesnultiple MMPsin aging skin

Key words:matrix metalloproteinaseskin aging, fibroblastzell size AP-1

*Authors centributed equally to this work

**To whom earrespondence should be addressed:

Department of Dermatology

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1111/bjd.15379

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/bjd.15379�
https://doi.org/10.1111/bjd.15379�
https://doi.org/10.1111/bjd.15379�

University of Michigan Medical School

1301 Catherine, Medical Science I, Room 6447
Ann Arbor, Michigan 48109-5609

Telephone: (734) 763469

Facsimile: (#34) 647-0076

e-mail: thquan@umich.edu

What is already,known about thistopic?

Collagensis the major structure protein in skin, and its fragmentation is a Hkabmdermal
aging.

Matrix=metalloproteinases (MMPs) are largely responsible for fragmentation of collagen
fibrils.

However, the expression of all known mammalian MMPs tined mechanisnunderlying

altered expression of MMPs in chronologically aged human skin are less understood.

What deesthisstudy add?

Among all=23 known mammalian MMPs, multiple MMPs are elevated in aged human skin
dermis.

As dermal fibroblasts are tmeajor MMPs producing cells in the dermis, reduction of dermal
fibroblast size, which is observed in aged human skin, contributes to elevaticsrefaagd
multiple MMPs.

Reductionof fibroblast size megulates €Jun/cFos and activates AP, the majo regulator

of multiple"MMPs.

These"data provide a foundation for understanding the cellular and molecular basis of age

related collagen fragmentation, the characteristic feature of aged human skin.

Summary

Background: Fragmentation of collagen fibrithe major structure protein in skin, is a hallmark

of dermal aging. Matrix metalloproteinases (MMPs) are largely responsible for fragmentation of
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collagen fibrils. Havever, the alteration of all known mammalian MMPs and the mechanism
underlyingalteredexpression of MMPs in chronologically aged human skin are less understood.

Objectives: To guantify gene expression of all 23 known mammalian MMPs iprstected
young and.aged human skim vivo, and investigate the potential mechanism underlying age
related alteration of multiple MMPs.

Methods: MMPs mRNA expression levels and MMPs activity in@atected young and aged
human skirin vivo were determined by reime RT-PCR andn situ zymography, respectively
The relative eontributions to elevated MMPs in epidermis and dermis were tpehbif laser
capture mierodissection (LCM) coupled réiahe RT-PCR.Dermal fibroblast morphology and
collagen fibrils) fragmentation in human skin vivo were assessed byecond harmonic
generation_microscopy and atomic force microscopy, respectively. In vitro cell morphasgy w
assessed \by CellTracker fluorescent dye and Phalloidin staining. Protein levels were

determined"by“ProteinSimple capillary electrophoresis immsagas

Results:Ameng all 23 known mammalian MMPs,uftiple MMPs are elevated in aged human
skin dermis Consistent with this findingjncreasedMMPs activity and collagen fibrils
fragmentation were observeéw aged skin dermisAs dermal fibroblasts are the major MMPs
producing cells in the dermis, reduction of dermal fibroblast size, which is obsenaged
human skin; cantributes to elevation of agated multiple MMPs. Reduction of fibroblast size

up+egulatesslun/cfosand activates AR, the major regulator of multiple MMPs.
Conclusions: Combined actions of the wide variety of MMPs that are constitutively elevated in
aged dermis.may be involved in progressive degradation of dermal collagen figelseléted

elevations..of.multiple MMPs are likely resulted from the reductdnfibroblast size via

activation.of /AP1.

I ntroduction
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Collagen is the most abundant protein in mammals, making up abotitichef the whole
body protein content. In human skin, collagen is the main component of the detimais
provides structuralral functional supporof the skin® During aging,dermalcollagen fibrils
undergo progressive alterations duagerelated fragmentatioand disorganization of collagen
fibril s **. Fragmentation of collagen fibrils éssentially responsible for agagpearing skinthe
most visible_signs of aging such as wrinkles and fragile atrophic Akierations of dermal
collagen impair skin structural integrity and are associati¢hdl agerelated disorderssuch as
increased-fragility’, impaired vasculature supp6r, poor wound healin§®, and promotion of

skin cancer®,

In human ‘skiny'dermal fibroblasts are responsible for collagen homedét&ssmalfibroblasts

are embedded’in a collagenh microenvironment andhgysically interact with collagen fibrils

to maintain_normal cell shape asde Accumulating evidencdemonstrates thaell shape and
sizeregulate essential cell functiohs*. Cell shape ansizearelargelyregulated bynteractions

of cells withgsurroundingxtracellular matrix ECM). The ECM provids both binding sites for
cells and ‘meehanical resistance to cellular traction foft8sIn young healthy skin, dermal
fibroblastsinteract withintact collagen fibts; and exert traction forces to achieve normal cell
shape andsize However, in aged dermis collagen fibrils are fragmented, wimgbairs
fibroblasteollagen interaction and results in redudiedoblast spreadingshape and siz&**’.
While cell'shape andizeare known to regulate many cellular functions, the molecular basis of

their impagt'omydermal fibroblast function ashermal agingare not well understood.

Matrix metalloproteinases (MMPsyre a large family of proteinases that assentially
responsible forfragmentationof collagen fibrils *3'°. We previously reported that dermal
fibroblasts.in.aged human skin expresskevated MMPL, which leads tanitiation of collagen
fibril fragmentatior?®’. However, the complete profile @l 23 known mammalian MMPs in
aged humanrskin isnknown. Here we investigated the expression of all 23 known mammalian
MMPs in suRprotected young and aged human skirivo. We found thamultiple MMPs are
constitutively elevated in agddiman skin dermisAs redution of fibroblast size is a prominent

ﬁlﬁ,l?

feature of aged human ski , we found thatredudion of fibroblast size activates

transcription factor ARL, the major regulator of multiple MMP$%, leading to upregulation of
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multiple agerelated MMPs observed in aged human ski@ur data suggest insights into
mechanisms of collagen fibrils fragmentation, which is a defining feature pathephysiology

of human dermal aging.

Methods

Procur ement'of'human skin samples and laser capture microdissection (LCM)

All procedures involving human subjects were approved by the University of Michigan
Institutional Review Board, and all subjects provided written informed consem{pr8iected

buttock human‘skin punch biopsies were obtained from clinically normal adult volunte&&; 25
years for young group (N=12, mean age 26+3 years) males and 80+ years for aged group (N=12,
mean age 83+4 yearsgkin samples were 4mm in diameter, full thickness skin. To quantify the
relative levels of epidermal and dermal M§lRpidermis and dermis were captured by laser
capture mierodissection (LCM)onjum), and were collected in lysis buffer (RNeasy Micro Kkit,

Qiagen), followed by RNA extraction and RT-PCR, as described below.

Cell cultureand three-dimensional collagen lattice cell cultures

Young (2330 years) and aged (>80 years) human skin primary dermal fibroblastsolated

from punch biopsies of stprotected buttock skiby digestion skin with bacterial collagenase
(Worthington Biochemical Corporation, Lakewood, NQElls were maintained in Dulbecco's
modified Eagle's medium supplemented with 10% fetal bovine serum (Invitrogesbdahrl
CA), penicillin (100 U/ml) and streptomycin (100 pg/ml) in a humidified incubator with 5%

CO2 at87°CwCells were utilized between passages 4 and 9, and replicate experiments used
fibroblasts from different donors. In some cases;ndhl fibroblasts were cultured in three
dimensional collagen lattices, based on previous publication with miadificatiort’. Briefly,
neutralizel collagen lattices were prepared by mixing appropriate volume of rat tail type |
collagen (BD Biosciences) with medium cocktail [DMEM, NaHCO3 (44mmolfgjutamine (4
mmol/L), folic acid (9 mmol/L), and neutralized with 1 N NaOH to pH 7.2] to yieldnalfi
concentration of 2mg/ml. 0.5xi@ells were suspended in 2 ml collagen solution in 35mm

culture dish, and placed in an incubator at 37°C for 30 minutes to allow polymerization of the
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collagen.For theconstrainectulture system, cells were culturedcollagen gel in which a nylon
mesh (0.5 mm pore size) was placed on the bottom of culture dish to provide cytoskeletal
stability and tension. For thenconstrainedculture system, cells were cultured in collagen
lattices without nylon mesh. The collagerisgeere then incubated with 2 ml media (DMEM,
10% FBS)_ at.3°C, 5% CQ. For analyses, cells were harvested by digesting collagen gel with
bacterial cellagenase (1 mg/ml, Sigma, St. Louis, MO, USA) for 30 minutes at 37°Qbl&ags

were collected by centrifugation and recovery of viable fibroblasts (>80%) wasncedfby

trypan blue“stainingFor latrunculinrA (Lat-A) treatment, cells were treated with tAatat a

concentration of 30 nM for 24 hours or the indicated times.
RNA isolation, laser capture microdisection, quantitativereal-time RT-PCR

Total RNA was extracted, ugina commercial kit (RNeasy midikit, Qiagen, Chatsworth, CA),
and reverse_transcription was performed using Tagman Reverse Transdkipt{@pplied
Biosystems, Foster City, CA). Re#ihe RT-PCR was performed using a Tagman Universal
PCR Master=Mix kit Applied Biosystems, Foster City, CA) and 7300 RBate PCR System
(Applied Biosystems, Foster City, CA). PCR procedures were performed using a robotic
workstation, (Biomek 2000; Beckman Coulter, Inc., Hialeah, FL) to ensure accurdcy an
reproducibility. Al primers and probes were purchased from Applied Biosystems (Assays
Demand™ Gene Expression Products). Multiplex PCR reactions contained primerslaesl pr
for the target gene and 36B4, a ribosomal protein used as an internal normalizatiohfaont

guantitations

ProteinSimple capillary electrophor esisimmunoassay

Dermal fibroblasts were lysed in whole cell extraction buffer (25mM HERHE 7.7]; 0.3 M

NaCl; 1.5 mM, MgC}; 0.2 mM EDTA; 0.1% Triton X100; 0.5 mM DTT’ 20 mM fB-
glycerolphosphate; 0.tnM NagVOg4; 2 pg/ml leupeptin; and 100 pg/ml PMSF). Whole cells
extract was prepared by centrifugation and protein concentration was determine lnyRiael
protein assay (BiRRad laboratories, Hercules, CA, USA)ProteinSimple capillary
electrophoresismmunoassay was performed according to the ProteinSimple user manual. In
brief, whole cell extract sample8d0 ng/lane) were mixed with a master mix (ProteinSimple) to

a final concentration of 1x sample buffer, 1x fluorescent molecular weigkersaand 40 mM
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dithiothreitol (DTT) and then heated at 95 °C for 5 min. The samples, blocking reagreatypr
antibalies, HRPconjugated secondary antibodies, chemiluminescent substrate, and separation
and stacking matrices were also dispensed to designated wells plate. The electrophoresis and
immunodetection steps took place in the capillary system (ProteinSimplePiéésinSimple,

Santa Clare;=CA, USA) and were fully automated with instrument default settings. Thé digita
image was, analyzed and quantified with Compass software (ProteinSimple, Santa Clare, CA,

USA) afternormalization by and B-actin (loading control).

CellTracker, Phalloidin staining, Immunohistology, and second harmonic generation

mi cr oscopy

Cell morphelegy in 3D collagen lattices was assessed by incubation of cultudes wit
CellTracke®sfluorescent dye (Molecular Probes, Eugene, OR, USA) for one hour. The cells
were washed with PBS and were fixed in 2% paraformaldehyde for 30 minutes. Cell morphology
in monolayer culture was assessed by Phalloidin staining. Cells were washed with PBS and were
fixed in 2% paraformaldehyde for 30 minutes followed by Phalloidin stain (Sigma, St, Louis
MO, USA)«fersene hour. Images were obtained using Zeiss fluorescence microSeapyd
harmonic generation microscopy was performed using a IS&8aConfoal Microscope with 2

Photon, at'University of Michigan Microscopy and Image Analysis Laboratory.

Transfection AP-1 reporter activity assay

Primary-adult-human dermal fibroblasts were transiently transfected withraporter construct
(PAPL-TA:Luc) purchased from BD Biosciences Clontech (Palo Alto, CA). Cells were
transfected by, electroporation using human dermal fibroblasts nucleofec¢tofArkiaxa
Biosystems, Gaithersburg, MD) according to the manufacturer's protocol. 4€téours of
transfection, AR-1 luciferase activity was measured by luciferase assay using an enhanced
luciferase assay kit (PharMingen International, San Diego, CA) according maatigfacturer’s
protocol. B-galactosidase expression vector was used as an internal control féectrans
efficiencyand aliquots containing identiclgalactosidase activity were used for each luciferase

assay.
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Zymogr aphy

In situ zymography was performed as described previdtisBriefly, frozen skin sections were
placed on glass slides coated with fluorescelatiyeled collagen (Elastin products, Owensyille
MO) as substrate, Skin sections were incubated for 24 hours to allow MMPs in the tissue to

degradé'thefluorescelabeled collagen in the slide.

Atomic force microscopy (AFM) imaging

OCT embedded human skin samples were sectioned (50 um) and mounted on glass coverslips
(1.2 mm diameter, Fisher Scientific Co., Pittsburgh, PA). These AFM samples were allowed to
air dry for at least 24 hours before AFM anal§sisThe scan positions of the collagen lattices

were determined by light optical image. Images were obtained by AFM with Sgsindeode
(Dimensionwleon, BrukeAXS, Santa Barbara, CA) in air using a silicon etched cantilever
(NSC15/AIBSyMikroMasch, San JogeA) with a full tip cone angle ~40° and the tip radius of
curvature==10nm. AFM images were acquired at a scan rate of 0.977 Hz, 512x512 pixel
resolutions®™”AFM imaging was conducted at the Electron Microbeam Analysis Ladyorat
(EMAL), University of Michigan College of Engineering, and analyzed using Nanoscope
Analysis software (Nanoscope Analysis v120R1sr3, Brékes, Santa Barbara, CA).

Statistical analysis

Statistical significance between groups was determined with the StudtstsAll pvaluesare

two-tailed and.considered significant when p < 0.05.

Results

Elevation of multiple MM Psin aged human skin dermisin vivo

Measurement cdll 23 known mammalian MMPs indicated tleaght MMPs were significantly

elevated insunjprotected uttock aged(83+4 yearshuman skin compared to suprotected
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young (26+3 years)skin (relative fold-increase from high to low: MMR0O, MMP-1, MMP-9,
MMP-27, MMP-24, MMP-11, MMP-3, MMP-23 (Fig 1A). MMPs and tissue inhibitors of
metalloproteinases (TIMPs) aoften coordinately regulated as a means to control excess MMP
activity, we alsq investigated whether TIMPs are elevated in aged skin. Howe\kiferences

in MRNA levels of all four knowrissue inhibitors of metalloproteinases (TIMPs) were found
between young/and aged human skin (Fig 1B). To quantify the relative contributions to elevated
MMPs, ‘epidermis and dermis were separated by laser capture microdissection(fi¢NMJ).

Figure D'shows that all MMPs that are elevatedagedskin were primarilyexpressed in the
dermis (MMR10, 880; MMP-1, 78%; MMR9, 70%;MMP-27, 91%;MMP-24, 91%; MMPR11,

92%; MMP-3;7%84%; MMR23, 81%) To access MMPs activity, we performed situ
zymography, in which unfixed skin sections are placed over a layer of fluoresiedgd
collagen. As shown in Fig 1E, elevated MMPs activity in aged skin resulted in breakdown of the
collagen, resulting in loss of fluorescence. These data demonsteatenultiple MMPs are
elevated in_swuprotected aged human skiiermis suggesting that the combined actions of the

wide varietysofdtMMPs may contribute to degradation of dermal collagen fibrils.

Age-related.reduction of dermal fibroblast size up-regulates multiple MMPs observed in
aged humanskin

Next, we investigated the potential mecharsshagerelated elevation of multiple MMPs using
primary dermal fibroblasts, since dermal fibroblasts are major MMPs producingircelis
dermisandsprimarily responsible for collagen turnovero this end, w first isolated the dermal
fibroblasts‘frem swprotected youngmean age 26+3 yearand agedmean age 834 years)
human sKinand examinedhe mRNA expression ohll known mammalian MMP# standard
monolayer culturelnterestingly, ve found thatall 23 MMPs are similarly express in the
fibroblasts isolated fronyoung andagedskin (Fig 2A). These datauggestthat agerelated
elevation ,of multiple MMPs might be induced by epigenetics rather ithi@imsic genetic

alteration.
We previously reported that a prominent characteristic of aged dermal fibrablastman skin

in vivo is reduced size; with decreased elongation and a more rounded, collapsed morphology
due to collagen fragmentatidn®*’. These data prompted us to explore the connection between
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reduced fibroblast size araberelated elevation of multiple MMP4Jsing second harmonic
generation microscopy, we confirmed that the fibroblasts in aged dermis revealed reduced size
and collapsed morphology (Fig 2Bpperright panel), compared to elongated and stretched
fibroblasts from young skin dermis (Fig 2Bpper left panel). Atomic force microscopy
indicated that, collagen fibrils in young skin dermis were intact, tightly packed alld we
organized \(Fig'€, lower left panel). In contrast, collagen fibrils in ag&dn dermis were
fragmented, 'sparse and disorganig@eid 2C, lower right panel) suggesting that fragmented and
disorganized“collagen fibrils appear to be unable to support normal fibroblagthalogy
Consequently, we confirmed that the morphology of the isolated dermal fibroblasts from young
(Fig 2D, left panel) and aged (Fidd2 right panel) were similar in standard monolayer culinre
vitro, suggesng thatdermal ECMmicroenvironments largely responsible for fibroblasts shape

and size.

Based omaboveobservations, wénvestigated the relationship betwesduced fibroblast size
and ageelated elevation of multiple MMPssing young dermal fibroblasts (mean age 26+3
years) First, we"modulated dermal fibroblast size hylitaring youngdermal fibroblastsn three
dimensional (3D) collagen latticesnderconstrained and unconstrain8D collagen lattices to
model young and aged dermal fibrobtasespectively.A red fluorescent dye (Cell Tracker),
which is taken up into the cell cytoplasm was used to assess thkatogy of fibroblasts 8D
collagen lattices. Dermal fibroblasts culturedconstraineccollagen lattices displayed spread
flattened appearance (Fi8A, left). In contrast, fibroblasts inanconstrainedollagen gels, had
reduced cytoeplasmic area, and a contracted appearanc@BHight), similar to fibroblasts in
aged human skim vivo (Fig 2B, upper right panel)Quantification indicated that fibroblast size
was reduced by approximately 50% umconstrainedcollagen gel (Fig 3A, right panel).
Interestingly,. neasurement of all 23 mammalian MMPs indicated thatmajorityMMPs that
were found.to be elevated in aged dermisivo, except MMP23 and MMPR24, were elevated
by reductien~offibroblass size (Fig 3B). To further confirm this fibroblastsizedependent
elevation of ., MMPs,we modulatedyoung dermal fibroblas size by disrupting the actin
cytoskeletonwith latrunculinA (Lat-A), which rapidly blocks actin polymerization®. As
expecteddisruption ofthe actin cytoskeletorresulted in loss of actin cytoskeletal fibers and
reducedfibroblasts size approximately 70%(Fig 3C, right panel).Importantly, redudion of
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fibroblast size resulted in elevation of multiple MMPs that were found to be elevated in aged
dermisin vivo (Fig. 2E) As shown in Table 1, reduction of fibroblasts sezter in 3D collagen
lattices or in monolayer culturesulted in elevation ohe majority MMPs that werelevated in
aged dermisn vivo, except MMP23 and MMP24.

Next, we assessed whether elevated MMPs are reversible by restoration of fibroblast size. For
these studies; La&-containing media was withdrawn 24 hours after its addition, and the cells
were extensively washed, and fresh culture media was added. With removalofiibabblasts
converted from a small, rounded morphology (Fig. 3E middle panel) to typical elongated
morphology (Fig. 3E, righpanel). Consistent with recovery of cellular size, elevated MMPs
were normalized to basal level (Fig. 3Hhese datasuggestthat reduced fibroblast size as

observed in agehuman skidikely contributes to ageelated elevation of multiple MMPs.

Reduced fibroblast size up-regulates c-Jun/c-Fos and activates AP-1, the major regulator of
multiple MMPs

We nextuinvestigated the mechanism by which reduced fibrobiastup+egulatesmultiple
MMPs expression. We focused on transcription factordure and d-os, which typically
comprise the AR transcription factor compleXAP-1 transcription factohas been shown to
principal fegulator of multiple MMPsranscription, under a variety of conditiéh&?’. As
shown in Figire, 4 reduction of ibroblast sizen either 3Dcollagen latticegnon-contraction vs
contractionjersmonolayer culturdDMSO vs latrunculirA) resulted insignificantincreaseof c-

Jun mRNA (Fig4A) and protein (FigdB), andc-Fos mRNA(Fig 4C) and protein (FigiD).
Furthermare, reduion of fibroblastsize markedly increasedP-1 reporter activities (FigiE).
Finally, weasked that whether-dun and d€-0s expression are elevated in aged human skin
dermisin vivo, the major source of elevated multiple MMPs.address this question, tdermis
was prepared by cutting off epidermis at a depth of 1 mm by cryostat. Indeed;Joottacd €

Fos mRNA%(Fig5A) and protein (FighB) levels were elevated in aged dermis, compared to
young dermisThese datauggesthat reduction ofibroblast size may elevate multiple MMPs

via up-regulation of gun/cFos and activation &P-1, the major regulator of multiple MMPs.
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Discussion

MMPs are primarily responsible foraigmentatiorof dermal collagen fibrd, the hallmark of
dermal aging”*'?>. MMPs are a large family of proteinases that are capable of degrading every
type of ECM.protein®. We demonstrate here that multiple MMBscome elevated during the
aging proessin _human skindermis Elevated MMPs in aged dermis can be divided into
following groups: collagenasMMP-1), gelatinaseB (MMP-9), stromelysinsNIMP-3), MMP-

10, MMP-11membraneassociated: MMR3, MMP-24, and recently identified MMR7. It is
well-known thatultraviolet (UV) from the sun causes prematwskin aging(photoaging) by
transiently-inducingnly three MMPs in human skin vivo (MMP-1, MMP-3, and MMR9) #*

% We demonstrate here thebmpared to acute UV irradiation, a larger variety of MMPs,
including UV-inducible MMPs, are constitutively elevated in aged skin. Interestingly, compared
to acute UV irradiation, in which the epidermis is tmémary source of transiently induced
MMPs % ‘the dermis is the major source of elevated MMPstironologically aged sun-
protected skinThese observations suggest that although chronologically aged and photoaged
skin share"many common molecular feagireuch as MMPsnediatedcollagen fragmentation,

the primary, sources (epidermis vs dermis) and cell types (keratinocytes vs fibroblasts) of
elevated -MMPs are different. Also, our investigations appear to reveal that collagen
fragmentation in aged skin dermis results from constitutive elevation of averidéy of dermal
MMPs, rather than a transient elevation of limited epidermal MMPs as observed in acute UV

irradiationdn"Auman skin

The production of these MMPs is the responsibility of dermal fibroblasts, whectharmajor
MMP-producing, cells andamtrol collagen homeostasis in the dermii&e demonstrate here that
reduced fibroblassize upregulatesmultiple MMPsas observed in aged human skin derm

vivo. Reducedibroblast sizeis a prominent feature of dermal fibroblasts in aged human skin
31617 \We foundthat isolatecprimary dermal fibroblasts from aged (>80 years) or yo@ag30
years) individualareindistinguishable from each other with respect to morpho(Bgy2D) and
expression ofall known mammalian MMPgFig 2A). In contrast, human dermal fibroblasts,
obtained from individuals of any age (86 years of age), cultured in the conditions of reduc
cell size, result in elevation of multiple MMPBable 1) These datauggest thatihe elevation of
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multiple MMPs in aged human skin arises, at least in part, from reduced size of dermal
fibroblasts.We are unable to confirm fibroblasize dependent icrease of MMP23 and MMR

24, which are elevated in aged human skin dermis. As both {2B1Bnd MMP24 are cell
membraneassociated MMPgtype |l transmembrane MMPs), we found that the basal mMRNA
expression.levels of these two MMPs are extremely ifowermal fibroblastssuggestinghat
dermal fibroblasts are not major source of elevated MI@Rnd MMP24 in aged human skin

dermis.

Further investigatiomdicates thateducedfibroblast size is closely associated with elevated c
Juric-fos andinereased transcription factor APactivity, the major driving for multiple MMPs
212227 Transcription factor AR, typically composed of-dun and € os isone of the first
mammalian transcription factors to be identifféed®. We and others, previously reported that
stressactivated MAP Kinase pathways andlun mRNA and protein are increased in aged,
compared-to young human skimvivo *"*3* |n this study, we confirmed thatJun and €os
expressiop=are significantly elevated in aged human skin dénnvso, the major source of
elevated multiple MMPs. These data suggest that redilmedblast sizeinduces eJunand ¢

Fos whichuin turn elevatesiultiple MMPs in aged human skitermis

In skin dermis, fibroblast spreading and sizehich are mediated by cytoskeletal and
intracellular_structural macheny, largely depends on cellular interactions with surrounding
ECM micreenvironment. In young human skin dermis, binding of fibroblasts to intact collage
fibrils allowssgeneration of traction forces that are necessary for spreading, mechanical stability,
normal function. However, in aged human skin dermis, collagen fibril binding s#desarand
mechanical resistance to traction forces is reduced due to fragmentation. In this state, the ECM
microenvironment is unable to provide sufficient mechanical stability to maintain normal cell
spreading/mechanical forcg®'". Therefore, ageelated fragmentation of the collagen fibril

microenvironnent deleteriously alters fibroblast size and function.
Also, cdl shapeand sizampactsmultiple cellular processes including signal transduction, gene

expression, and metabolistt>®’. Currently, mechanisms by whigkduced cells sizinduces
c-Jun/AP-1are not well-understood. AP-1 activity is regulated by a wide range stimuli
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including reactive oxygen species (RO%) We previously reported thdibroblasts that have
reduced spreadingize due to fragmentation of surrounding collagen fibrils display increase
levels of ROS'. ROS isconsidered to be a major driving force for the aging prot&Ss
Indeed, we observed that protein oxidation, a marker of oxidative stress, is increaged i
humandermisin vivo *". These datauggesthatelevated ROS may be mediate induction -of ¢
JunAP-1 activity in response to reduced fibroblast spreading size Clearly, urther studies
are needed tanderstandhe connections amonfibroblastsize,oxidative stressAP-1 activity,

and MMPs.

We have previously reported that reduction of fibroblast size by disruption of cytoskeleton
reduced cellular mechanical force, which substantially induced MM#xpressiof! and
consequent collagen fibril fragmentattdnReduced mechéaral force induced transcription
factor c¢Jun to bind to a canonical APbinding site in the MMHA proximal promoter. Blocking
c-Jun function with dominant negative mutaniun significantly reduced induction of MMP
expressiop=inwresponse to reduced cell size and mechanical force. Currentdstedynaw
information: that reduced fibroblast size not only induces MMPut also induces multiple
MMPs (FiglA). Furthermore, we demonstrated that restoration of fibroblast size led to reverse
elevated.multi® MMPs to a basal level (Fig. 3F)Ve also previously reported that reduced
fibroblast size inhibits type | procollagen synthesis, the major structural protein in skin, via
impairmeft_of TGHB/Smad signaling®’. Further investigation reveals that reduced fibroblast
size specifically dowsmegulates TGH type II receptor, and this down-regulation largely
mediates thesreduction of type | procollagen and other ECM produdiaien together, these
data suggest that reduced fibroblast size could be a marker of cellular aging gimg) dfusnan

skin dermis.

Impaired wound healing is common in the elderly and presents a significantlclamd
economic_problem. It has been reported that fibroblast dysfunction is a keyifatter non
healing of*chronic wounds in the eldéf§’. Dermal fibroblasts are Igely responsible for
collagen turnoveand remodeling in healing of wounds. Although MMPs play essential and
beneficial roles in normal wound healing, MMPs must be present at the right amountthed i
right time frame (duration) during the wound healprgcess. Substantial evidence has amassed
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that MMPs in general are highly elevated in the delayed wound h&2fingnd that treatments

that lower MMP activities accelerate healing of wouffd8 It is conceivable thatanstitutive
elevations of multiple MMPs, asdentified in current paper,result in a hostile tissue
microenvironment that promotes ageated skin diseases, such as delayed wound healing
elderly. Clearly, additional studies are warranted to uncover the precise molecular mechanism(s)
by whichcenstitutive elevations of muttie MMPsmay contribute to impaired wound healing in
elderly.

In summary, aged dermis constitutively expresses elevated levels of several MMPs, which likely
lead to chreniey progressive degradation of the dermal collagen in aged humaNelaropose

a rovel meechanism by which agelated reduction of fibroblast size activates-BRwhich in

turn elevates multiple MMPs as observed in aged human (8kin5C). This mechanism
provides a foundation for understanding the cellular and molecular basielated collagen
fragmentation, the characteristic feature of aged human skin.
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Figure Legends

Figure 1 Elevated expression of multiple MMPs in aged human dermis. Adult human skin
punch biopsies*were obtained from gamotected buttock skinA() Elevated multiple MMPs in
aged(83+4 yearsrompared to young (26+3 years) human skinl2 each groupMean = SEM.
*p<0.05. (B) No change in TIMP mRNA expression in young and aged human skin. N=12 each
group. Mean=+, SEM(C) Schematic representation of the dissection of human skin epidermis
and dermis.by,Laser Capture Microdissection (LCMe Bkethods for details). D) Elevated
MMPs in the dermis of agdduman skinEpidermis and e@rmiswere capturethy LCM and total

RNA wasrprepared form epidermis and dermis8, Mean £+ SEM.All MMPs mRNA levels

were quantified by redlme RT-PCR and weraormalized by the housekeeping gene (36B4,
internal control) (E) Elevated collagenase activity in the dermis of aged human skin determined
by in situ'zymography ¢eeMethods for details). Loss of green fluorescence in aged dermis
indicates.degradation dfuoresceincollagen substrate. White lines indicate boundary between

the epidermis*(top) and dermis (bottom). N=6.

Figure 2 (A).MMPs are similarly expressed in the fibroblasts isolated from aged (83%4 years)
and young,(26+3 years) skin. Dermal fibroblasts were isolated froapretected young and
aged buttock skin. MMPs mRNA expression levels were quantified bytimealRT-PCR and
were nomalized by the housekeeping gene (36B4, internal control). N=6. Mean + M.

Reduced dermal fibroblast sizeasprominentfeature ofaged dermal fibroblasts in human skin
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in vivo. Representative images of dermal fibroblasts in ag8d/€ars, right panel) and young

(26 years, left panel) human skin. Skin was sectioard,dermafibroblasts were identified by
immunostaining with collagen chaperone heat shock protein 47).(lfBray'white color is
collagen fibrils and green color is stan. Note spread fibroblasts in young skin versus contracted
fibroblasts .in, aged human skin. Images were obtained by multiphoton laser scanning
fluorescence microscopy. N=6 for each grolipe black and white arrow heads indicate dermal
fibroblasts‘in"young and aged human skin, respectBatg=25um. C) Collagen fibrils in aged

skin dermis“were fragmented and disorganiZddnoscalecollagen fibrilswere imaged by
atomic farce  microscopy. The black and white arrow heads indicate intact and
fragmented/disrganized collagen fibrils, respectively. Images are representative of six
independent experimentBars=100 nm(D) The morphology of the dermal fibroblasts from
young (left panel) and aged (right panel) were similar in standard monolayaredn vitro.

Cells were_stained with CellTracker fluorescent dye and were imaged by fluorescence
microscopy...Red fluorescence delineates cell cytoplasm; blue fluorescence delineates nuclei.
Bars=100gsmimages are representative of the dermal fibroblasts from fiwmg and aged

individuals.

Figure 3-Agerelated reduction of dermal fibroblast size up-regulates multiple MMPs
observed in aged human skin. (A) To model young and aged dermal fibroblastsrmal
fibroblastsfrom_young skin (26+3 years) were cultured under conditionsoaktrained(left
panel) andinconstrainedright panel)3D collagen lattice¢seeMethods for details) Cells were
stained with=CellTracke® fluorescent dye and were imaged by fluorescence microscopy. Red
fluorescence delineates cell cytoplasm; blue fluorescence delineates Retdtive cell surface
areas were quantified using ImageJ softwend data were expressed as % of control {non
cortracted=gel)-Mean + SEM, N =3, *p<0.05Bars = 100 umB) The majority ageelated
MMPs were=elevated by reduction of fibroblasts size. Total RNA was extracted &onald
fibroblastsseulturedrom 3D collagen lattices. MMPs mRNA expression levels werantjtied

by realtime RI-PCR and were normalized by the housekeeping gene (36B4, internal control).
N=4. Mean = SEM*p<0.05. C) Dermal fibroblastérom young skin (263 years)ere treated

with Lat-A (30 nM) for 24 hours. Dermal fibroblasts were stained with phalloidin and were

imaged by fluorescence microscopy. Red fluorescence delineates cell cytoplasm; blue
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fluorescence delineates nuclei. Relative cell surface areas were quantified using ImageJ software
and data were expressed as % of control (DMS@arvt SEMN=6, *p<0.05.Bars = 100 pum.

(D) The majority ageelated MMPs were elevated by reduction of fibroblast size via disruption
of the actin cytoskeleton. Total RNA was extracted from dermal fibroblasts. MMPs mRNA
expressionlevels were quantified by reale RT-PCR and were normalized by eth
housekeeping.gene (36B4, internal control). N=5. Mean = SEMO0.05. E) Restoration of
dermal fibroblast sizafter withdrawn LatA. Lat-A was withdrawn (right panel) 24 hours after
Lat-A (30 nM)treatment (middle panel) by replacing with fresh cultoeglium, and the cells
were further incubated for 48 hours. Dermal fibroblasts were stained with phallotinelative

cell surface areas were quantified using ImageJ softiviaia were expressed as % of control
(DMSO, left panel). Mean = SEM, N=6, *p<b. Bars = 100 umF) Restoration of dermal
fibroblast size reverses elevated MMPs. MMPs mRNA expression levels were quantified by
reattime RT-PCR and were normalized by the housekeeping gene (36B4, internal control).
MMPs mRNA expression levels afteatA withdrawn wereexpressed as % of control cells
(DMSO). N=5=Mean + SEM.

Figure 4°Reduced fibroblast size up-regulates c-Jun/c-Fos and activates AP-1, the major
regulator.ef*multiple MMPs. Dermal fibroblastdrom young skin (26+3 yearsyere cultured

in 3D collagen latticesor monolayer under conditions of reduced cell size, as described in
Method. (A) Reduction of fibroblast size upregulatedunmRNA expression. (B) Reduction of
fibroblast sizemupregulatesdein protein expressiofC) Reduction ofibroblast size upregulates
c-Fos mRNA«expression. (D) Reduction of fibroblast size upregulakes @rotein expression.
MRNA levels were quantified by reine RT-PCR and were normalized by the housekegpin
gene (36B4, internal controlMean + SEM, N3, *p<0.05.Proteinlevels were determined by
ProteinSimple_capillary electrophoresis immunoassay (see Materials and methods for details)
and normalized by B-actin (loading control). Insert shows representative digital im&dean +
SEM, N=3,*p<0.05.(E) Dermal fibroblasts were transfected wiR-1 reporter construct (pAP
1-TA-Luc) or empty vector (CTRL). Cell lysates were prepared 48 hours after transfection.

Reporter activity was determined by luciferase assay. Data are Mean + SEM, N=3, *p<0.05.
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Figure 5 Elevated expression of c-Jun and c-Fos expression in aged human skin dermis.

Adult human skin punch biopsies were obtained from young (26+3 years) and aged (83+4 years)
sunyprotected buttock skin. Dermis was prepared by cutting off epidermis at a depth ob§ mm
cryostat. A) Total RNA wasprepared from dermis and mRNA levels were quantified by real
time RT-PCR.and were normalized by the housekeeping gene (36B4, internal control). Mean *
SEM, N=6, *p<0.05. B) Dermal protein levels were determinbgl ProteinSimple capillary
electrophoresis’ immunoassay (ddethods for details) and normalized by B-actin (loading
control). Insert'shows representative digital images. Mean + SEM, N=6, *p<CJ0Reduced

fibroblast sizeelevates gerelated MMPgqsee details in Discussipn
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