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Short title

Physical properties of agelatedskin collagen fibrils

Abstract

Fragmentation”of collagen fibriland aberrant elastic material (solar elastosisthe dermal
extracellular matrix(ECM) are among themost prominent feature of photodamaged human
skin. These Heratiors impair the structural integrity anctreatea dermal microenvironment
prone toskin disorders.The objective of this study was tteterminethe physical properties
(surfacerroughness, stiffness, and hardnes#le dermal ECMin photodamaged and subject
matchedsun-protected human skin. Sk#ampleswere sectioned andinalyzed byhistology,
atomic force microscopy (AFM) and nanoindentatidermal ECM collagen fibrilswere more
disorganized (i.e. rougher surfage and the dermal ECM wastiffer, and harder, in
photodamaged forearm, compared to-pumtectedunderarm skinCleavage of collagen fibrils
in sunprotected underarmermis by recombinant human matrix metalloproteindsesulted in
rougher collagen fibril surface and reducedermal stiffness and hardnes®egradation of
elastotiesmaterial irphotodamaged skin by treatmemith purified neutrophil elastase reduced
stiffness and hardness without altering collagen fibril surface roughnes&dditionally,
expression ofwo members of thiysyl oxidase (LOX)genefamily, whichinsertcrosslinks that
stiffen and harden collagen fibrilajas elevated inphotodamagedorearmdermis These data
elucidatesthe contributions éfagmented collagen fibrilsolar elastosjsandelevated collagen
crosslinkingto the physicalpropertiesof the dermaEECM in photalamagechuman skin This
new knowledgeextends current understanding of the impact of plastageon the dermal

ECM microenvironment.
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1. Introduction

Human skinsexperienseharmfulinjuries from environmental sources such as soléraviolet

(UV) irradiation’(photoaging) 2. Histological and ultrastragral studies have revealed that the
major alterationsn photodamaged skiare seen in dermal connective tissue, characterized by
damaged‘and_disorganized collagen fibrils as well as massive accumulation of aberrant elastic
material (Solar.elastosfs}. Type | collagen is the most abundant extracellular matrix (ECM)
protein, constituting nearly 90% of the skin’s dry wei§jhlteratiors of dermalcollagenfibrils
arelargely.responsible fothe clinical features ofphotaaged skin such adragile andwrinkled

skin * 4%

Mechanistically, photodamaged skinis largely driven by elevated matrix
metalloproteinases (MMPs) 8, which degrade collagen fibrils ithe skin. Alterations of
collagen fibrils “impair normal architecture of skin connective tissue and creatgssue
microenvironmenmore prone to skin disorders, such as delayed wound hé&&liamyd cancein
10-14

elderly

Although mueh effort has been exerted towards understatiginmolecular alterations leading
to the properties ofphotodamaged skinjttle information is availablewith respect tothe
biophysical propertiesof the photodamageddermis Here we have applied atomic force
microscopy AFM) and nanoindentation technigues to evaluate physicéceproperties of the
ECM in photodamage@forearm)and sunprotected (underarmfjumandermis We found that
collagen fibrilsin photodamagetbrearm isrougher stiffer, and harderlargely due to collagen
disorganizatiep”elastosis, and crosslinking.These data provide insight into the physical

propertieswef the damaged dermis in photodamaged human skin.

2. Materialsand methods
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2.1 Procurement of human skin samples and compliance with ethical standards

Skin biopsies fronphotodamagedxtensor forearmand subject matched symnotected underarm
were obtained from six individualege57+5 years). The presence miiotodamagedkin was
determined based on clinical criteria, as described previdushor histological analysis, skin
cryo-sections..(7umthicknesy were stained with hematoxylin and eosin (H&E). Some
experiments, photodamagédrearm skin cryesections were treated with purified neutrophil
elastase (0:0Tunit/ml, Sigma, St. Louis, MO) for 2 hours at 3XiGkin samples were obtained
under a protocol approved by the University of Michigan Institutional Review Board. All

volunteers provided written informed consent.

2.2 Immunehistology and Verhoff van Geison (VVG) elastic staining

Immunohistology was performed as described previotisiBriefly, skin OCFembedded cryo
sections (7unthick) were fixed in paraformaldehyde. Subsequently, the slides were incubated
for 1 hour'at room temperature with normal control serum followed by incubatemtiefiastin
antibody (Abecam, Cambridge, MAUSA, cat#: ab77804). All sections were lightly
counterstained‘withematoxylin and were mounted with mounting media (Vector, Laboratories,
CA, USA)=l0 visualizeelastic fiber, skin sections were stainedvgrhoff van Geison staining

which is_mest commonly usddr visualizing elastic fibers

2.3 Atomicfor ce microscopy (AFM) imaging

Human skin“bigpsies were embedded in OCT, and cryosections (ibigiknwere attached to
microscopescover glass (1.2 mm diameter, Fisher Scientific Co., PittsburghTiRSe AFM
samples were allowed to air dry for at least 24 hours before analysis. Nanoscale AFM images
were obtained irthe air by Dimension Icon AFM systerBrukerAXS, Santa Barbara, CA,
USA) using.a.silicon AFM probe (PFBSI, force constant 0.00.5N/m, resonant frequency-12
45kHz, 10nm-radius, NANOSENSORS™, SwitzerlandAFM images of the collagen fibrils
were acquiredising ScanAsyst mode, an optimiZedakForce Tapping technique tipabvides
high resolutien AFM images. ScanAsyst mogisualize automatically and continuously
monitors image quality and makeappropriate parameter adjustment8FM images of the
elasbtic materialwere acquired using Peak Force QNM mdéer. eachsubject AFM images

were obtained from 9 different regionseach skin sectio(iL08 total scan$x5um scan size)
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which includedthe ECM in both the reticular and papillary dermis, as shown in FRAIr&dFM

images were obtained with a 512 x EdiRel 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 atmifc

such as cleaning, flattening, filtering, or plane fitting, using Nanoscope Analysis &oftwa
(Nanoscope Analysis v120R1sr3, BrueXS, Santa Barbara, CA, USA). Ra of photodamaged

or sunprotected dermal ECM was calculated from 54 AFM scans from each group (9
scans/sample X total 6 subjects=54 scans/groApM was conducted at the Electron
Microbeam: Amalysis Laboratory (EMALYniversity of Michigan College of Engineering.

2.4 Nanoindentation measur ements

Human skin biopsies were embedded in OCT @ydsectioned (100 prthick). Thesesections

were attached to microscope cover glass (1.2 mm diameter, Fisher Scientific Gburdfitt

PA), and werevallowed to air dry for at least 24 hours befoamoindentation. Mechanical
properties (stiffneshardness, and Young’'s modulus) were measured by nanoindentation using a
Nanolndenter Il Agilent Technologies Santa Clara, CA)in the constant displacement rate
loading_mode with a thregided pyramidal diamond tip. A fused quartz sample with known
hardness and Young's modulus values was used as a reference sample. The maximum
indentation_displacement was controlled to be 2000mhe method used to calculatke
stiffness andhe, hardness modulus was based on established méfhdda total of 9 indents

per skin seetion were obtainém different regions of the reticular and papillary derr(fsg

3A). Quantification of the dermdECM mechanical properties was obtained fromiddents

from photodamaged or symmotected skin section® indentstéample x total 6 subjects=54

indents/group).

2.5 RNA isalation and quantitativereal-time RT-PCR

Total skin'RNA was extracted usirige RNeasy micro kit (Qiagen, Gaithersburg, MD, USA)
according to the manufacturer’s protocol. cDNA template for PCR amplification wasguepa
by reverse transcription ¢btal RNA (200 ng) using Tddan Reverse Transcription kit (Applied
Biosystems, Carlsbad, CA, USA). Réshe PCR quantification was performed on a 7300
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Sequence Detector (Applied Biosystems, Carlsbad, CA, USA) usingldradJniversal PCR
Master Mix Reagent§Applied Biosystems, Carlsbad, CA, USA). All LOX family of proteins
PCR primers were purchased from RealTimePrimers.com (Real Time Primers, LLC, Elkins
Park, PA,USA). Target gene mRNA expression levels were normalized to the hepisgke
gene 36B4 as,anternal control for quantification.

2.6 Treatment of 3D collagen gelsand underarm skin sampleswith rahMMP-1

3D collagen"gels were preparad previously describetf, with minor modification. Briefly,
neutralized rat! tailtypel collagen (2mg/ml, BD, Biosciences, Palo Alto, CA, USA) was
suspendediithe medium cocktail (DMEM, NaHCO3 [44 mM],-glutamine [4 mM], Folic Acid

[9 mM], and neutralized with 1IN NaOH to pH 7.2. Collagen and medium cocktail sohgien
placedin 35 mmbacterial culture disgts The collagen gels were placedanincubator at 37°C

for 30 minutes to allow collagen polymerization. The collagen gels were tbebaited with 2

ml media’ (DMEM, 10% FBS) at 3T, 5% CO2overnight rhMMP-1 (R&D, Systems,
MinneapolisyPMN, USA) was diluk to 50pug/mL, and activated by adding APMA to a final
concentration=of 1 mMThe collagen gels were treated with activated rhMMEB0 ng/ml)
overnightat_37°C, and the media were collected, concentrated, and analyzed by 10% SDS
PAGE. Ceollagen bands were visualized by staining with SimplyBlue (Invitrogen Life
Technology, Carlsbad, CA, USAJFor human skinsamples 4 mm punch biopsies of sun
protected ‘underarm skin were obtained, as described above. The skin biopsiesitwete
small pieces#4wpiecegbiopsy) and incubated fa8 hoursin C&*-supplemented (1.4 mM final
concentration)keratinocyte basal medium (KBM) (MA Bioproducts, WalkersWle, USA).
These culture conditions preserve the histological structure and biochemmictbh of human
skin at least until seven dag§$ The biopsies were then treated with activated rhMIMEB0
ng/ml) at 37°C for overnight the end of the incubation peridtie biopsies were embedded in

OCT, and.cryosections (15 pm) were analyzed by ARMiescribed above.

2.7 Charts, figures, and statistics

Charts and figures were generated with Microsoft Excel 20d4fd Adobe lllustratoy
respectively Bar graphs represent MeanszSE®omparisons between samples were performed
with the paired-test (two groups) or the repeated measures of ANOVA (more than two groups).
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All p-values are twdailed, and considered significant whefl.05 (depicted by asterisks on

figures).

3. Results

3.1 Dermal=collagen fibrils are more disorganized (greater surface roughness) in

photodamaged, compar ed to sun-protected skin

Figure 1A showsconventional histological images of human skin @&taining). Inthe sun-
protected aunderarnthe bundles otollagenfibersaredensely packed and wallganized(Fig

1A, left panel) In contrast,sun-exposed photodamagtatearmshows disorganizedollagen
bundles(Fig 1A, right panél In addition to theaberrantorganization ofcollagenbundles

photodamagedforearm shows significant elastosis rfaws), which is a hallmark of
photodamagedsskin.

Next, we analyzed nanostructures thfe dermal collagenfibrils by AFM (Fig 1B). AFM
provides both,nanoscale imaging and quantitative physical properties materia¢suinfabe
sunprotected underarm (FiC, left panel), intact collagen fibrils are abundant, tightly packed,
laterally aligned andisplaycharacteristic ¢bandsln contrast, collagen fibrilsn photodamaged
forearm dermis=lack these features amde generally disorganized (FifyC, right panel). To
measure collagen fibrils organization, we quantitieel surface roughnesmsedon the height
profiles of thecollagen fibrilscrosssection Surface roughness is a component of surface texture
measured by Ra (roughness average), which is calculated as the mean deviation of height over
the entirenmeasured area. Large deviations indicate a rough surface, while small deviations
denote a*smooth gace. Figure 1D shows a typical topographical image (topand
corresponding‘height profildottom)of collagen fibrils Quantitative analysis indicated thhe
roughness™(Ra) oflermal collagen fibrils inthe photodamagedorearm 85nm+13.2 was

significanty greatey compared tsunprotected underarm (23.3 nm£3(8)g 1E).

3.2 Dermal ECM s stiffer and harder in photodamaged, compared to the sun-protected
skin
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We next used nanoindentation technologynmeasurgwo key related mechanicalropertiesof

the dermal ECMstiffness and hardne8s?%. Siffness isa measuref theresistancef an object

to deformationby an applied forceHardnesss a measure of the resistance of a material to
localizedpermanent (plasticgjeformationFor each sample amoindentation measurememtsre
made at nine_differ@rsites throughout thdermis (Fig 2A, upper panel)Figure 2A (bottom
panel)shows atypicdladdisplacement curvebtainedor a single site in suprotected dermis
Interestingly“the average stiffnes@-ig 2B) and hardness (Fig 2©@f the dermal ECM in
photodamagedrearmskin wereincreased by 152% and 158%gspectively compared tdhe
dermal ECM imsunprotectedunderarm skin.

3.3 Fragmentation of dermal collagen fibrils increases fibril disorganization (surface

roughness) and reduces ECM stiffness and har dness

The aboverdata demonstrate ttiet dermal ECM irphotodamagegkin has more disorganized
(roughersurfaee)collagenfibrils andis stiffer and hardercompared tsunprotected skinNext,

we exploredthe potential mechanisrthat alter thghysical propertiesf photodamaged skin
Collagen.ibrils comprise the bulk of the derrarsd are fragmented in photodamaged skin by the
actions of matrix metalloproteinases (NP8), which are induced by UV irradiation. Therefore,
we treatedsunprotectedunderarm skinex vivo with purified recombinant humaMMP-1(rh
MMP-1), whichiinitiates cleavage of collagen fibrilgenerang one quarter and threguarter

length fragments®® 24

(Fig 3A). AFM analysis revealedsignificant fragmentation and
disorganizatiorof collagen fibrils in the dermal ECM of symmotected skin following treatment
with MMP-1 (Fig 3B and 3@, similar tothat observed imphotodamagedfbrearmdermal ECM
(Fig 1C and 1B, Collagen fibril fragmentation increassdrface roughnedsy 2.5-fold (90.8nm
vs 35.7nmin_control underarmskin). In contrast MMP-1-medated collagen fragmentation
resulted in.de®ased dermal stiffne¢big 3D) and hardness (Fig 3E).

We next employedhree dimensionatype | collagenlattices to confirm the above data.
Consistentwith the above dataMMP-1-mediated collageribril fragmentationof collagen
latticesresulted in rougher collagdibril surface (Fig3F and3G), and decreasestiffness (Fig

3H) and hardness (Fig 3IThese data suggest that fragmentatiosadiagen fibrils contribute
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to collagen fibril disorganizatiofrougher surface but does not contribute stiffer and harder
mechanical properties the dermal ECM in the photodamaged skin.

3.4 Elastosiseontributesto increased stiffness and hardnessin photodamaged skin

We next examined th@le of solar elastosis mtered physical properties pinotodamaged skin.
Solar elastosigvolvesdeposition of abnormal elastcontainingmaterial in theupperdermis
in photodamaged skirAs shown in FigurelA, photodamagetbrearmdisplaysa significanty
moreelastesiseompared to underarm skiAFM imageswith distinctive stranegshapednaterial
(Fig 4B, right panel indicated by arrojus We investigated the impact oémovingelastotic
material on thephysical propertieof the dermal ECM inphotodamagedorearm and sun
protected underarm skibermal elastotic materiakas removedfrom frozenskin sections by
treatment with purified neutrophdlastasewhich degradeslastin fibers and elastotic material
Elastase treatment resulted in rerabof the elastdic materialin both sunprotected underarm
skin (Fig4C) and inphotodamagetbrearm skin(Fig 4D). Removalof elastdic material did not
alter dermal_collagen fibril organization (surface roughnasghotodamagedforearmor sun
protected.underarifirig 4E). Similarly, no change in dermal ECM stiffness (Fig. 4F) or hardness
(Fig. 4G) were observed in symotectedunderarm skinIn contrast,removal of elastotic
material reducedlermalECM stiffness(Fig 3F, reduced42%) andhardnesgFig 3G, reduced

43%), in photedamaged forearm skin.

3.5 Elevated LOX expression in the photodamaged dermis

Crosslinking..of. ECM proteins influences tissue mechanical propefie®. Therefore, we
investigated. the expression of LOX family of proteins, which modify the-chdén of lysyl
residues_inscollagen arelastin, thereby catalyzing covalent crosslinking. This crosslinking of
collagen fibrils. and elastin fibers increases stiffness and tensile strdr@¥ family is
comprised of five paralogues: LOX and L@Xe 1-4 (LOXL1-4¥". To determine LOX family
gene expression in the dermis, the upper 1mmkuof, sncluding epidermis and superficial
dermis wagemovedby cryostatAmong five the LOX family membersmRNA expression of

This article is protected by copyright. All rights reserved



LOX and LOXL1 was elevated inphotodamagedorearm dermis2.4fold and 2.%fold,
respectively(Fig 4H), compared to suprotected underarm dermi$hese data suggest that
elevated LOX and LOXL1 may contribute to stiffer anarder mechanical properties of the

dermal ECM by increasing collagen and elastin crosslinking in photodamaged skin.

4. Discussion

Skin possesses unique biomechanical propertieplinatan important role iprotecton against
physical impactfrom the environment.The mostpredominantstructural components of the
dermis are collagerfibrils and elastinfibers and their properties largely determine the
biomechanical properties die skin.We find thatdermal collagen fibrils iphotodamaged skin
aremore diserganized (rougher surfaemdthe dermal ECM istiffer and hardercompared to
sunprotected-underarm ski@ur results show thatermalcollagen fragmentation contributes to
increased/collagen fibril disorganizatjiowhile solar elastosisontributes to increased dermal
ECM stiffness and hardness, photodamagedermis It should be noted that due to technical
constraintsteur measurements of the mechanical properties of the dermal ECM were made on air
dried skin” samples. Therefore, the values we obtained for stiffness and hardnaeses do
necessarily correspond to those of fully hydrated skwivo. However, given that the hydration
state of all.skin samples was similar, the observed differences betwegmotested and

photodamaged skireflect inherent relative differences of mechanical properties.

Dermal callagen fibrils in young, stprotected skin are densely packed and highly ordered in
three dimensional space. Fragmentation of fibrils by MMPs, which are induced by UV
irradiationy==reduces both fibril density and order. Therefore, fibril fragrtientain
photodamaged skin would be expected to increase fibril disorganization. AFM is powelful t

to examine“nanoscale surface structures and indeed AFM revealed that dermal collagen fibril
disorganization; measured &bril surface roughness, was iaased in photodamaged skin.
Although AFM has been extensively used during the last years in life sciénitespplication

in clinical human tissue samples is still very limited. The results from AFM nanoscale

measurement of collagen fibrils surface roughness/organizatimorsestentvith data from the
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conventional H&E histology. However, it is impossible to obtain quantitative naleosc
measurements of collagen fibril organization from conventional histology. ARRlyss
demonstrated detailed nanoscale changes in collagen fibrils, such as loosening and separation of
collagen fibrils from fibril bundles, fragméation of collagen fibrils, and disintegration and
disordering.ef,.collagen fibrils in photodamaged skin. Our results demonstrate theeseiof

AFM and‘nanoindentatioior nanoscale morphological and biophysical studies of clinical
human "tissue“samples. AFEhd nanoindentation can be applied without prior fixation and
embedding ‘of'tissue samples and therefore may preserve native tissue sanattoeshanical
properties better than conventional ultrastructural microscopy addition, AFM and
nanoindentation can provide valuable information from very small volumes of native, ss&h

as a fineneedle aspiration biopsy.

The preciseprocess by whiclsolar elastosicortributes tostiffer and hardedermal ECM
remains to,be determineBlastotic material is composed of tropoelastin, additional elastin fiber
componentsyrand other proteins. Elastin is insoluble, and AFM suggests thaticetaaterial
forms rigid'strandsElastotic material may be inherently stiffer and harder than the collagenous
ECM. Additionally, space filling by elastotic materialay causecompaction of the dermal
ECM, thereby resulting in increased stiffness and hardness.

The observed elevated expression of EQsslinking enzymes, LOX and LOXL may also
contributesto™increased stiffness and hardness of the dermal ECM in photodamaged skin
Mounting evidence reveals thitie mechanical properties ebnnectiveissue microenvironment

are largel§influenced by LOX family of protein ?°. For example, LOX protein expression is
elevated In many types of tumors, and functions as a significant contributor to russtrix
stiffening, .which leads to enhanced invasiess®” ?°, Additionally, nonenzymaticcollagen
glycation, so-called advanced glycation ejpdoducts (AGESs), could influendke mechanical
propertiesofsphotodamaged skifl. Howevercurrentlythere is no direct evidence linking AGEs

with increased_mechanical stiffness human skinin vivo, although the glycation of collagen

results in stiffening of matrices vitro °.
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The ECM microenvironment provides cells with bathemicaland mechanicasignals®. The
mechanicalpropertiesof the ECM microenvironmentare critically important in controlling
fundamentalcell functions ***°. For example,ECM stiffness can autrol differentiation of
mesenchymal stem cells into distinct lineaged tumorigenesi® *’. We foundthatthe dermal

ECM in photedamagedkin is stiffer and harder comparedth@ sunprotectedskin. In general,

stiffer and \harder ECM microenvironments increas#ular biomechanics pathwayand cell
activation *3*Dermal fibroblasts behave in this way to mechanical ingft¥. We and others

have reported” that stiffer collagen latticeimulate spreading, proliferation, and ECM
production bydermal fibroblasts® . Importantly, the ability of ECM to influence cellular
behavior issdependent on physiattichment of the cells to the ECRitachment allows cells to
receive and respond to mechanical cues from the surrounding ECM. In photodamaged skin,
collagen fibril fmgmentation removes fibroblast attachment sites (fibroblasts cannot attach to
fragmented collagen), thereby mitigating the mechanthlencesof the stiffer dermal ECM.

This reduced attachment accounts f@gucedspreading and decreased ECM productiyn

dermal fibreblasts in photodamaged skin, in spite of the stiffer dermal ECManigronment.

In summary,photodamagelters the mechanical properties of the dermal ECM via multiple
counteracting mechanisms. Collagen fragmentation reduces fibril organization, stiffness,
hardness, and fibroblaBiCM attachment. Solar elastosis and LOX family enzymatic €ross
linking increase dermal ECM stiffness and hardn&ks. mechanisms that result in stiffenioiy

the dermallECMompensate to some extent for the softening.

Acknowledgment
This work,was.supported by the National Institute of Health (AG19364 to T QuaaXridher
and ES014697:to T Quan

Conflict of inter est statement

The authors report no conflicts of interest.

Author Contributions

This article is protected by copyright. All rights reserved



ConceptualizationV, GF,TQ

Formal analysis: TQ

Funding acquisitionGF, TQ
Investigation: YS, ZQ, JAW, RMB, TQ
Project administration: TQ
Methodology:.JV, GF, TQ
Resources™TQ

Supervision®TQ
Writing (original draft): TQ
Writing (reviews& editing): JAWGF, JV,TQ

References

1. G. d. Fisher, Z. Q. Wang, S. C. Datta, J. Varani, S. Kang and J. J. Vodiheeg, J
Med, 1997, 337, 1419-1428.

2. J. Uitte, M. J. Fazio and D. R. Olsdmim Acad Dermatol, 1989, 21, 614-622.

3. JoUitto and E. F. Bernsteih]nvestig Dermatol Symp Proc, 1998, 3, 41-44.

4. J. Uitto,Dermatol Clin, 1986, 4, 433-446.

5. G. JuFisher, J. Varani and J. J. Voorhéegh Dermatol, 2008, 144, 666-672.

6. T. Quamand G. J. Fish&erontology, 2015, 61, 427-434.

7. T. Quan, E. Little, H. Quan, Z. Qin, J. J. Voorhees and G. J. Fisthevest Dermatol,
2013, 133, 1362-1366.

8. T. QuanyZ. Qin, W. Xia, Y. Shao, J. J. Voorheesl G. J. Fisher] Investig Dermatol
Symp:Proc, 2009, 14, 20-24.

9. W.sH=EaglsteinDermatol Clin, 1986, 4, 481-484.

10.  MaJ7Bissell and W. C. Hinesat Med, 2011, 17, 320-329.

11. M. J. Bissell, P. A. Kenny and D. C. Radiskigld Spring Harb Symp Quant Biol, 2005,
70, 343-356.

12. P. Lu, V. M. Weaver and Z. WerbCdll Biol, 2012, 196, 395-406.

13. K. Ghosh and B. C. Capell|nvest Dermatol, 2016, DOI: 10.1016/}.jid.2016.06.621.

This article is protected by copyright. All rights reserved



14.

15.

16.

17.
18.
19.
20.

21.
22.
23.

24,

25.

26.

27.

28.

29.
30.

R. Straussman, T. Morikawa, K. Shee, M. BarRlgkni, Z. R. Qian, J. Du, A. Davis, M.

M. Mongare, J. Gould, D. T. Frederick, Z. A. Cooper, P. B. Chapman, D. B. Solit, A.
Ribas, R. S. Lo, K. T. Flaherty, S. Ogino, J. A. Wargo and T. R. Gblatoye, 2012,

487, 500-504.

G. J.Fisher, J. Esmann, C. E. Griffiths, H. S. Talwar, E. A. Duell, C. Hammerberg, J. T.
Elder, L¢J. Finkel, G. D. Karabin, B. J. Nickoloff and et &l.nvest Dermatol, 1991, 96,
699-707.

T. Quan, Y. Shao, T. He, J. J. Voorhees and G. J. Fi3tevest Dermatol, 2010, 130,
415-424.

W. L. Oliver and G. M. Phatt Mater Res, 1992, 7, 1564-1583.

B. Bhushan and X. D. Lint Mater Rev, 2003, 48, 125-164.

Z. Qin, J. J. Voorhees, G. J. Fisher and T. QAging Cell, 2014, 13, 1028-1037.

J. Varani, P. Perone, C. E. Griffiths, D. R. Inman, S. E. Fligiel and J. J. Vooil@es,
Invest, 1994, 94, 1747-1756.

E. Baumgart,njury, 2000, 31 Suppl 2, B14-23.

F. H. Silver, L. M. Siperko and G. P. Seel®an Res Technol, 2003, 9, 3-23.

G:B. Fields) Theor Biol, 1991, 153, 585-602.

J..Gross, E. Harper, E. D. Harris, P. A. McCroskery, J. H. Highberger, C. Corbett and A
H. Kang,Biochem Biophys Res Commun, 1974, 61, 605-612.

V. Barry-Hamilton, R. Spangler, D. Marshall, S. McCauley, H. M. Rodriguez, M. Oyasu,
A. Mikels, M. Vaysberg, H. Ghermazien, C. Wai, C. A. Garcia, A. C. Velayo, B.
Jorgensen, D. Biermann, D. Tsai, J. Green, S. Zafffylat, A. Holzer, S. Ogg, D. Thali,

G. Neufeld, P. Van Vlasselaer and V. SmiNlaf Med, 2010, 16, 1009-1017.

K. R. Levental, H. Yu, L. Kass, J. N. Lakins, M. Egeblad, J. T. Erler, S. F. Fong, K.
Csiszar, A. Giaccia, W. Weninger, M. Yamauchi, D. L. Gasser and V. M. Wezsalér,
2009,,139, 891-906.

H. EsBarker, T. R. Cox and J. T. Erlsat Rev Cancer, 2012, 12, 540-552.

T. RxCox, D. Bird, A. M. Baker, H. E. Barker, M. W. Ho, G. Lang and J. T. Erler,
Cancer Res, 2013, 73, 1721-1732.

J. G. Snedeker and A. Gautidfijscles Ligaments Tendons J, 2014, 4, 303-308.

B. N. Mason and C. A. Reinhart-Kingrganogenesis, 2013, 9, 70-75.

This article is protected by copyright. All rights reserved



31. P.Parot, Y. F. Dufrene, P. Hinterdorfer, C. Le Grimellec, D. Navajas, Jlleq&er and
S. Scheuring) Mol Recognit, 2007, 20, 418-431.

32. D. T. Butcher, T. Alliston and V. M. Weavéiat Rev Cancer, 2009, 9, 108-122.

33.  T. Iskratsch, H. Wolfenson and M. P. She&af Rev Mol Cell Biol, 2014, 15, 825-833.

34. C. Boennans, J. Chou and Z. Wexat Rev Mol Cell Biol, 2014, 15, 786-801.

35. J. D. Humphrey, E. R. Dufresne and M. A. Schwalat, Rev Mol Cell Biol, 2014, 15,
802-812.

36. D.ErIngberFASEB J, 2006, 20, 811-827.

37. T.Mammoto, A. Mammoto and D. E. Ingbh&nnu Rev Cell Dev Biol, 2013, 29, 27-61.

38. G. & Fisher, Y. Shao, T. He, Z. Qin, D. Perry, J. J. Voorhees and T. Agiag,Cell,
2016, 15, 67-76.

Figure legends

Fig 1. Increased collagen surface roughness in the photodamaged dermis. (A) Optical
microscopy Image ahe photodamaged forearm (right panel) and subjegtched swprotected
underarmgdermis (left panel). Skin sections are stained hé@thatoxylin and eosin (H&E).
Dotted lines.indicate epidermal and dermal junction. Arrowheads indicate elastosis (right panel).
Images are_representative of six subjects. Bar=100pum.Répjesentative bright field image
shows the’AFM cantilever positioned on the dermis. (C) Nanoscale images of #uewedibrils

from sunrprotected underarm (left panel) and photodamaged forearm (right panel) were taken by
AFM. White and red arrows indicate intact and fragmented collagen fibrils, respectively.
Horizontal back and white bars on the top indicate height. A total of nine images were taken
from per subject. Images are representative of six subjects. Bar=500 nm. (D) Representative
image forguantification of collagen surface roughness. Lateral dimension isp5r2.5leight

is given in black and white brightness. The lines indicate cross sections that are displayed below
by graph. Each line (purple, red, and green) height fluctuations in the graph indicate

corresponding collagen surface roughness of the upper image. Bar=500 nm. (E) Colldgen fibr
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roughness was increased in photodamaged forearm dermis. Quantification of the surfac
roughness was obtained from total 54 AFM images from each group (9 images/subjattx
subjects=54 images/groupEollagen fibris’ roughness waanalyzed using Nanoscope Analysis
software (Nangscope_Analysis_v120R1sBukerAXS, Santa Barbara, CA)Results are
expressed_ as.the mean = SEM<0.05.

Fig 2. Increased mechanical properties in the photodamaged dermis. (A) Representative

image for'quantification of mechanical properties by Nano indentation. Totalefndents, as
indicated by circles, per skin section were obtained. The graph represents typical loacddmN) a
displacement=(penetration depth, nm) cuiieee Methods for details). Dot lines indicate
epidermal and‘dermal junction. Bar=100um. (B) Increased stiffness in photodamasgedhfor
dermis. (C) Increased hardness in photodamaged forearm dermis. Stiffness and hardness were
quantified using a Nanolndenter Wdilent TechnologiesSanta Clara, CA), as described in
Methods. Quantification of the dermal mechanical properties was obtained from totadié&aits

from eachsgroup (9 indents/subject x total 6 subjects=54 indents/group). Resekprassed

as the mean $EM,*p<0.05.

Fig 3. Fragmented collagen fibrils contribute to rougher collagen surface, but no to stiffer

and harder dermis in the photodamaged dermis. (A) rhMMP-1 induced -collagen
fragmentation. Rat tail type | collagen was treated with activated rtHd8® ng/ml) at 37 °C

for overnight*Collagen fragmentation was determined by-$IA&E stained with SimplyBlue
(seeMethodsfer‘detail). (B) rnMMR1 induced ollagen fragmentation ithe underarm skinthe
underarm{skin was treated with activated rhMWMRP30 ng/ml) at 37 °C for overnight. Collagen
fragmentation was analyzed by AFM. Red arrows indicate fragmented collagen fibrils.
Horizontal_black and white bamn the top indicate height. Images are representative of six
subjects. (C)_Collagen fibrils roughness was increased in rrH#iMifeated underarm skin.
Collagen_fragmentation has no effect on (D) dermal stiffness and (E) hardness. (F)-thMMP
induced collagen fragmentation in 3D collagen gel. 3D collagen gel was treated tividthedc
rhMMP-1 (30 ng/ml) at 37 °C for overnight. Collagen fragmentation was analyzed by AFM. Red
arrows indicate fragmented collagen fibrils. Horizontal black and white bars ooptiedicate
height. Images are representative of three independent experiments. (&jefdlibrils
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roughness was increased in rnMMRreated 3D collagen gel. Collagen fragmentation has no
effect on (H) 3D collagen gel stiffness and (I) hardness. Cailéiggls roughness was analyzed
using Nanoscope Analysis software (Nanoscope_Analysis v120R1sr3, BiXi&er Santa
Barbara, CA) and stiffness and hardness were quantified using a NanolnderAgildit(
Technologies; Santa Clara, CA), as describedethods. Quantification of the collagen surface
roughness, and dermal mechanical properties was obtained from total 54 AFM iamabes
indents;"respectively (9 AFM images or indents/subject x total 6 subjects=54 AFM images or

indents/group).” Results are expressed as the mean + SEM, *p < 0.05.

Fig 4. Elastosis,contributes to altered mechanical properties, but not to rougher collagen

surface in“thesphotodamaged dermis. (A) Tropoelastin immunostaining from symotected
underarm (left panel) and photodamaged forearm dermis (right panel). Images are representative
of six subjects. Bar=100unR.5x enlargement of the boxed region is shown. (B) AFM images

of sunprotected underarm (left panel) and photodamaged forearm dermis (right panel).
Arrowheadsyindicate elastin fibers. Images are representative of six subjects. Bar=10um. (C)
Verhoff van Geison staining ofnderarm skin sections before (left) and after (right) treatmen

with purified_neutrophil elastase to remove elastotic materials. Images are representative of six
subjects..Bars = 100un(D) Before (left) and after (right) removal of dermal elastosis. Verhoff

van Geison staining of photodamaged forearm skin sectiefareb (left) and after (right)
treatment with purified neutrophil elastase to remove elastotic materials. Images are
representativenof six subjects. Bars = 100 .Collagen fibril surface roughness, (F) Stiffness,

and (G) Hardness before and after removal of elastotic material. Results are expressed as the
mean + SEM. Eachroup comprised six subjects, a total of nine indents were measured from per
subject. $.<0.05. (H) Alteration of LOX family mRNA expression in the photodamaged human
skin in vivo,.Skin dermis was prepared by cutting off epidermis at a depth of 1 mm by cryostat.
Total RNA was extracted from the dermis and the expressionOof family mRNA was
guantified by reatime RT-PCR. LOX family mRNA levels were normalized to the
housekeeping,.gene 36B4, as an internal control for quantification, and expressed relagve to t

underarm. MeantSEM. Eagnoup comprised six subject % 0.05.
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