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Age-Related Downregulation of CCN2 Is
Regulated by Cell Size in a YAP/TAZ-Dependent
Manner in Human Dermal Fibroblasts: Impact

on Dermal Aging
Zhaoping Qin', Tianyuan He', Chunfang Guo' and Taihao Quan'

CCN2, a member of the CCN family of matricellular proteins, is a key mediator and biomarker of tissue fibrosis.
We previously reported that CCN2 is significantly reduced in aged human dermis, which contributes to dermal
aging through the downregulation of collagen production, the major structural protein in the skin. In this
study, we investigated the underlying mechanisms of the age-related downregulation of CCN2 in human skin
dermal fibroblasts. Dermal fibroblasts isolation and laser-capture microdissection—coupled RT-PCR from hu-
man skin confirmed that age-related reduction of CCN2 expression is regulated by epigenetics. Mechanistic
investigation revealed that age-related reduction of CCN2 is regulated by impaired dermal fibroblast spreading/
cell size, which is a prominent feature of aged dermal fibroblasts in vivo. Gain-of-function and loss-of-function
analysis confirmed that age-related downregulation of CCN2 is regulated by YAP/TAZ in response to reduced
cell size. We further confirmed that restoration of dermal fibroblast size rapidly reversed the downregulation of
CCN2 in a YAP/TAZ-dependent manner. Finally, we confirmed that reduced YAP/TAZ nuclear staining is
accompanied by loss of CCN2 in aged human skin in vivo. Our data reveal a mechanism by which age-related
reduction in fibroblast spreading/size drives YAP/TAZ-dependent downregulation of CCN2 expression, which

in turn contributes to loss of collagen in aged human skin.
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INTRODUCTION
Collagen is the major structural protein in the skin and is
primarily produced by dermal fibroblasts. Loss of collagen is
a prominent feature of aged human skin that significantly
contributes to dermal aging (Quan and Fisher, 2015; Uitto,
1986). Age-related loss of collagen impairs the structural
and mechanical integrity of the skin, which creates a tissue
microenvironment conducive to skin disorders such as
increased fragility (Lavker, 1979; Uitto and Bernstein, 1998),
impaired vasculature support (Ashcroft et al., 1995; Jacob,
2003), delayed wound healing (Ashcroft et al., 2002;
Eaglstein, 1989; Thomas, 2001), and cancer development
(Bissell and Hines, 2011; Bissell et al., 2005; Ingber, 2008;
Pickup et al., 2014).

In young healthy skin, dermal fibroblasts interact with
intact collagen fibrils, through collagen-binding integrins, to
achieve and maintain a stretched morphology (Fisher et al.,
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2008; Varani et al.,, 2004). However, collagen fibrils in
aged skin become fragmented and disorganized, which im-
pairs collagen—fibroblast interactions and results in reduced
spreading and cell size (Fisher et al., 2008; Qin et al., 2014b;
Varani et al., 2004). We previously reported that age-related
reductions in dermal fibroblast size are a prominent feature of
aged human skin in vivo and have a significant impact on
dermal aging (Fisher et al., 2009, 2008; Qin et al., 2014b).
Reduction of dermal fibroblast size not only impairs dermal
fibroblast collagen production (Fisher et al., 2016; Quan
et al., 2013b) but also promotes collagen fragmentation
through the upregulation of multiple matrix metal-
loproteinases (Fisher et al., 2009; Qin et al., 2017, 2014b;
Quan et al., 2013a).

CCN2, also known as CTGF, is a second member of the
CCN family of proteins (Perbal, 2004; Twigg, 2018). CCN2 is
a secreted, cysteine-rich matricellular protein that exhibits
diverse biological activities in vitro such as cell proliferation,
adhesion, migration, and extracellular matrix (ECM) pro-
duction (McLennan et al., 2013; Moussad and Brigstock,
2000). CCN2 stimulates collagen and ECM synthesis when
injected into mouse skin or added to cultured fibroblasts
(Duncan et al., 1999). Ccn2-null mice die shortly after birth
owing primarily to respiratory failure caused by skeletal de-
fects (Ivkovic et al., 2003), indicating that CCN2 plays a
crucial role in the regulation of cartilage ECM production
during development. Several lines of evidence indicate that
CCN2 is markedly elevated in numerous fibrotic disorders
involving the skin, lungs, and kidneys, where it is believed to
stimulate excessive collagen deposition (Kubota and

© 2022 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.jidinnovations.org


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://doi.org/10.1016/j.xjidi.2022.100111
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xjidi.2022.100111&domain=pdf
mailto:thquan@umich.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.jidinnovations.org

Z Qin et al.
CCN2 Downregulation by Cell Size and YAP/TAZ

Takigawa, 2015). CCN2 appears to be primarily involved in
the differentiation of fibroblast-derived progenitor cells into
myofibroblasts (Kapoor et al.,, 2008; Liu et al., 2010).
Therefore, targeting fibroblast-specific CCN2 is considered
an antifibrotic therapeutic approach (Leask, 2020; Liu et al.,
2013).

In contrast to fibrotic disease, CCN2 is significantly
downregulated in aged human skin (Quan et al., 2010).
Reduced expression of CCN2 contributes to dermal aging
through the downregulation of collagenous ECM production
(Quan et al., 2010). However, the underlying mechanism(s)
responsible for the reduction of CCN2 expression observed in
aged human skin is largely unknown. CCN2 was first iden-
tified as a YAP-target gene by Leask et al. (2003). CCN2 has
now emerged as a bona fide transcriptional target of YAP and
TAZ (Urtasun et al., 2011; Zhao et al., 2010). YAP and TAZ
are originally recognized as key effectors of the hippo
signaling pathway, which play a pivotal role in controlling
organ size and maintaining tissue homeostasis (Moya and
Halder, 2019). Hippo signaling protein kinase complex
LATS1/2 phosphorylates multiple serine residues of YAP and
TAZ. On phosphorylation, YAP and TAZ are sequestered in
the cytoplasm by interaction with 14-3-3 proteins, followed
by ubiquitination and proteasomal degradation. Interestingly,
YAP/TAZ function is predominantly regulated by cell size and
mechanical tension independent of the hippo pathway
(Dupont et al., 2011; Panciera et al., 2017). Increases in cell
spreading/mechanical force cause YAP and TAZ to localize in
the nucleus where they regulate target gene transcription.
Conversely, reduced cell spreading/mechanical force causes
YAP/TAZ to be sequestered in the cytosol, thereby preventing
their transcriptional activity.

Although CCN2 has been recognized as a YAP/TAZ-target
gene, CCN2 often represents a simple readout of YAP/TAZ
activity rather than a functional effector of YAP/TAZ
signaling. Furthermore, the role of CCN2 in mediating YAP/
TAZ function in human skin is virtually unknown. In this
study, we report that the downregulation of CCN2 in aged
human skin is induced, in a YAP/TAZ-dependent manner, by
reductions in dermal fibroblast size. These data reveal a
mechanism by which changes in dermal fibroblast size
regulate both YAP/TAZ nuclear translocation and CCN2
expression.

RESULTS

Age-related reduction of CCN2 expression is regulated by
epigenetics

Primary dermal fibroblasts were utilized to investigate the
potential mechanisms by which CCN2 is reduced with age
(Quan et al.,, 2013b, 2010). CCN2 is predominantly
expressed in primary human dermal fibroblasts compared
with that in primary epidermal keratinocytes (Figure 1a).
Therefore, we assessed CCN2 expression by isolating dermal
fibroblasts from young (mean age of 27+1 years, n = 6) and
aged (mean age of 83+1.4 years, n = 6) human buttock skin
and culturing them without passage (Figure 1b). Interestingly,
we found that the expression of CCN2 mRNA and protein
was similar between the fibroblasts isolated from young skin
and those from aged skin (Figure 1b). However, laser-capture
microdissection (LCM)—coupled RT-PCR indicated that CCN2
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mRNA expression was significantly reduced in aged dermal
fibroblasts compared with that in young dermal fibroblasts
in vivo (Figure 1c). Consistent with this observation, dermal
CCN2 protein expression was significantly reduced in aged
dermis compared with that in young dermis (Figure 1d).
These data indicate that age-related reductions in CCN2
expression are likely due to epigenetic changes rather than
intrinsic genetic alteration. Furthermore, at early (population
doubling [PPD]4) and late (PPD20) population doublings,
CCN2 mRNA expression was comparable (Figure Te), sug-
gesting that in vitro cellular aging does not influence CCN2
mRNA expression.

We previously reported that a significant feature of aged
dermal fibroblasts is decreased cell size accompanied by
reduced spreading and a collapsed shape (Fisher et al., 2009;
Qin et al., 2017, 2014b; Quan et al., 2013b). Functionally,
reduced dermal fibroblast size inhibits collagen production
and thus contributes to human dermal aging. These human
skin in vivo observations led us to continue exploring the
connection between reduced dermal fibroblast size and
CCN2 expression.

Reduced dermal fibroblast size downregulates CCN2
expression

Dermal fibroblast size was manipulated with latrunculin-A
(Lat-A) treatment, which rapidly blocks actin polymeriza-
tion and reduces cell size (Gieni and Hendzel, 2008). As
expected, cells decreased in size once actin polymerization
was blocked (Figure 2a, right panel). Staining of the actin
cytoskeleton with phalloidin indicated a loss of actin cyto-
skeletal fibers and a reduction in cell surface area by
approximately 75% (Figure 2a, panel). Importantly, a
decrease in fibroblast size markedly reduced the levels of
CCN2 mRNA (Figure 2b) and protein (Figure 2c and d) by
approximately 70%.

Dermal fibroblasts normally reside in a collagen-rich,
three-dimensional (3D) ECM microenvironment in human
skin. Accordingly, we used a 3D collagen gel model to
investigate the effects of fibroblast size on CCN2 expression.
Cell size in the 3D collagen gel was reduced by treatment
with recombinant human matrix metalloproteinase 1, which
fragments collagen fibrils and thereby interrupts cell-
collagen interactions. Consistent with a monolayer culture,
cell size in the 3D collagen gel (Figure 2e) was reduced, and
significant downregulation of CCN2 mRNA expression was
observed (Figure 2f). To confirm these observations, cells
were cultured on poly-L-lysine—coated surfaces (Figure 2g),
which allow for integrin-independent attachment, thus
limiting cell spreading and cell size (Mazia et al., 1975). As a
result, CCN2 mRNA expression was significantly reduced
(Figure 2h). Together, these data show that decreases in
fibroblast size limit CCN2 expression, suggesting a possibility
that downregulation of CCN2 in aged human skin is regu-
lated by cell size.

Reductions in dermal fibroblast size impede YAP/TAZ
nuclear translocation, causing CCN2 downregulation
We investigated the potential mechanisms by which CCN2
expression is decreased in response to reduced cell size.
CCN2 expression is controlled by YAP/TAZ, whose activity is
regulated by subcellular localization in response to changes
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Figure 1. Age-related reduction of CCN2 expression is regulated by epigenetics. (a) Skin fibroblasts and keratinocytes were prepared from punch biopsies
obtained from young (mean age of 27 + 1 years, n = 6) and aged (mean age of 83 =+ 1.4 years, n = 6) buttock skin (see Materials and Methods for details). Total
RNA was prepared and CCN2 mRNA levels were quantified by real-time RT-PCR and normalized to the housekeeping gene 36B4. Data represent cells from six
young and six aged subjects. Mean & SEM. *P < 0.05. (b) Fibroblasts isolated from young and aged skin similarly express CCN2 mRNA and protein. Dermal
fibroblasts were prepared from punch biopsies obtained from young (mean age of 27 + 1 years, n = 6) and aged (mean age of 83 & 1.4 years, n = 6) buttock skin
(see Materials and Methods for details). CCN2 mRNA levels were quantified by real-time RT-PCR and normalized to the housekeeping gene 36B4 (lower left).
CCN2 protein levels were determined by immunostaining and quantified by ImageJ (National Institutes of Health, Bethesda, MD) (lower right). CCN2 protein
levels were expressed in staining intensity after normalization by cell count. Nuclei were stained with DAPI (blue). Data represent cells from six young and six
aged subjects. Bar = 50 pm. Mean + SEM. (c) Skin punch biopsies obtained from young (mean age of 27 + 1 years, n = 6) and aged (mean age of 83 + 1.4 years,
n = 6). Dermal fibroblasts were captured by laser-capture microdissection, and CCN2 mRNA levels were determined by real-time RT-PCR. Data represent cells
from six young and six aged subjects. Mean + SEM. *P < 0.05. (d) Skin punch biopsies (4 mm) obtained from young (mean age of 27 & 1 years, n = 6) and aged
(mean age of 83 £ 1.4 years, n = 6). The epidermis was removed by cryostat to cut to a depth of 1 mm, after which dermal CCN2 protein expression was
determined by western blot and normalized by B-actin (loading control) for quantification. The Inset shows representative images. Data represent dermal tissues
from six young and six aged subjects. Mean & SEM. *P < 0.05. (e) CCN2 mRNA expression is not altered by in vitro cellular aging. Total RNA was extracted
from the fibroblasts at early (PPD4) and late (PPD20) population doublings. CCN2 mRNA levels were quantified by real-time RT-PCR and normalized to the
housekeeping gene 36B4. Data represent cells from six PPD4 and six PPD20. Mean & SEM. *P < 0.05. FB, fibroblast; KC, keratinocyte; LCM, laser-capture
microdissection; PPD, population doubling.
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Figure 2. Reduced dermal fibroblast size downregulates CCN2 expression. (a) Reduced fibroblast size by actin cytoskeleton disruption. Cells were stained with
phalloidin (red) and DAPI (blue), and relative cell surface areas were quantified by Image). Data are representative of three independent experiments. Mean +
SEM. *P < 0.05. Bar = 50 pm. (b) CCN2 mRNA expression, measured by real-time RT-PCR, is downregulated by reduced fibroblast size. Data are representative
of six independent experiments. Mean + SEM. *P < 0.05. (c) CCN2 protein expression is downregulated by reduced fibroblast size. The inset shows
representative images. Data are representative of four independent experiments. Mean £ SEM. *P < 0.05. (d) CCN2 protein expression is downregulated by
reduced fibroblast size. CCN2 protein levels were determined by immunostaining and quantified by Image). CCN2 protein levels were expressed in staining
intensity after normalization by cell count. Nuclei were stained with DAPI (blue). Data are representative of four independent experiments. Mean + SEM. *P <
0.05. Bar = 50 um. (e) Reduced fibroblast size induced by rhMMP-1 in 3D collagen gels. Collagen gels were stained with CellTracker (red) and DAPI (blue).
Relative cell surface areas were quantified by ImageJ. Data are representative of four independent experiments. Mean &+ SEM. *P < 0.05. Bars = 50 pm. (f)
CCN2 mRNA expression is also downregulated by rhMMP-1—treated collagen gels, which lead to reduced fibroblast size. CCN2 mRNA levels were quantified
by real-time RT-PCR and normalized to the housekeeping gene 36B4. Data are representative of four independent experiments. Mean & SEM. *P < 0.05. (g)
Reduced fibroblast size by limitation of cell spreading. Cells were plated on a regular tissue culture plate (left) or PLL-coated plate (right) for 24 hours and stained
with phalloidin (red). Nuclei were stained with DAPI (blue). Cell surface area was quantified by ImageJ. Mean + SEM. *P < 0.05. Data are representative of
three independent experiments. Bar = 50 pm. (h) CCN2 mRNA expression is downregulated by reduced fibroblast size. Total RNA was prepared from a regular
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in cell size (Dupont et al., 2011; Zhao et al., 2011). We
confirmed that YAP/TAZ was localized to the nuclei of con-
trol fibroblasts and that reduced cell size by Lat-A treatment
inhibited its nuclear translocation (Figure 3a). Next, we
assessed whether changes in CCN2 expression were medi-
ated by cytosolic YAP/TAZ in fibroblasts with reduced size by
Lat-A treatment. To test this, YAP/TAZ nuclear translocation
was restored by introducing YAP/TAZ-mutant plasmids (see
Materials and Methods for details), which promote constitu-
tive YAP/TAZ nuclear translocation (Chan et al., 2011). As
expected, reductions in cell size by Lat-A treatment signifi-
cantly decreased CCN2 expression, whereas CCN2 remained
unaltered by an introduction of YAP/TAZ-mutant plasmids
(Figure 3b). We confirmed the data mentioned earlier by
manipulating cell size: culturing cells in 3D-broken collagen
gel (Figure 3¢) and poly-L-lysine—coated surfaces (Figure 3d),
as shown in Figure 2e and g. In both conditions, reductions in
cell size significantly decreased CCN2 expression and that
restored by the introduction of YAP/TAZ-mutant plasmids.
These data confirmed that CCN2 is regulated by cell size in a
YAP/TAZ-dependent manner, as observed in Lat-A—treated
cells (Figure 3b). Together, these data indicate that down-
regulation of CCN2, in fibroblasts with reduced size, is
mediated by the inability of YAP/TAZ to translocate to the
nucleus.

Restoring dermal fibroblast size re-establishes YAP/TAZ
nuclear translocation and CCN2 expression

We assessed whether the downregulation of CCN2 expres-
sion could be reversed by restoring fibroblast size. For these
studies, Lat-A—containing media were added for 24 hours
and replaced with fresh culture media after washing. With
the removal of Lat-A, fibroblasts transformed from a small,
rounded morphology to a typical elongated morphology
(Figure 4a). After withdrawal of Lat-A—containing media, cell
surface area was restored (Figure 4a, chart). Consistent with
the restored morphology of dermal fibroblasts, YAP/TAZ nu-
clear translocation was re-established (Figure 4b), and CCN2
expression returned to the basal levels (Figure 4c).

Cell size—dependent reversibility of CCN2 and type |

collagen expression is mediated by YAP/TAZ

Next, we assessed whether cell size—dependent reversibility
of CCN2 and type | collagen expression were mediated by
YAP/TAZ. To investigate this, we first confirmed YAP/TAZ
knockdown levels by YAP/TAZ small interfering RNAs (siR-
NAs) (Figure 5a). Knockdown of YAP/TAZ resulted in the
reduction of CCN2 and type | collagen expression
(Figure 5b), suggesting that CCN2 and type | collagen are
regulated by YAP/TAZ. Cell morphology was restored within
2 hours of Lat-A removal in the fibroblasts transfected with
control siRNA (Figure 5¢, left panels, phalloidin) and YAP/
TAZ siRNA (Figure 5d, left panels, phalloidin). Consistently,
YAP/TAZ nuclear translocation (Figure 5¢, middle panel) and
CCN2 expression (Figure 5c, right panel) recovered within 2
hours of Lat-A removal in the fibroblasts transfected with
control siRNA (Figure 5¢). Importantly, reversibility of CCN2

&
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downregulation was not observed on Lat-A removal when
YAP/TAZ was knocked down (Figure 5d, right panels). CCN2
mRNA expression confirmed this observation (Figure 5e). As
expected, cell size—dependent reductions in type | collagen
were reversed when Lat-A was removed (Figure 5g, left,
control-targeting siRNA). However, in the same conditions
with YAP/TAZ knockdown, the reversal of type | collagen
was absent in both mRNA (Figure 5f, right, YAP/TAZ-target-
ing siRNA) and protein (Figure 5g, right, YAP/TAZ-targeting
siRNA). Next, we manipulated cells size by culturing cells in
either mechanically constrained or unconstrained 3D
collagen matrices (Figure 5h). The mechanical constraint was
achieved by incorporating a nylon mesh disk within the
matrices (Fisher et al., 2016). The rigidity of the disk coun-
teracted the traction force of the fibroblasts and thereby
prevented contraction of the matrices (Figure 5h, top middle
and right panels). Fibroblasts in restrained matrices displayed
elongated and spread morphology (Figure 5h, second top
middle and right panels). In contrast, fibroblasts in uncon-
strained matrixes displayed a small and contracted appear-
ance (Figure 5h, second top left panel). As expected, we
confirmed that reductions in cell size (unconstrained gel)
reduced CCN2 and type | collagen expression and impeded
YAP/TAZ nuclear translocation (Figure 5h, left panels and bar
graph). In contrast, elongated cells in restrained matrices
displayed high levels of CCN2 and type | collagen expression
and YAP/TAZ nuclear translocation (Figure 5h, middle panels
and bar graph). Importantly, the high levels of CCN2 and type
| collagen expression in elongated cells were significantly
reduced when YAP/TAZ was knocked down (Figure 5h, right
panels and bar graph). Together, these data indicate that YAP/
TAZ regulates CCN2 and type | procollagen expression and
that cell size—dependent reversibility of CCN2 and type |
collagen expression is mediated by YAP/TAZ activity.

Downregulation of YAP/TAZ is accompanied by reduced
CCN2 and type | collagen expression in aged human skin

in vivo

We investigated YAP/TAZ expression after CCN2 and type |
collagen downregulation in aged human dermis. Human skin
biopsies were obtained from sun-protected buttock skin and
stratified into young (aged 26.7 + 1.3 years) and aged (aged
84.0 £ 1.7 years) groups. YAP/TAZ staining was significantly
decreased with age and was accompanied by reduced
expression of CCN2 and type | procollagen (Figure 6a and b).
These data suggest that concomitant downregulation of YAP/
TAZ and CCN2 in response to reduced fibroblast size may
contribute to human dermal aging.

DISCUSSION

In this study, we show that reduced fibroblast size, a promi-
nent feature of aged dermal fibroblasts, leads to the down-
regulation of CCN2 in aged human skin. On further
examination, we discovered that cell size—dependent
downregulation of CCN2 is mediated by YAP/TAZ, which is
predominantly regulated by cell size and mechanical tension

l

tissue culture plate (CTRL) or PLL-coated plate. CCN2 mRNA levels were quantified by real-time RT-PCR and normalized to the housekeeping gene 36B4, as an
internal control. Data are representative of four independent experiments. Mean & SEM. N = 4. *P < 0.05. 3D, three-dimensional; COL-1, type 1 collagen;
CTRL, control; Lat-A, Latrunculin-A; MMP-1, matrix metalloproteinase 1; PLL, poly-L-lysine; rhMMP-1, recombinant human matrix metalloproteinase 1.
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Figure 3. Downregulation of CCN2 by reduced dermal fibroblast size is mediated by impaired YAP/TAZ nuclear translocation. (a) YAP/TAZ nuclear
translocation is impeded by reduced fibroblast size. Dermal fibroblasts were treated with DMSO (CTRL) or Lat-A (180 nM) for 24 hours. YAP and TAZ protein
levels were determined by immunostaining and quantified by Image) (National Institutes of Health, Bethesda, MD). YAP and TAZ protein levels were expressed
in staining intensity after normalization by cell count. Nuclei showed blue fluorescence (DAPI). Data are representative of three independent experiments. Mean
+ SEM. *P < 0.05. Bar = 50 pm. (b) Downregulation of CCN2 by reduced dermal fibroblast size is reversed by YAP/TAZ nuclear translocation. Impeded YAP/
TAZ nuclear translocation was restored by overexpression of YAP/TAZ-mutant plasmids, which allow for constitutive YAP/TAZ nuclear translocation. CCN2
protein levels were determined by immunostaining and quantified by Image). CCN2 protein levels were expressed in staining intensity after normalization by
cell count. Nuclei were stained with DAPI (blue). Data are representative of three independent experiments. Mean £ SEM. *P < 0.05. Bar = 50 pum. (c, d) Cells
were transfected with control and YAP/TAZ-mutant plasmids for 48 hours. (c) Transfected cells were embedded in intact collagen gel and rhMMP-1—treated
partially broken collagen gel. (d) Transfected cells were plated on regular tissue culture plate (CTRL) or PLL-coated plate. CCN2, YAP, and TAZ protein levels
were determined by capillary electrophoresis immunoassay. CCN2 and B-actin levels were determined from cytoplasmic protein fractions, and YAP/TAZ levels
were determined from nuclear protein fractions. The chemiluminescence signal of the specific protein from the capillary tube was obtained directly from the
capillary system (Compass software, ProteinSimple, Santa Clara, CA), and the data were displayed by lane in a virtual-blot image, which was simulated using the
signal intensity (chemiluminescence) of the specific protein. The tables show the quantitative results from the chemiluminescence signals detected by the
specific protein from the capillary tubes. The chemiluminescence signal of the CCN2 protein was normalized to B-actin (loading control), and the data were
expressed as a percent of control (bar charts). Data are representative of four independent experiments. Mean & SEM. *P < 0.05. 3D, three-dimensional; COL-1,
type 1 collagen; CTRL, control; Lat-A, Latrunculin-A; mt, mutant; PLL, poly-L-lysine; rhMMP-1, recombinant human matrix metalloproteinase 1.

(Dupont et al., 2011; Panciera et al., 2017). CCN2 is well-  reductions in fibroblast size drive YAP/TAZ-dependent
recognized as a prominent YAP/TAZ-target gene; however, downregulation of CCN2 expression, which in turn contrib-
its role in mediating YAP/TAZ function is poorly understood.  utes to loss of collagen (Figure 6¢). Our data also propose a
Our study proposes a mechanism by which age-related positive feedback loop in which age-related reductions in
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Figure 3.

fibroblast size increasingly contribute to collagen deficiency
in aged human skin (Figure 6¢). We propose a model in which
collagen deficiency, by interrupting cell—collagen interactions,
leads to a reduction in fibroblast size and YAP/TAZ activity,
thereby decreasing the production of CCN2 and collagen. This
feedback loop extends our current understanding of human
dermal aging by identifying age-related and fibroblast size—
dependent downregulation of YAP/TAZ and CCN2 as critical
factors promoting age-related dermal thinning.

Fibroblasts are the major collagen-producing cells in the
dermis, and their spreading and size largely depend on
interaction with surrounding collagen fibrils. In the young
healthy dermis, fibroblasts interact with intact collagen fibrils
to maintain basal spreading and size. However, in aged

Continued.

human dermis, fragmented collagen fibrils are unable to
provide adequate binding for fibroblasts and mechanical
resistance to traction forces generated from them (Fisher
et al., 2008; Qin et al., 2014b; Varani et al., 2004). There-
fore, the collagenous microenvironment in the aged dermis is
unable to provide sufficient mechanical tension to maintain
fibroblast spreading and size. Cell size influences multiple
cellular functions, including signal transduction, gene
expression, and metabolism (Geiger et al., 2009; Ingber,
2008). In addition to these known functions, we report that
cell size can control the expression of CCN2 in fibroblasts. In
agreement with this notion, we previously reported that
enhancement of mechanical and structural support within
the dermis by direct injection of dermal filler (cross-linked
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Figure 4. Restoration of dermal
fibroblast size reversed the inhibition
of YAP/TAZ nuclear translocation
and reduced CCN2 expression.
Dermal fibroblasts were treated with
DMSO (CTRL) or Lat-A (180 nM) for
24 hours. After extensive washing,
fresh culture media was added for 24
hours. (a) Dermal fibroblast size is
restored by removal of Lat-A. (b)
Restoring dermal fibroblast size
reversed the impediment of YAP/TAZ
nuclear translocation. (c) Restoration
of dermal fibroblast size reversed
CCN2 expression. Cells were
immunostained with CCN2 (red) or
phalloidin (red), alongside YAP/TAZ
(green) and were quantified by Image)
(National Institutes of Health,
Bethesda, MD). Protein levels were
expressed in staining intensity after
normalization by cell count. Nuclei
were stained with DAPI (blue). Data
are representative of three
independent experiments. Mean +
SEM. *P < 0.05. Bar = 50 um. CTRL, c
control; Lat-A, Latrunculin-A.

a
Phalloidin/DAPI

CTRL

Phalloidin/YAP

CCN2/DAPI

CTRL

hyaluronic acid) into aged human skin in vivo increases
fibroblast spreading and size, thereby restoring CCN2 and
type | collagen expression (Quan et al., 2013b). These data
suggest that fibroblasts in aged human skin retain the ability
to be functionally restored. The capacity to be restored can
be mediated by the enhancement of structural and mechan-
ical support in the collagen microenvironment, which in-
creases cell size and spreading. Accordingly, age-related
reductions in fibroblast size may be an important mechanism
underlying human dermal aging.

We report that in response to changes in cell size, dermal
fibroblast expression of CCN2 is largely regulated by YAP/
TAZ activity. CCN2 is identified as a direct YAP/TAZ-target
gene, but the exact dynamics of this relationship are not
well-known. It is often reported that CCN2 is a simple
readout of YAP/TAZ activity (Moroishi et al., 2015; Zhao
et al., 2011) rather than a functional effector of YAP/TAZ
signaling. We show that decreases in YAP/TAZ expression, in
response to reduced cell size, are responsible for the loss of
CCN2 expression and subsequent reduced production of type
| collagen. The expression and function of YAP/TAZ in the
human dermis have not been previously reported. To the best
of our knowledge, this report describes a previously unre-
ported downregulation of CCN2 as a result of impeded YAP/
TAZ activity, contributing to human dermal aging. We pre-
viously reported that impeded YAP/TAZ activity due to
reduced fibroblast size is responsible for age-related
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elevation of hepatocyte GF expression (Xiang et al., 2021).
Interestingly, CCN2 partially mediates cell size—dependent
upregulation of hepatocyte GF expression through impeded
YAP/TAZ nuclear translocation. In aged human skin, hepa-
tocyte GF is elevated in dermal fibroblasts and thus contrib-
utes to dermal aging (thin dermis) by the suppression of
collagen production. Age-related deterioration of the dermal
ECM drives cellular aging by altering fibroblast spreading/
mechanical force and consequent functional alterations of
YAP/TAZ/CCN2 axis. As such, YAP/TAZ/CCN2 axis may play
a critical role in dermal ECM homeostasis.

It is important to note that YAP/TAZ protein expression is
lower in aged than in young dermis. However, YAP/TAZ
mRNA expression is similar between young and aged dermis
(Figure 6d), suggesting that post-translational mechanisms
may be involved in the downregulation of YAP/TAZ. Addi-
tional studies are warranted to elucidate the precise molec-
ular mechanism by which YAP/TAZ is downregulated in aged
human skin. Some of the other limitations of our study should
also be considered. Notably, we manipulate cells size using
Lat-A, which rapidly causes actin depolymerization and
consequently cell morphological change. For obvious rea-
sons, in addition to cell morphological change, actin depo-
lymerization affects numerous dynamic cellular processes,
including cell migration, cytokinesis, membrane trafficking,
and transcriptional regulation, such as MRTF—SRF and YAP/
TAZ activity (Gegenfurtner et al., 2018). To confirm the data
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Figure 5. Cell size—dependent reversibility of CCN2 and COL-1 expression is mediated by YAP/TAZ activity. (a) Dermal fibroblasts were transfected with
control or YAP/TAZ siRNA for 32 hours. Cells were then treated with DMSO (CTRL) or Lat-A (180 nM) for 16 hours, extensively washed, and incubated with
fresh media for the indicated times. YAP and TAZ mRNA levels were quantified by real-time RT-PCR and normalized to the housekeeping gene 36B4, as an
internal control for quantification. Data are representative of three independent experiments. Mean + SEM. *P < 0.05. (b) Dermal fibroblasts were transfected
with control or YAP/TAZ siRNA for 48 hours. CCN2 and CO-1 protein levels were quantified by capillary electrophoresis immunoassay and normalized to B-
actin (loading control). The chemiluminescence signal of the specific protein from the capillary tube was obtained directly from the capillary system (Compass
software, ProteinSimple, Santa Clara, CA), and the data were displayed by lane in a virtual-blot image, which was simulated using the signal intensity
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generated from Lat-A—treated cells, we limited cell size
without actin depolymerization. We believe that culturing
cells in 3D-broken collagen gel mimics aged fragmented
dermal collagen environment. Because there is no estab-
lished in vitro model that recapitulates the features of aged
human skin dermis, we feel justified in our data obtained
through four different conditions to manipulate cell size: (i)
Lat-A—treated cell, (ii) culturing cells in 3D-broken collagen
gel, (iii) culturing cells in integrin-independent plate, and (iv)
and culturing the cell in mechanically unconstrained or
constrained 3D collagen matrices.

Some recent papers are also noticed, linking CCN2 to a
YAP/TAZ feedback loop through paracrine signaling. Shome
et al. (2020) recently reported that dermal fibroblasts acti-
vation of YAP stimulates CCN2 secretion, which in turn
through paracrine signaling activates keratinocytes, acceler-
ates migration, and promotes wound healing. Conversely,
cystic epithelial cells stimulate myofibroblast activation in the
pericystic microenvironment, leading to fibrosis through the
activation of YAP and stimulation of CCN2 expression
(Dwivedi et al., 2020). It also should be noted that YAP/TAZ—
CCN2 axis may function as an important mediator in fibrosis
through myofibroblast activation and ECM production. YAP
nuclear localization/activation is exquisitely sensitive to cell
size and mechanical tension (Dupont et al., 2011), and
constitutive nuclear localization of YAP is a feature of lesional
systemic sclerosis dermal fibroblasts (Toyama et al., 2018;
Zanconato et al., 2016). In supporting this notion, a recent
work shows that blocking YAP activity using a selective YAP
inhibitor verteporfin selectively blocks profibrotic gene
expression in both normal fibroblasts and fibroblasts from
fibrotic lesions of patients with diffuse cutaneous systemic
sclerosis (Shi-Wen et al., 2021). YAP inhibitor verteporfin not
only selectively reduced the expression of fibrogenic genes but
also blocked the ability of TGF-f to induce actin stress fibers in
dermal fibroblasts. Consistently, recent work has suggested
that YAP inhibitor verteporfin inhibits dermal fibroblast acti-
vation and ECM production and thus prevents fibrotic scarring
(Mascharak et al., 2021). YAP may function as an important
mediator of myofibroblast activation and ECM production,
suggesting that pharmacologic approaches targeting the YAP/
TAZ—CCN2 molecular axis may have implications for treat-
ment of fibrosis and antiscarring therapies.

<

In summary, we show that CCN2 is significantly down-
regulated in aged human dermal fibroblasts in vivo. Mecha-
nistically, reduced fibroblast size, a prominent feature of aged
human skin, induces the downregulation of CCN2. This cell
size—dependent downregulation of CCN2 is mediated by
impeded YAP/TAZ nuclear translocation. These data reveal a
mechanism by which age-related reduction of fibroblast size
may be an important mechanism underlying human dermal
aging by downregulation of CCN2 in a YAP/TAZ-dependent
manner.

MATERIALS AND METHODS

Human skin tissues and LCM-coupled quantitative real-time
RT-PCR

All procedures involving human volunteers were approved by the
University of Michigan (Ann Harbor, MI) Institutional Review
Board, and all volunteers provided written informed consent.
Skin punch biopsies (4 mm) were obtained from young (mean
age of 27 + 1 years, n = 6) and aged (mean age of 83 + 1.4
years, n = 6) healthy, sun-protected buttock skin. LCM was
performed as previously described (Qin et al., 2017). Briefly,
human skin punch biopsies were embedded in an optimal cutting
temperature compound before cryostat sectioning. Cryostat sec-
tions cut at 15 pm were then mounted on LCM Membrane
Slides (Leica Microsystems, Wetzlar, Germany). LCM slides were
stained using HistoGene LCM Slide Preparation Kits (Arcturus
Therapeutics, San Diego, CA). Dermal fibroblasts (approximately
200 cells) were captured from each sample using LCM (Leica
ASLMD System, Leica Microsystems). The identity of the dermal
fibroblasts was monitored by identifying the presence of enriched
type | procollagen mRNA (dermal fibroblast marker) and the
absence of keratin 14 mRNA (epidermal keratinocyte marker)
(data not shown). Total RNA was prepared from LCM-captured
dermal fibroblasts using a commercial kit (RNeasy Micro Kkit,
Qiagen, Chatsworth, CA). TagMan PreAmp Master Mix kit
(Applied Biosystems, Carlsbad, CA) was used to preamplify
cDNA for quantitative real-time PCR. The quality and quantity of
amplified cDNA were determined by an Agilent 2100 bio-
analyzer (Agilent Technologies, Santa Clara, CA). Quantification
of the transcript levels of several different genes in samples of
total RNA and amplified cDNA yielded essentially identical re-
sults (data not shown). All PCR primers were purchased from
RealTimePrimers.com (Elkins Park, PA). Target gene mRNA was

<«

(chemiluminescence) of the specific protein. The chemiluminescence signals of the CCN2 and COL-1 were normalized to B-actin (loading control), and the data
were expressed as a percent of control (bar chart). Data are representative of three independent experiments. Mean &+ SEM. *P < 0.05. (c, d) Dermal fibroblasts
were transfected with (c) CTRL or (d) YAP/TAZ siRNA for 32 hours and treated as in Figure 5a. Cells were immunostained with YAP/TAZ (green), phalloidin
staining (red), as well as CCN2 (red) separately. Blue fluorescence with dot lines delineates the nuclei (DAPI). Images are representative of three independent
experiments. Bar = 100 um. (e—g) Dermal fibroblasts were treated as in Figure 5a. Total RNA was prepared and (e) CCN2 and (f) type | procollagen mRNA levels
were quantified by real-time RT-PCR and normalized to the housekeeping gene 36B4, as an internal control for quantification. Data are representative of three
independent experiments. Mean £ SEM. *P < 0.05. (g) COL-1 protein expression was determined by capillary electrophoresis immunoassay and normalized to
B-actin (loading control). The chemiluminescence signal of the specific protein from the capillary tube was obtained directly from the capillary system (Compass
software, ProteinSimple, Santa Clara, CA), and the data were displayed by lane in a virtual-blot image, which was simulated using the signal intensity
(chemiluminescence) of the specific protein. The chemiluminescence signals of COL-1 were normalized to B-actin (loading control), and the data were
expressed as a percent of control (bar chart). Data are representative of three independent experiments. Mean + SEM. *P < 0.05 versus CTRL/CTRL siRNA, **P
< 0.05 versus Lat-A/CTRL siRNA, ***P < 0.05 versus Lat-A withdrawal/CTRL siRNA. (h) Dermal fibroblasts were transfected with control or YAP/TAZ siRNA for
48 hours and then cultured in unconstrained (left) or constrained (middle and right) three-dimensional collagen matrices (see Materials and Methods for details).
Cells were immunostained with CCN2, COL-1, and YAP/TAZ. CCN2 protein levels were quantified by ImageJ (National Institutes of Health, Bethesda, MD) and
expressed in staining intensity after normalization by cell count. Blue fluorescence (DAPI) shows the nuclei. Data are representative of four independent
experiments. Bar = 100 pm. Bar for collagen gel (top panels) = T cm. Mean £ SEM. N = 4. *P < 0.05 versus unconstrained CTRL siRNA and **P < 0.05 versus
constrained CTRL siRNA. COL-1, type 1 collagen; CTRL, control; Lat-A, latrunculin-A; siRNA, small interfering RNA.
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Figure 5. Continued.

normalized to the housekeeping gene 36B4 as an internal
control.

Cell culture
Young (mean age of 27 + 1 years, n = 6) and aged (mean age of 83 +
1.4 years, n = 6) human dermal fibroblasts were prepared from sun-

protected buttock skin as previously described (Fisher et al., 1991).
Primary dermal fibroblasts were isolated from skin digested with
bacterial collagenase (Worthington Biochemical, Lakewood, NJ)
and plated on a six-well plate in DMEM media (Life Technology,
Carlsbad, CA) without passage. Early passage (<9 passages) primary
adult human dermal fibroblasts were cultured in DMEM with 10%
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Figure 6. Downregulation of YAP/TAZ, CCN2, and COL-1 in aged human skin in vivo. (a) Human skin biopsies were obtained from young (left, n = 6) and aged
(right, n = 6) sun-protected buttock skin. Nanoscale images of collagen fibrils were imaged by AFM (top). Collagen fiber (white), elastin fiber (green), and

fibroblast morphology were imaged by multiphoton laser scanning fluorescence microscopy (second from top). YAP/TAZ (middle), CCN2 (second to last), and
type | procollagen (bottom) protein expressions were assessed by immunohistochemistry. Images are representative of six subjects from each age group. YAP/
TAZ, CCN2, and COL-1 protein levels were quantified by Image) (National Institutes of Health, Bethesda, MD) and expressed in the percent of positive staining.
Data represent six young and six aged subjects. Mean + SEM. *P < 0.05. Bars for AFM = 200 nm, for multiphoton laser scanning fluorescence microscopy = 25
um, for YAP/TAZ = 50 pm, for CCN2 = 50 pm, and for COL-1 = 50 pm. (b) YAP/TAZ immunofluorescence staining in young and aged human skin. Blue

fluorescence with dot lines delineates the nuclei (DAPI). YAP/TAZ protein levels were quantified by Image) and expressed in the percent of positive staining.
Note the less YAP/TAZ nuclear staining in the aged dermis. Data represent six young and six aged subjects. Mean & SEM. *P < 0.05. Bar = 25 pm. (c) Age-
related reduced fibroblast size concomitantly downregulates YAP/TAZ activity and CCN2 expression in aged human skin. Age-related collagen fragmentation is
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fetal calf serum (Life Technology) at 37 °C and 5% carbon dioxide.
The approximate population doubling time was 2 days. The 3D
collagen gels were prepared on the basis of a previous publication,
with minor modifications (Qin et al., 2014a). Briefly, neutralized rat
tail type | collagen (2 mg/ml, BD Biosciences, Palo Alto, CA) was
suspended in a medium cocktail (DMEM, sodium bicarbonate [44
mM], L-glutamine [4 mM], and folic acid [9 mM], neutralized with 1
N sodium hydroxide to pH 7.2). Cells (0.5 x 10°) were suspended in
2 ml of collagen and medium cocktail solution and plated in a 35-
mm bacterial culture dish. The collagen gels were then incubated
with 2 ml of media (DMEM, 10% fetal bovine serum) at 37°C and
5% carbon dioxide. Partially degraded collagen lattices were pre-
pared by treatment with purified human matrix metalloproteinase 1
(50 ng per well, Calbiochem, San Diego, CA) for 16 hours at 37 °C
(Fisher et al., 2009). In some experiments, the cells were cultured in
mechanically constrained or unconstrained 3D collagen matrices.
The mechanical constraint was achieved by incorporating a nylon
mesh disk within the collagen gel (Fisher et al., 2016). For Lat-A
(Sigma-Aldrich, St. Louis, MO) treatment, cells were treated with
Lat-A at a concentration of 180 nM for 24 hours.

Human primary skin fibroblasts were transiently transfected with
YAP/TAZ-mutant plasmids (Chan et al., 2011) (kindly provided by
Chan SW, Institute of Molecular and Cell Biology, Agency for Sci-
ence, Technology and Research, Singapore, Singapore) and YAP/
TAZ siRNAs by electroporation (Amaxa Biosystems, Koeln, Ger-
many). YAP/TAZ-mutant plasmids were generated by introducing the
amino acid mutations (YAP-S127AS and TAZ-S89A) in YAP- and
TAZ-coding regions, which prevent YAP and TAZ ubiquitination and
proteasomal degradation and promote constitutive YAP/TAZ nuclear
translocation (Chan et al., 2011). Transient transfection of Emerald
GFP (The Vivid Colors, Thermo Fisher Scientific, Waltham, MA)
indicated that the transfection efficiency can be up to 80% in human
primary skin fibroblasts by electroporation. siRNAs for the first set of
YAP (GACAUCUUCUGGUCAGAGA) and TAZ (AGGUA-
CUUCCUCAAUCACA) and for the second set of YAP (CUGGU-
CAGAGAUACUUCUU) and TAZ (ACGUUGACUUAGGAACUUU)
were purchased from Sigma-Aldrich. Control siRNA (AATTGTCC-
GAACGTGTCACGT) were purchased from Qiagen.

Human dermis western blotting

To assess CCN2 protein expression in the dermis, the epidermis was
removed using a cryostat to cut to a depth of T mm and was
confirmed by H&E staining (Figure 1d). For western blot analysis,
dermal tissues were ground into a fine powder in liquid nitrogen and
homogenized by Polytron in a whole-cell extraction buffer.
Approximately 100 pg of protein was resolved by 12% SDS-PAGE,
transferred to a polyvinylidene difluoride membrane, and blocked
with 0.1% Tween 20 in PBS containing 5% milk for 1 hour at room
temperature. The primary antibodies against CCN2 (catalog number
sc-101586, 1:100, Santa Cruz Biotechnology, Santa Cruz, CA), YAP/
TAZ (catalog number 93622, 1:1,000, Cell Signaling Technology,
Danvers, MA), type | procollagen (catalog number 1310-01, 1:500,
SouthernBiotech, Birmingham, AL), and B-actin (catalog number

<

Z Qin et al.
CCN2 Downregulation by Cell Size and YAP/TAZ

A2228, 1:1,000, Sigma-Aldrich) were incubated with a poly-
vinylidene difluoride membrane for 1 hour at room temperature.
Blots were washed three times with 0.1% Tween 20 in PBS solution
and incubated with the appropriate secondary antibody (catalog
numbers 7074 and 7056, Cell Signaling Technology) for 1 hour at
room temperature. After washing three times with 0.1% Tween 20 in
PBS, the blots were developed with ECF (Vistra ECF Western Blotting
System, Amersham Pharmacia Biotech, Piscataway, NJ) following
the manufacturer’s instructions (Molecular Dynamics, Sunnyvale,
CA). The intensities of each band were normalized to B-actin (Sigma-
Aldrich) as an internal control.

Immunostaining and phalloidin staining

For immunostaining, optimal cutting temperature—embedded skin
sections or cells were fixed in 2% paraformaldehyde for 2 hours at
room temperature. The sections were incubated with 0.5% Nonidet
P-40 and then blocked with 2% BSA. The slides were washed with
PBS several times and incubated with primary antibodies: YAP/TAZ
(catalog number 93622, 1:50, Cell Signaling Technology), CCN2
(catalog number AF660, dilution 15 pug/ml, R&D Systems, Minne-
apolis, MN), and type | collagen (catalog number ab6308, 4 pg/ml,
Abcam, Waltham, MA) for 1 hour at room temperature. Cells were
washed and then incubated with a secondary antibody (catalog
numbers 7074 and 7056, Cell Signaling Technology; catalog num-
ber sc-2359, Santa Cruz Biotechnology) for 30 minutes at room
temperature. Images were obtained using a Zeiss fluorescence mi-
croscope. Cell morphology was assessed by the incubation of cul-
tures with phalloidin. Briefly, cells were washed with PBS and fixed
in 2% paraformaldehyde for 30 minutes, followed by phalloidin
staining (Sigma-Aldrich) for 1 hour.

ProteinSimple capillary electrophoresis immunoassay

The ProteinSimple (Santa Clara, CA) capillary electrophoresis
immunoassay was performed according to the ProteinSimple user
manual. Briefly, whole-cell and nuclear extract samples (800 ng/
lane) were mixed with a master mix (provided by ProteinSimple kit)
to a final concentration of x1 sample buffer, x1 fluorescent mo-
lecular weight markers, and 40 mM dithiothreitol and then heated at
95 °C for 5 minutes. Cytoplasmic and nuclear protein fractions were
prepared using nuclear and cytoplasmic extraction reagents (NE-
PER, catalog number 78833, Thermo Fisher Scientific). The samples,
blocking reagent, primary antibodies (CCN2, catalog number sc-
101586, 1:100, Santa Cruz Biotechnology; YAP/TAZ, catalog num-
ber 93622, 1:1,000, Cell Signaling Technology; type | procollagen,
catalog number 1310-01, 1:500, SouthernBiotech; B-actin, catalog
number A2228, 1:1,000, Sigma-Aldrich), horseradish peroxidase—
conjugated secondary antibodies (provided from ProteinSimple kit),
chemiluminescent substrate, and separation and stacking matrices
were also dispensed to designated well plates. The electrophoresis
and immunodetection steps were performed in the capillary system
(ProteinSimple Wes, ProteinSimple) and were fully automated using
default instrument settings. The chemiluminescence signal of the
specific protein from the capillary tube was obtained directly from
the capillary system (Compass software, ProteinSimple), and the data

;prominent feature of aged human skin, which impairs cell—collagen interaction and alters fibroblast shape and size. Reduced fibroblast size leads to numerous
alterations, including impediments of YAP/TAZ activity. Impaired YAP/TAZ activity downregulates CCN2 expression, which in turn contributes to loss of
collagen production, a prominent feature of human dermal aging (see Discussion for details). (d) YAP and TAZ mRNA expression in young and aged human skin
in vivo. Total RNA was prepared from young and aged sun-protected buttock skin. YAP and TAZ mRNA levels were quantified by real-time RT-PCR and
normalized to the housekeeping gene 3684, as an internal control for quantification (lower left). Data are expressed as mean = SEM. N = 4. AFM, atomic force

microscopy; COL-1, type 1 collagen; FB, fibroblast.
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were displayed by lane in a virtual-blot image, which was simulated
using the signal intensity (chemiluminescence) of the specific protein.
For the quantification, Compass software automatically displays the
quantitative results such as molecular weight and signal intensity
(chemiluminescence) for each immunodetected protein. The chem-
iluminescence signal of the specific protein was normalized to B-actin
(loading control), and the data were expressed as a percent of control.

Atomic force microscopy and second-harmonic generation
microscopy

Human skin biopsies were embedded in an optimal cutting tem-
perature compound. To cut skin sections, the tissue block was
trimmed, and 15-pum thick skin cryosections were mounted on glass
coverslips (1.2-mm diameter, Fisher Scientific, Pittsburgh, PA) and
allowed to air dry for at least 24 hours before atomic force micro-
scopy (AFM) analysis. AFM scan positions of the collagen lattices
were determined by a light optical image. Images were obtained by
AFM in ScanAsyst mode (Dimension Icon, Bruker-AXS, Santa Bar-
bara, CA) in the air using a silicon-etched cantilever (NSC15/AIBS,
MikroMasch, San Jose, CA) with a full tip cone angle of ~40° and a
tip radius curvature of ~10 nm. AFM images were acquired at a
scan rate of 0.977 Hz and 512 x 512 pixel resolution. AFM imaging
was conducted at the Electron Microbeam Analysis Laboratory,
University of Michigan College of Engineering and analyzed using
Nanoscope Analysis software (Nanoscope Analysis, version
120R1sr3, Bruker-AXS, Santa Barbara, CA). Second-harmonic gen-
eration images were obtained using a Zeiss fluorescence micro-
scope. Second-harmonic generation microscopy was performed
using a Leica SP8 Confocal Microscope at the University of Michi-
gan Microscopy and Image Analysis Laboratory.

Charts and statistics

Charts were generated with Adobe Illustrator (Adobe, San Jose, CA).
Bar graphs represent means + SEM. Statistical analyses were per-
formed using one-way ANOVA with Bonferroni posthoc multiple
comparisons. All P-values are considered significant when <0.05
(depicted by asterisks on figures).
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