1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Matrix Biol. Author manuscript; available in PMC 2020 September 01.

-, HHS Public Access
«

Published in final edited form as:
Matrix Biol. 2019 September ; 82: 71-85. doi:10.1016/j.matbio.2019.03.002.

Thrombospondin-2 regulates extracellular matrix production,
LOX levels, and cross-linking via downregulation of miR-29

N.E. Calabro®P, A. Barrett®, A. Chamorro-Jorganes®d, S. Tam?, N.J. Kristofikf, Xing Hao?,
Ayomipose M. Loye®f W.C. Sessa?®, K. Hansen®, T.R. Kyriakides&Pf

a|nterdepartmental Program in Vascular Biology and Therapeutics, Yale University School of
Medicine, New Haven, CT 06510, USA

b-Department of Pathology, Yale University School of Medicine, New Haven, CT 06510, USA
¢Department of Pharmacology, Yale University School of Medicine, New Haven, CT 06510, USA

d-Department of Comparative Medicine, Yale University School of Medicine, New Haven CT
06510, USA

&-Department of Biochemistry and Molecular Genetics, and Biological Mass Spectrometry
Facility, University of Colorado Denver, Aurora, CO 80045, USA

FDepartment of Biomedical Engineering, School of Engineering and Applied Science, Yale
University, New Haven, CT 06511, USA

Abstract

Collagen fibrillogenesis and crosslinking have long been implicated in extracellular matrix
(ECM)-dependent processes such as fibrosis and scarring. However, the extent to which
matricellular proteins influence ECM protein production and fibrillar collagen crosslinking has yet
to be determined. Here we show that thrombospondin 2 (TSP2), an anti-angiogenic matricellular
protein, is an important modulator of ECM homeostasis. Specifically, through a fractionated
quantitative proteomics approach, we show that loss of TSP2 leads to a unique ECM phenotype
characterized by a significant decrease in fibrillar collagen, matricellular, and structural ECM
protein production in the skin of TSP2 KO mice. Additionally, TSP2 KO skin displays decreased
lysyl oxidase (LOX), which manifests as an increase in fibrillar collagen solubility and decreased
levels of LOX-mediated fibrillar collagen crosslinking. We show that these changes are indirectly
mediated by miR-29, a major regulator of ECM proteins and LOX, as miR-29 expression is
increased in the TSP2 KO. Altogether, these findings indicate that TSP2 contributes to ECM
production and assembly by regulating miR-29 and LOX.
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Introduction

The extracellular matrix (ECM) is a dynamic, collagenous network necessary for
maintaining bodily structure and stability [1]. Comprised of collagens, fibronectin, laminin,
matricellular proteins, proteoglycans, and other components, the ECM serves as a regulatory
substrate that allows for cellular attachment, along with modulation of cell signaling and
cellular behavior [2]. ECM assembly is influenced by secreted enzymes such as matrix
metalloproteinases (MMPSs) and cross-linking enzymes such as lysyl oxidase (LOX) which
help to maintain an ideal, balanced organization and composition through post-translational
modifications [3, 4] [5, 6]. Downregulation of LOX in vitro leads to disordered collagen
fibrillogenesis[7], while loss of LOX in mice causes perinatal death due to lack of elastin
and collagen fiber integrity[8]. MicroRNAs, particularly miR-29, also contribute to
maintaining its homeostasis through negatively regulating ECM protein production [9-15].
miR-29 has known and predicted targeting sites on the transcripts for collagens, LOX, and
various ECM proteins, with downregulation of miR-29 contributing to development of
pulmonary and liver fibrosis[10, 16]. Disorders characterized by disruption of collagen,
elastin, or fibrillin-1, such as Ehlers-Danlos Syndrome (EDS), Williams-Beuren Syndrome,
and Marfan Syndrome are hallmarked by a laxity in skin, connective tissue disorder, and
predisposition for aortic aneurysms due to compromised ECM integrity [17-19]

Matricellular proteins are non-structural components of the ECM that contribute to proper
ECM assembly and organization. Additionally, matricellular proteins influence cellular
behavior through interaction with cell surface receptors, collagens, proteases, and
sequestration of growth factors [20, 21]. Thrombospondins are of particular interest due to
their role in modulating angiogenesis, collagen fibrillogenesis, and coagulation [22-24].
TSP1 and TSP2, the most studied members of the thrombospondin family, have high
sequence homology yet distinct secretion and functions [25]. TSP1, secreted by platelets,
activates latent TGF-B[26] and inhibits angiogenesis through binding cell surface receptors
such as CD36 and CD47[27, 28]. TSP1 KO mice display increased vascular density, thoracic
kyphosis, and pulmonary inflammation, with TSP1 dictating the course of dermal wound
healing [29]. A recent study described a direct interaction between TSP1 and LOX and
reduced collagen content in TSP1 KO mice but their phenotype does not reflect significant
issues with ECM assembly and homeostasis[30]. Unlike TSP1 KO mice, TSP2 KO mice
exhibit an ECM-centric phenotype characterized by bleeding diathesis, increased vascular
density, and connective tissue disorder associated with abnormal collagen fibrils [31].
Specifically, it was found that TSP2 KO mice exhibit irregular collagen fibrils with a non-
homogenous distribution of shape, size, and organization. Subsequently, these abnormalities
lead to the formation of disorganized fibers that lacked the classic parallel alignment seen in
WT skin. Collectively, these changes result in increased skin laxity and decrease in tensile
strength.
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Aside from collagen, TSP2 influences other proteins in the extracellular environment as
well, particularly in the context of ECM remodeling. MMP-2 is of great interest, as it
cleaves fibrillar collagens near the N-terminus of the protein[32], producing gelatin that can
be further degraded by MMP-9 [33]. TSP2 has been demonstrated to directly bind MMP-2
[34], targeting the enzyme for degradation via LRP1 [35]. In environments lacking TSP2,
both MMP-2 and MMP-9 levels are significantly higher, as TSP2 is not present to assist in
recycling these enzymes. Because of this, the ECM is more highly degraded, leading to
exposure of cryptic collagen epitopes [36]. Along with increased ECM degradation, it was
also determined that tTG (tissue transglutaminase) activity is lower in TSP2 KO mice.
Specifically, it was found that tTG is a proteolytic target of MMP-2, and because of this, tTG
activity is significantly impaired. This change in tTG activity leads to the formation of fewer
isopeptide crosslinks, contributing to the ECM abnormalities observed in TSP2 KO mice
[37].

As past findings have highlighted the need to further examine the collagenous phenotypic
changes in TSP2 KO mice, we initiated studies to investigate the role TSP2 plays in ensuring
proper ECM balance. Quantitative proteomic analysis of WT and TSP2 KO skin revealed a
decrease in fibrillar collagen levels within TSP2 KO skin, along with surprising decreases in
various matricellular and structural ECM proteins. Furthermore, quantitative HPLC analysis
highlighted significant decreases in divalent and trivalent fibrillar collagen crosslinks,
explaining the increased collagen solubility seen in TSP2 KO skin. Upon closer
examination, it was found that this decrease in fibrillar collagen crosslinking was due to
unexpectedly lower levels of LOX in TSP2 KO skin. Finally, it was determined that miR-29
levels are increased in a TSP2 KO environment, which could potentially contribute to altered
levels of ECM protein production. Upon rescue via transfection of pcDNA TSP2 into TSP2
KO dermal fibroblasts (DF), it was found that both LOX and miR-29 reached WT levels.
Moreover, treatment of TSP2 KO DF with anti-miR-29 caused an increase in LOX.
Collectively, these findings highlight a novel axis involving TSP2, LOX, and miR-29 in
which TSP2 within the extracellular environment helps to maintain appropriate levels of
these molecules, ensuring proper ECM composition, assembly, and integrity.

TSP2 KO skin exhibits a unique ECM profile highlighted by decreased fibrillar collagen,
matricellular, and structural protein levels.

Quantitative LC-MS/MS proteomics using QconCAT protein standards and a multi-step
fractionation/digestion protocol [38, 39] was used to examine the protein composition of
WT and TSP2 KO adult skin. Analysis of WT and TSP2 KO skin from 12-16 week-old
mice revealed significant decreases in numerous ECM and ECM related proteins (Table S1).
Overall, 41 proteins were quantified with a significant change observed in 17 proteins (Table
S2). Of note, both collagen lal and la.2 chains were significantly decreased in TSP2 KO
skin, highlighting an overall fibrillar collagen deficiency.

Multivariate analysis of this data revealed that TSP2 KO skin possessed a unique ECM
protein profile as evidenced by the distinct clustering of WT and TSP2 KO samples within
the PLS-DA plot (Fig. 1A). Excitingly, TSP2 KO skin contained significantly less fibrillar
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collagens, as demonstrated by decreases in collagen lal, la2, and collagen V (Fig. 1B, C).
Additionally, it was found that collagen associated matricellular proteins including lumican,
collagen VI, and dermatopontin were significantly decreased in TSP2 KO skin (Fig. 1D),
along with collagen associated structural ECM proteins fibrillin-1, decorin, and biglycan
(Fig. 1E). However, there was no global decrease in ECM proteins, as levels of major
basement membrane proteins collagen IV and laminin (Fig. 1F), along with matricellular
proteins that are not closely associated with collagen, such as prolargin, tenascin, and
periostin (Fig. 1G) were similar between WT and TSP2 KO skin. Additionally, despite
changes in some protein levels within TSP2 KO skin, the hierarchy of protein abundances
remained similar (Fig. S1). Taken together, these findings highlight a decrease of fibrillar
collagens, structural ECM proteins, and matricellular proteins in TSP2 KO skin, with no
resultant effect on global protein levels.

TSP2 KO skin displays increased fibrillar collagen and structural ECM protein solubility.

Due to irregular collagen fibrillogenesis and organization, TSP2 KO skin is characterized by
an abnormal skin laxity and decrease in tensile strength [31]. As increases in skin laxity can
be attributed to increases in protein solubility, we sought to examine the solubility profile of
TSP2 KO skin across cellular, soluble ECM (SECM), and insoluble ECM (iECM) fractions.
Cellular fractions were generated by skin homogenization in CHAPS buffer. SECM fractions
were collected after 6M urea treatment and iECM fractions were obtained after a final
treatment with CNBr. There was no difference in solubility patterns amongst protein classes
between WT and TSP2 KO skin (Fig. S2A,B). Upon examination of each separate fraction,
solubility did not differ within the cellular fraction (Fig 2A), but TSP2 KO skin
demonstrated a 11.9% increase of soluble fibrillar collagens within the SECM fraction (Fig.
2B,D). The increase of fibrillar collagens in the SECM fraction was associated with a
corresponding decrease in the iECM fraction (Fig. 2C). A similar pattern was observed with
the structural ECM protein class (Fig. 2B,C). Specific to fibrillar collagen, in the cellular
fraction WT and TSP2 KO samples contained 3.0 = 0.6 and 4.4 + 0.8%, respectively (pvalue
0.07). In the SECM fraction, WT contained 44.6 + 7.5% and TSP2 KO 56.5 + 8.3% (pvalue
0.0021)> Finally, in the iIECM fraction, WT containd 52.4 £ 9.2% and TSP2 KO 56.5

+ 39.1% (pvalue 0.0026). A complete list of solubility levels across fractions can be found
Fig. S2B. Overall, these results demonstrate enhanced fibrillar collagen solubility in TSP2
KO skin which could be due to defects in ECM crosslinking and assembly defect.

Lack of TSP2 leads to a collagen crosslinking defect in skin.

Beyond examining isopeptide crosslink levels [37], no quantified characterization of
collagen crosslinking has been performed in TSP2 KO skin. Based on the fibrillar collagen
solubility findings, it could be hypothesized that there is insufficient collagen crosslinking in
TSP2 KO skin. In order to test this hypothesis, HPLC was employed to examine major
divalent and trivalent collagen crosslinks in WT and TSP2 KO skin. Interestingly, in
comparison to WT, TSP2 KO skin demonstrated a significant decrease in divalent crosslinks,
LNL and DHLNL, (Fig. 3 A,B) and trivalent crosslink pyridinoline (Pyr) (Fig. 3C).
Additionally, the peroxidasin mediated collagen IV crosslink sSHLM was decreased (Fig.
3D). Taken together, these changes result in a decrease in total crosslinks in TSP2 KO skin
(Fig. 3E). However, there was not a global defect in crosslinks as HLNL and HHMD were
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not significantly decreased (Fig. 3 F,G). Combined, these data indicate that there is an
overall decrease in fibrillar collagen crosslinking, leading to an increase in fibrillar collagen
solubility.

Lack of TSP2, both in vivo and in vitro, leads to a decrease in LOX.

LOX is the major extracellular fibrillar collagen crosslinking enzyme that mediates the
progression from fibrils to fibers and it is integral in maintaining ECM organization and
mechanical stability [40]. As we found TSP2 KO skin exhibits less total collagen crosslinks,
particularly fibrillar collagen crosslinks, it was hypothesized that loss of TSP2 leads to
decreased LOX. In order to probe this hypothesis, we first examined LOX levels under ECM
producing conditions /in vitro. Dermal fibroblasts are the predominant cell type that produces
both TSP2 and fibrillar collagens /in vivo [41]. Because of this, dermal fibroblasts were
isolated from WT and TSP2 KO mice and cultured with ascorbic acid in order to stimulate
active ECM deposition. At days 3 and 7 in culture, cells were collected and LOX levels were
examined via Western blot. At both timepoints, LOX (pro-form) was significantly lower in
the TSP2 KO cells, as quantified by densitometry (Fig. 4A). Decreased LOX was also
observed in conditioned media of TSP2 KO cells (Fig. S3) Examination of the expression of
other cross-linking enzymes, including LOXL1, revealed no differences between WT and
TSP2 KO DF (Fig. S4). We also observed reduced LOX mRNA in TSP2 KO cells at day 3
(Fig. S5A). In order to examine LOX production in an active ECM producing environment
in vivo, full-thickness dermal wounds were harvested from WT and TSP2 KO mice at days 7
and 10 post-wounding and stained for LOX via IHC. Consistent with /n vitro findings,
wounds from TSP2 KO mice display decreased LOX staining in comparison to WT (Fig.
4B). Together, these findings highlight that LOX correlates with TSP2 levels in actively
producing ECM conditions, both /in vitroand in vivo.

miR-29 levels are increased in TSP2 KO DF.

miR-29 has known and predicted targeting sites on numerous ECM proteins and has been
shown to negatively regulate many ECM proteins including collagens and LOX [10, 12, 13,
15, 42]. Due to the abnormal collagen phenotype and decrease in LOX levels in TSP2 KO
mice, it was hypothesized that miR-29 levels might be altered in TSP2 KO DF. In order to
further investigate this hypothesis, WT and TSP2 KO DF were treated with ascorbic acid
and day 3 and 7 timepoints were collected to examine miR-29 levels. qPCR analysis
revealed that all miR-29 family members were increased at days 3 and 7 in TSP2 KO DF
compared to WT (Fig. 5A, B). Other miRs including let-7a, miR-19b, and miR-30c have
been implicated in ECM regulation, with let-7a, miR-19b, and miR-30c downregulation
leading to excessive collagen production [11, 43, 44]. In order to determine if these ECM-
related miRs are also altered in TSP2 KO cells, expression was measured in the same
samples listed above. Interestingly, levels of these miRs were not decreased in TSP2 KO
compared to WT (Fig. S6). Overall these findings indicate that increased miR-29 is
associated with altered collagen and LOX levels in TSP2 KO DF, but that there is not a
global change in ECM-related miRs.
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TSP2 in TSP2 KO DFs influences LOX and miR-29 levels.

No direct link is known to exist between TSP2 and LOX or TSP2 and miR-29. As loss of
TSP2 was shown to decrease collagen and LOX protein and increase miR-29 levels, it was
hypothesized that reintroduction of TSP2 into TSP2 KO DF would modulate their levels to
near those in WT. To probe this hypothesis, TSP2 KO cells were transfected with either
empty vector pcDNA or pcDNA TSP2 and RNA and protein lysates were collected at 48
hours post-transfection. As seen in Fig. 6A, TSP2 production in TSP2KO DF resulted in an
increase in LOX protein levels. In addition, LOX mRNA was increased (Fig. S5B).
Transfection of TSP2 KO cells also modulated miR-29 levels, as rescue of TSP2 led to a
decrease in expression of the miR-29 family (Fig. 6B). We did not observe a change in Col1l
levels within the 48 hour experimental window. This could be due to the short duration of
transfection and/or the existence of additional regulators of collagen synthesis. In addition,
transfection of LNA-miR-29 in TSP2 KO DF reduced miR-29 levels resulting in an increase
in LOX protein (Fig. 6C) and mRNA (Fig. S5C). To control for non-specific LNA effects on
protein production, in independent experiments we used GAPDH or HSP90 to detect
loading. These findings highlight an integral role for TSP2 in modulating two very important
ECM regulators.

Discussion

Previous work examining the collagen phenotype in TSP2 KO mice has demonstrated that
loss of TSP2 leads to connective tissue abnormalities consequent of disordered collagen
fibrillogenesis and assembly [31]. Here, we further characterize this altered collagen
phenotype by demonstrating that loss of TSP2 has a profound impact not only on collagen
assembly, but also on ECM protein composition and collagen crosslinking. Past studies have
implicated TSP2 in influencing the collagen | content in ECM produced by mesenchymal
stromal cells undergoing osteoblastic differentiation [45] and demonstrated that it affects
collagen I incorporation into bone [46]. However, no studies have been performed that
examine the extent to which collagen I levels, along with other ECM proteins, are affected
by loss of TSP2.

Fractionation of tissue samples into cellular, soluble ECM, and insoluble ECM fractions
allows for a comprehensive analysis of tissue solubility, protein content, and profile [38].
Here, quantitative proteomic analysis was used in order to determine the amounts of various
proteins within skin. Excitingly, these studies demonstrated a decrease in both collagen la.l
and collagen la2, along with a decrease in collagen V in TSP2 KO skin. Collagen V is
closely associated with collagen 1 as it forms heterotypic fibrils with collagen I, serving a
regulatory role in modulating collagen I nucleation and fibrillogenesis [47, 48].

Aside from the decreased fibrillar collagen levels in TSP2 KO skin, there was also a
corresponding decrease in matricellular and structural ECM proteins. Specifically,
matricellular proteins lumican, collagen VI, and dermatopontin were decreased in TSP2 KO
skin. Lumican has been shown to regulate collagen fibril assembly [49], collagen VI forms
beaded microfilaments that directly bind to collagen I [50], and dermatopontin plays a role
in collagen fibrillogenesis and fibril orientation [51]. Structural ECM proteins fibrillin-1,
decorin, and biglycan were also decreased in TSP2 KO skin. Decorin and biglycan are
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closely related proteoglycans which bind collagen fibrils, modulating tissue development
and assembly [52-54]. Not all matricellular proteins were decreased in TSP2 KO skin
however. Prolargin, tenascin, and periostin levels were similar between WT and TSP2 KO
skin. These proteins do not directly associate with collagen I. Additionally, levels of
basement membrane proteins collagen IV and laminin were similar. Overall, the analysis
revealed changes in fibrillar collagens or associated molecules. Matricellular and structural
ECM proteins that associate with collagen I and regulate fibrillogenesis were decreased in
TSP2 KO skin. The lack of change in other matricellular proteins and basement membrane
proteins indicate that the changes in TSP2 KO skin are predominantly associated with
fibrillar and structural ECM components.

Findings regarding fibrillar collagen solubility are intriguing, especially in the context of
decreased LOX levels, as they expand on and validate past studies that focused on basic urea
extraction in TSP2 KO skin. Increased fibrillar collagen solubility implies lower levels of
collagen cross-linking, specifically those crosslinks mediated by LOX [40]. Lower LOX
levels in both TSP2 KO skin and ECM is surprising, as few studies exist demonstrating a
link between matricellular proteins and LOX with the exception of either TSP1 or fibulin-4
in modulating LOX through direct interaction with the enzyme [30, 55, 56]. Moreover,
fibulin-4 KO mice display changes in collagen fibrillogenesis in bone that are associated
with reduced LOX levels [57].

Knockout of LOX leads to a perinatal lethal phenotype characterized by impaired
development of the cardiovascular system and aortic aneurysms [58, 59]. Decrease in LOX
levels or activity is known to result in impaired collagen fibrillogenesis [7] and significant
lack of crosslinking, leading to lathyrism and fragile skin [60], while over production of
LOX expedites cardiac remodeling [61] and is associated with fibrotic phenotypes [62]. All
of these findings highlight the integral role of LOX in maintaining crosslink homeostasis and
tissue structural integrity. It is no surprise then that due to a decrease in LOX, there is a
corresponding reduction of LOX-mediated collagen crosslinks in TSP2 KO skin.
Specifically, decreases in immature divalent LNL and DHLNL and mature trivalent
pyridinoline crosslinks contribute to the overall total decrease of crosslinks in TSP2 KO
skin. SHLM, the only known collagen IV crosslink [63], was also determined to be lower in
TSP2 KO skin. sHLM formation is not mediated by LOX, rather, it is catalyzed by
peroxidasin, a H,O, dependent enzyme that forms sulfilimine bonds [64, 65]. H,0O, is a
byproduct of LOX’s reaction with cofactor LTQ during formation of reactive aldehydes on
collagen or elastin [66]. As there is less LOX in the TSP2 KO environment, perhaps there is
also less generation of H,O, and reactive oxygen species, thus dampening peroxidasin’s
enzymatic activity and leading to a decrease in collagen IV crosslinking.

Dysregulation of miR-29 levels has been implicated in numerous pathological conditions
involving alterations in collagen deposition. Specifically, miR-29 is downregulated in
systemic sclerosis, and many fibrotic conditions [15, 67, 68]. Inhibition of miR-29
successfully stabilizes atherosclerotic plaques through an increase in ECM deposition [69]
and increases elastin levels in conditions of elastin haploinsufficiency [42]. Here we show
that loss of TSP2 influences miR-29 expression highlighting the diverse roles that
matricellular proteins can play in maintaining ECM signaling and homeostasis. Based on
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these observations, we hypothesized that TSP2 indirectly modulates miR-29 through
influencing negative regulators of miR-29, either pre- or post-transcriptionally. In order to
determine if miR-29 regulation occurs at the transcriptional level, expression of miR-29a
primary transcript was examined. qPCR analysis of day 3 and day 7 samples revealed no
differences in pri-miR-29 expression between WT and TSP2 KO (Fig. S7). These results
indicate that TSP2 does not modulate miR-29 pre-transcriptionally.

Production of exogenous TSP2 in TSP2 KO cells led to increased and decreased LOX and
miR-29, respectively. In addition, targeting the excess miR-29 in TSP2 KO DF with an anti-
miR resulted in an increase in LOX. These findings indicate that TSP2 influences miR-29
expression and via this effect, indirectly regulates LOX.

While other studies have implicated matricellular proteins in participating in the
maintenance of ECM homeostasis through direct binding of ECM proteins or modifying
enzymes, this is the first study to comprehensively and quantitatively demonstrate that loss
of a matricellular protein leads to an ECM assembly defect associated with an overall
decrease in collagenous, structural, and matricellular proteins /n vivo. Additionally, this
study shows quantitatively that multiple divalent and trivalent LOX-mediated collagen
crosslinks are decreased in the TSP2-KO environment /n vivo and that the delicate balance
between proper ECM content, assembly, and crosslinking is lost. LOX and miR-29 appear to
be key players in modulating this altered ECM phenotype as levels of both are changed upon
loss of TSP2. Collectively, these findings demonstrate a novel link between TSP2, collagen,
LOX, and miR-29 that is regulated by the presence or absence of TSP2 in the extracellular
environment, forming a feedback loop between cells and its ECM substrate (Fig. 7).

Experimental Procedures:

Mouse Strains and Care

TSP2 KO mice were generated as previously described [31]. Male mice aged 12—-16 weeks
were used for all experiments. Mice were kept under constant temperature and humidity in a
12 hour controlled dark/light cycle. All experiments were approved by the Institutional
Animal Care Use Committee of Yale University School of Medicine.

Quantitative Proteomics

The following protocol was adapted from [38, 39, 70]. Briefly, skin samples from WT and
TSP2 KO mice were homogenized in CHAPS buffer and sequentially extracted using high
speed centrifugation in CHAPS, 6M urea, and CNBr, resulting in cellular, soluble ECM, and
insoluble ECM fractions. Fractions were then spiked with QconCAT standards at 100 fmol
13C6 QconCAT/5 g protein and trypsin digested, with equal volumes per fraction loaded
for analysis via LC-MS/MS (LTQ Orbitrap Velos, Thermo). Data was processed as
described previously [70]. Gene annotations were determined using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) [71]. Multivariate statistical
analysis was performed using the MetaboAnalyst supervised classification method of partial
least squares - discriminant analysis (PLS-DA). Cross-validation and permutation tests were
used to establish statistical significance (P < 0.05) as reported [72, 73]. Solubility as reported
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in figure 2A-C, was calculated from the target proteomics data using the sum of peptide
peak areas for proteins within each of the six protein categories divided by total signal
across all fractions. Cellular values are based on MS data resulting from the CHAPS
extraction and soluble ECM and insoluble ECM likewise resulted from MS data from 6M
urea and CNBr fractions respectively.

Crosslink Analysis

The following protocol was adapted from Sims et al [74]. Briefly, skin samples
(approximately 5 mg) from WT and TSP2 KO mice underwent NaBH4 reduction (conc,
25 °C, 1 hour), followed by hydrolysis in neat hydrochloric acid (100 °C, 24hours, sealed
glass vessel), lyophilization to dryness under vacuum, and rehydrated in 0.1% formic acid
solution. Hydroxyproline content was determined by running a 1:10 dilution of the pre-
enrichment sample by positive ion mode MS on the QEXxactive mass spectrometer as
previously reported [75]. The cross-linked amino acids were measure by a MRM targeted
MS method with pre-enrichment on cellulose resin (CF11, Whatman) as reported [76].
Normalization of cross-linked amino acid peak areas was performed using hydroxyproline
and tissue dry weight pre-hydrolysis. Statistical analysis, including t-test and ANOVA
(significance threshold for P values <0.05) were performed on normalized peak areas. Total
cross-link plots were generated by summing normalized peak areas for all cross-links in a
specific sample.

Primary Dermal Fibroblast Isolation and Culture

WT and TSP2 KO DF were isolated from skin using a collagenase and trypsin digestion
protocol. Briefly, mice aged 3—4 months were sacrificed via CO2 chamber. Upon
confirmation of death, skins were excised from the dorsal region of the mice and washed in
DMEM (Gibco). Skins were then treated for 15 minutes in antibiotic solution containing
20% pen/strep, 3% amphotericin B (Sigma), and DMEM. After antibiotic treatment, skins
were transferred to a trypsin overnight incubation solution containing 0.25% Type IX-S
porcine pancreas trypsin (Sigma), 1.5% pen/strep, 1.5% amphotericin B, and DMEM, and
left to digest overnight at 4°C. Upon completion of trypsin digestion, the subdermal fat was
removed and the dermis was cut into small pieces. The dermis was then placed in a
collagenase digestion solution containing 0.25% type 1V collagenase (Worthington) and
DMEM, and left to digest for approximately 3-5 hours. Upon complete digestion, DFs were
collected by multiple centrifugations and plated in tissue culture dishes at 37°C/5% CO?2 in
DMEM supplemented with 10% FBS, 100 g/ml streptomycin, 100U/ml penicillin (Gibco),
and amphotericin B (Sigma). For cultures stimulated to produced ECM, cells were
supplemented with 50 uM ascorbic acid (Alfa Aesar) for every other day grown in culture.

Full Thickness Dermal Wounds and Immunohistochemistry

WT and TSP2 KO mice were given full thickness dermal wounds using biopsy punches as
previously described [77]. Briefly, mice were anesthetized with isofluorane and excisional
wounds were made using a 6mm biopsy punch. At day 7 post wounding, wounds were
harvested, fixed in 10% formalin, and embedded in paraffin. Five micrometers of tissue were
sectioned per slide. Samples were deparaffinized at 55°C for 40 minutes, treated with xylene
(J.T. Baker), and rehydrated in 100% and 95% ethanol (Decon). Slides were then subjected
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to a peroxidase block (3% H202/0.1% sodium azide/MeOH) for 30 minutes and blocked in
1% BSA/PBS for 30 minutes. Primary LOX antibody (Abcam; Ab31238) was used at a
1:100 dilution and incubated at 4°C overnight. Secondary antibody, anti-rabbit HRP, was
added at a dilution of 1:200 and incubated at room temperature for 30 minutes. ABC reagent
(\Vector) was incubated for 30 minutes, and then DAB solution (Vector) was added to slides
for 2 minutes. Samples were counterstained in methylene green, dehydrated in a series of
ethanol and xylene washes, and coverslips were mounted.

Plasmids and Transfection

Control mouse pcDNA3.1 empty vector and pcDNA3.1 mTSP2 constructs were purchased
from Addgene. DF were transfected with 0.5 pg of pcDNA3.1 empty vector or pcDNA3.1
mTSP2 using Lipofectamine LTX with Plus (Invitrogen) following manufacturer’s protocol
for 48 hours. LNA-anti-miR-29 and LNA-CTL oligos were used as described previously
[69]. Briefly, TSP2-KO DF were transfected with 100 nM LNA-anti-miR-29 and LNA-CTL
using Lipofectamine™ RNAIMAX (Invitrogen) according to the supplier’s instructions.
RNA and proteins were isolated 24 hrs and 48 hrs post-transfection, respectively.

Quantitative Real-Time PCR analysis

miRNA gPCR: RNA was isolated from DF using miRNeasy Mini Kit (Qiagen) according to
manufacturer’s protocol. Up to 1 ug RNA was reverse transcribed using the miScript Il RT
Kit (Qiagen) according to manufacturer’s protocol. Quantitative real-time PCR was
performed using Quantitect SYBR Green PCR Kit (Qiagen) according to manufacturer’s
protocol. Mouse miR-29 a/b/c, let-7, miR-19b, miR-21, miR-30, and miR-145 were
purchased from Qiagen (miScript primer assays #218300-MS00001372, MS00005936,
MS00001379, MS00010983, MS000218300, MS00011487, MS00001631). Snord68
(MS00033712) was used as a housekeeping gene. Primers for q°PCR were synthesized by
Keck Center at Yale (see Supplemental Table 3 for specific sequences). pri-miRNA gPCR:
RNA was isolated as described above. cDNA was synthesized using the TagMan RT Kit
(Applied Biosystems) according to manufacturer’s protocol. Quantitative real-time PCR was
performed using TagMan Universal Master Mix (Applied Biosystems), examining pri-
mir-29a (Mm03306859 pri) and housekeeping gene 18s (Hs03003631_g1).

Western Blot analysis

Cells were lysed in ice-cold buffer containing 50 mM Tris-HCI, pH 7.5, 125 mM NaCl, 1%
NP-40, 5.3 mM NaF, 1.5 mM NaP and 1mM orthovanadate, 175 mg/mi
octylglucopyranoside, 1 mg/ml of protease inhibitor coctail (Roche), and 0.25 mg/ml 2
AEBSF (Roche). Cell lysates were rocked at 4°C for 45 minutes before the insoluble
material was removed by centrifugation at 12,000 x g for 15 min. After normalizing for
equal protein concentration, cell lysates were resuspended in SDS sample buffer (between
10 pg-30 pg protein used) and run on a 10% SDS-PAGE gel. Proteins were transferred onto
0.22 um nitrocellulose membrane and blocked with 3% BSA. Western blots were performed
using the following antibodies: TSP2 (1:250, BD), LOX (1:100, Abcam, Ab31238 detects
both the pro-peptide and active/mature LOX), LOXL1 (1:500, Abcam, Ab81488), HSP90
(1:1000, Santa Cruz), Collagen I (1:500, Abcam), GAPDH (1:2000, Cell Signaling 21185).
Protein bands were visualized using the Odyssey Infrared Imaging System (LICOR
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Biotechnology). Densitometry analysis of the gels was carried out using NIH ImageJ
software (http://rsbweb.nih.gov/ij/).

Statistical Analysis

Data are expressed as mean + SEM. Statistical differences were measured by student t-test.
A value of p<0.05 was considered statistically significant. Data analysis was performed
using Prism (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TGFBI TGFB induced
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Highlights

Extracellular matrix (ECM) solubility depends, in part, on the extent of collagen
crosslinking by enzymes such as lysyl oxidase (LOX), however, the regulation of this
enzyme is not fully understood

Here we show that LOX levels are altered in cells and skin of thrombospondin 2 (TSP2)
KO mice and that this alteration contributes to reduced crosslinking and increased ECM
solubility

These properties were assessed by quantitative proteomics and biochemical analysis of
crosslinks, which revealed alterations in ECM composition and crosslinking

To probe pathways involved in the regulation of LOX, we explored the participation of
microRNAs (miRs) and discovered that TSP2 influences levels of miR-29

Thus, we demonstrate a previously undescribed connection between TSP2, ECM
production, and LOX that involves regulation of miR-29, ultimately having significant
implications on the formation of skin ECM
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Fig. 1.

TSP2 KO skin possesses a unique ECM protein profile highlighted by a decrease in fibrillar
collagens, matricellular proteins, and structural ECM proteins. (A) Multivariate analysis of
quantitative LC-MS/MS data from WT and TSP2 KO mice skin reveals that TSP2 KO skin
possesses a unique ECM profile as demonstrated by the evident separated clustering in the
PLS-DA plot. (B-E) Furthermore, quantitative LC-MS/MS analysis shows a significant
decrease in both the a1 and a2 chains of collagen | and the a1 chain of V, along with a
decrease in matricellular proteins (lumican, collagen VI, dermatopontin) and structural ECM
proteins (fibrillin-1, decorin, and biglycan) in TSP2 KO skin. However, there is not a global
decrease in ECM proteins, as levels of major basement membrane proteins collagen IV and
laminin (F), along with matricellular proteins prolargin, tenascin, and periostin (G) remain
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similar between WT and TSP2 KO skin. Data is represented as mean + SEM. p*<0.05,
p**<0.01, p***<0.005. N=5 mice per group.
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TSP2 KO skin displays greater fibrillar collagen and structural ECM protein solubility.
Quantitative LC-MS/MS analysis of WT and TSP2 KO skin after multi-step fractionation
reveals no change in protein solubility within the cellular fraction (A). However, there is a
12.0 % increase in fibrillar collagen solubility in the soluble ECM (sECM) fraction of TSP2
KO skin (B,D), followed by a corresponding decrease of fibrillar collagen in the insoluble
ECM (iECM) fraction of TSP2 KO skin. A similar trend is seen (B,C) with structural ECM

proteins. p*<0.05, p***<0.005 for N=5 mice per group.

Matrix Biol. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Calabro et al.

Page 21
A B C D
& LNL & DHLNL & Pyr s SHLM
215 © 20 225 o3
- T ~ -I— bt - = I
g 15 g 20 g, *
= 1o ﬂ"- 5 10 - 1 - - T
3 S -I- 310 - 3
a 0.5 o 5 o a1
£ £ E 09 £
2 ool L ' 20 - . 2 ool= . 2 0= :
N S s e N
Q Q Q Q
<2 <2 <2 <2
E F G
—_ Total Crosslinks —_ HHMD —_ HLNL
< < <
2 50 2 25 2 20
@ —= o 20 == M
40 * 3 15
o o o 1
< 30 T < 15 I < = T
3 [ < 1.0
o 20 8 10 3 os
P P 5
0 :
zZ T T zZ T T Z T T
& & &
o© N S
Q Q Q
<@ <2 <2

Fig. 3.

TSP2 KO skin contains less collagen crosslinks. HPLC analysis reveals (A,B) LOX-
mediated divalent crosslinks LNL and HLNL, along with (C) trivalent crosslink Pyr, are
significantly lower in TSP2 KO skin. Additionally, (D) levels of the collagen IV crosslink
sHLM are significantly lower in TSP2 KO skin. Collectively, these changes result in a
significant decrease of total crosslinks in the TSP2 KO skin (E). However, there is not a
global decrease in crosslinks as HLNL and HHMD crosslinks are not significantly lower
(F,G). Data is represented as mean + SEM. p*<0.05, p**<0.01. N=5 mice per group
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Fig. 4.
Reduced levels of LOX protein in TSP2 KO mice and DF. (A) Western blot analysis of WT

and TSP2 KO DF lysates collected from DF cultured for 3 and 7 days in ascorbic acid
induced ECM production conditions indicates lower LOX protein levels at both timepoints.
HSP90 is used as loading control. Densitometry from 3 independent experiments is shown
on the bottom. A.U., arbitrary units. Data is represented as mean + SEM. **p<0.01. (B-C)
Immunohistochemistry of full dermal thickness wounds harvested at days 7 and 10 post-
injury indicates that, in comparison to WT, TSP2 KO wounds display decreased LOX
staining. Immunoreactive cells are identified by black arrows. (Magnification: 20X) N=5
mice per group.
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Fig. 5.

In?:reased levels of miR—29 expression in TSP2 KO dermal fibroblasts. gPCR analysis of
miR-29a, —29b and —29c at day 3 (A) and day 7 (B) timepoints of ascorbic acid induced
ECM production indicates that levels of miR-29a and —29c are significantly higher in TSP2
KO DF at day 3, and that miR-29a, —29b, and —29c levels are all significantly higher in
TSP2 KO DF at day 7. Data is represented as mean + SEM. p*<0.05. N=6 independent
experiments.
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Fig. 6.

Rescue of TSP2 or reduction of miR-29 in TSP2 KO DF leads to increased LOX. TSP2 KO
cells were transfected with 0.5 pug of pcDNA or pcDNA TSP2 in order to rescue loss of
TSP2. (A) Western blot analysis of TSP2 KO cells transfected with pcDNA TSP2 reveals a
significant increase in LOX 48 hours post-transfection. HSP90 is used as loading control.
Densitometry from 3 independent experiments is shown on the right. A.U., arbitrary units.
Data is represented as mean = SEM. *p<0.05. (B) gPCR analysis of TSP2 KO cells
transfected with pcDNA TSP2 demonstrates a significant decrease of miR-29a, —29b and
—29c levels 48 hours post-transfection. Data is represented as mean + SEM. p*<0.05. N=6
independent experiments. (C) TSP2 KO cells were treated with LNA-control or LNA-
miR-29 for 48 hrs in order to reduce miR-29 levels. All miR-29 isoforms were reduced by
LNA-miR-29 treatment. Data is represented as mean + SEM. p*<0.05. N=4 independent
experiments. (D) Western blot analysis of TSP2 KO cells revealed an increase in LOX 48
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hours post treatment with LNA-miR-29. GAPDH and HSP90 were used as loading controls.
Blots are representative of two independent experiments.
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Fig. 7.

Rgle of TSP2 in modulating the ECM. In the WT environment, a balance exists between
miR-29, collagen, and LOX levels that allows for the production of a normally assembled
and crosslinked ECM. However, in a TSP2 KO environment, there is an increase in miR-29
expression, along with a decrease in fibrillar collagens and LOX-mediated fibrillar collagen
crosslinking, leading to altered ECM assembly and composition. This data demonstrates a
novel link between TSP2, collagen, LOX, and miR-29 that is regulated by the presence or
absence of TSP2 in the extracellular environment, forming a feedback loop between cells
and its ECM substrate.
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