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Abstract

The small leucine-rich proteoglycans (SLRPSs), decorin and biglycan, are key regulators of
collagen fibril and matrix assembly. The goal of this work was to elucidate the roles of decorin and
biglycan in tendon homeostasis. Our central hypothesis is that decorin and biglycan expression in
the mature tendon would be critical for the maintenance of the structural and mechanical
properties of healthy tendons. Defining the function(s) of these SLRPs in tendon homeostasis
requires that effects in the mature tendon be isolated from their influence on development. Thus,
we generated an inducible knockout mouse model that permits genetic ablation of decorin and
biglycan expression in the mature tendon, while maintaining normal expression during
development. Decorin and biglycan expression were knocked out in the mature patellar tendon
with the subsequent turnover of endogenous SLRPs deposited prior to induction. The acute
absence of SLRP expression was associated with changes in fibril structure with a general shift to
larger diameter fibrils in the compound knockout tendons, together with fibril diameter
heterogeneity. In addition, tendon mechanical properties were altered. Compared to wild-type
controls, acute ablation of both genes resulted in failure of the tendon at lower loads, decreased
stiffness, a trend toward decreased dynamic modulus, as well as a significant increase in percent
relaxation and tissue viscosity. Collagen fiber realignment was also increased with a delayed and
slower in response to load in the absence of expression. These structural and functional changes in
response to an acute loss of decorin and biglycan expression in the mature tendon demonstrate a
significant role for these SLRPs in adult tendon homeostasis.

Correspondence to. David E. Birk, Ph.D., Department of Molecular Pharmacology & Physiology, MDCO08, Morsani College of
Medicine, University of South Florida, Tampa, FL 33612, 7e/: 813-974-8598, dbirk@health.usf.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robinson et al.

Keywords

Page 2

Tendon; Decorin; Biglycan; Collagen fibril; Fiber realignment; Structure; Mechanical properties;
Conditional knockout mice

Introduction

Tendons are dense connective tissues that transmit force from muscle to bone. Tendons are
composed of tenocytes within a highly organized collagen network linked by small leucine
rich proteoglycans (SLRPs) [1, 2]. Collagen | is the most abundant component of tendons
and is assembled into collagen fibrils. Collagen fibrils are organized into fibers providing
tensile strength. The fibrils and highly organized bundles of collagen fibers interact with
SLRPs in the extracellular matrix. Tendons express decorin and biglycan (class 1) [3, 4], as
well as fibromodulin and lumican (class I1) [5] SLRPs, and both classes have been
implicated in the regulation of collagen fibrillogenesis [5-10]. SLRPs consist of a protein
core characterized by leucine-rich repeats composing a central domain flanked by N- and C-
terminal cysteine-rich domains [10-12]. The most abundant SLRPs in tendon are decorin
and biglycan, with one or two dermatan/chondroitin sulfate glycosaminoglycan chains
(GAG), respectively. Both decorin and biglycan share a common binding site for collagen |
with decorin binding to collagen | with a greater affinity than biglycan [13-15]. During
tendon development, decorin expression peaks when collagen fibrils are undergoing lateral
growth and continues to be expressed during maturation and aging [1, 16], which suggests a
role in the maintenance of collagen homeostasis. In contrast, biglycan expression peaks
during post-natal development and then rapidly declines [1].

SLRPs impact the hierarchical organization of tendon and its mechanical properties, but
these structure-function relationships are not well understood. Tendons from decorin
knockout mice have decreased viscoelastic properties including larger and faster stress
relaxation [17], decreased strain rate sensitivity [18], but no change in elastic properties [19].
Biglycan-null tendons demonstrated less alteration in mechanical properties than the
decorin-null mice, however, tensile dynamic modulus was increased when expression was
reduced [20]. Structurally, decorin deficiency manifests with irregularly contoured large
diameter collagen fibrils [21] and biglycan-null [22] tendons have an increased range of
collagen fibril diameter and irregular profile in mouse tendon and smaller average fibril
diameter [8]. Interestingly, in the absence of decorin, biglycan is overexpressed and its
binding to collagen | functionally compensates for decorin [3, 23]. Clinically, up-regulation
of biglycan has been noted in patients with reduced decorin expression [24]. In addition to
the tendon, several studies suggest functional compensation for decorin by biglycan in single
null models. For example, the posterior frontal suture of the developing calvaria fuses
normally in the absence of either decorin or biglycan, but fails to fuse in mice null for both
SLRPs [25]. Mice that lack both decorin and biglycan exhibit a collagen fibril morphology
that is significantly more abnormal than either single deficiency, which supports the
hypothesis that they have overlapping functions that permit functional compensation in
single null mice [8, 23]. Given the apparent overlap in the functions of decorin and biglycan
during development, it is unclear whether the changes in collagen organization and
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mechanical properties in decorin null models are due to the absence of decorin, over
expression of biglycan, or some combination of the two. Knockout of both decorin and
biglycan expression in mature tendons would permit the study of the decorin phenotype in
the absence of functional compensation by biglycan.

The absence of decorin or biglycan during development produces a mature tendon that is
structurally different from wild type tendon [3, 7, 8, 19, 26]. However, elucidation of the
function of SLRPs in tendon homeostasis requires that effects in the mature tendon be
distinguished from their influence on development. In this study, we generated an inducible
knockout mouse model that allows, for the first time, the investigation of the post-
developmental functions of these two key SLRPs in tendon homeostasis. Our overall
objective was to define the roles of decorin and biglycan expression in tendon homeostasis.
We hypothesize that the acute loss of decorin and biglycan expression in the mature tendon
will have detrimental effects on the structural and mechanical properties of healthy tendons.
In addition, decorin has been proposed to have a dominant role and biglycan a modulatory
role in the regulation of tendon matrix assembly [10], and knockout of decorin can result in
an up-regulation of biglycan with functional compensation [3, 23]. Therefore, dual genetic
ablation Dcrnand Bgn genes will reflect a decorin-null phenotype without compensatory up-
regulation of biglycan, thereby defining the regulatory role of decorin in tendon
homeostasis.

Characterization of Inducible Knockout Model

To analyze the roles of decorin and biglycan expression in maintaining structure and
function in mature tendons, a Tamoxifen (TM)-inducible compound-null mouse model was
generated. Conditional decorin-null (Dcn’0X/floX)y and biglycan-null (Bgn'"*/fox)y mouse
models were cross bred to produce a compound decorin- and biglycan-null mice
(DcnfTox/flox;ggnflox/floxy The strategy for producing the conditional Dcnand Bgn mouse
models is presented in Supplemental Figs. S1 and S2. In these conditional models loxP
elements flank exon 3 in Dcnand exon 4 in Bgn. The conditional Dcrnand Bgn mice with
these floxed alleles (Supplemental Fig. S3A) were cross-bred with knockin ubiquitous TM-
inducible Cre (Cre/ERT2) mice which generated stable bitransgenic TM-inducible decorin-
and biglycan-null mouse models (Supplemental Fig. S3A). Induction with Tamoxifen
resulted in excision of the floxed exons (Supplemental Fig. S3B). Decorin and biglycan
expression and content were analyzed in immature (day 45) flexor digitorum longus (FDL)
tendons 24 days after induction of the knockout. This resulted in a knockdown of Dcrand
Bgn expression to basal levels (Supplemental Fig. S4A,B). As expected, this knockout of
Dcnand Bgn expression was associated with a significant reduction of decorin or biglycan
protein core (Supplemental Fig. S4C,D). The remaining Dcn and Bgn protein core, observed
24 days after induction of the knockout, is consistent with an incomplete turnover of
endogenous decorin and biglycan deposited into the tendon extracellular matrix prior to
induction of the null genotype.
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Gene and Protein Expression in Patellar Tendon

In the mature patellar tendon of this TM-inducible compound-null mouse model (I-
Dcn™~/Bgn™"), induction of Cre excision after TM administration resulted in a knockout of
both decorin and biglycan expression (Fig. 1A,B). Thirty days after Cre induction, both
decorin and biglycan expression were at baseline in the day 150 patellar tendons. The
baseline was comparable to that observed in the well-characterized traditional decorin and
biglycan knockout mice [21, 22]. There was a significant reduction in immunofluorescence
reactivity for both decorin and biglycan at day 150 (Fig. 1C,D), however, more reactivity
was present than observed in the traditional knockout models used as a negative control. The
small amount of residual reactivity in the I-Dcn™~/Bgn™" tendons 30 days after induction of
the knockout compared with non-induced control mice is consistent with incomplete
turnover of the SLRPs deposited pre-induction.

Phenotype, Tendon Cellularity, and Cell Shape

Wild type and I-Dcrn™”~/Bgn™"~ mice were similar in appearance without gross differences in
tendon length or morphology. At the time of induction (day 120), there was a trend towards
decreased weight in I-Dcn™”~/Bgn™~ mice compared to wild type controls (WT: 23.63g
+1.26g, I-Den™~/Bgn™": 22.69g + 1.62g, p = 0.07). At the time of sacrifice (day 150), I-
Dcn™~/Bgn™~ mice weighed significantly less than wild type controls (WT: 24.6g + 1.35g,
Dcn™~/Bgn™~: 23.63g + 1.26g, p = 0.04). There were no significant differences in the
change in weight from the time of injection to sacrifice (WT: 1.00g + 1.36g, Dcn™~/Bgn™"
0.94g £ 1.57g, p = 0.9) (Supplemental Fig. S5A,B). Knockout of both decorin and biglycan
expression had no effect on cell density or cell shape in mature patellar tendons thirty days
after gene excision as determined histologically (Supplemental Fig. S5C).

Fibril Structure

The structural properties of tendon collagen fibrils were analyzed in mature (day 150) I-
Dcn™~/Bgn™~ patellar tendons 30 days after TM-induced knockout of Dcrand Bgn
expression, and compared to wild type control mice. Mature tendon collagen fibrils 30 days
after the knockout of both decorin and biglycan expression had structures comparable to the
wild type controls with circular cross-sectional profiles. However, fibrils from 1-Dcn™~/
Bgn™~tendons had larger diameters than those in the wild type tendons (Fig. 2A-D). The I-
Dcn™~/Bgn™~ median fibril diameter was increased compared to the wild type controls
(110.5 nm versus 98.4nm). In addition, there was a broader range of diameters in the I-
Dcn™~/Bgn™~ tendons with interquartile ranges (Q3-Q1) of 80.5nm compared with a wild
type range of 70.2nm. There was a conspicuous right hand shoulder with markedly larger
diameter fibrils in the 1-Dcn™~/Bgn™~ mice compared to wild type controls. The increase in
the interquartile range (Q3-Q1) is indicative of increased diameter heterogeneity in knockout
tendons. Overall, differences in the fibril distribution median, interquartile range, and large
diameter outliers were observed between the two groups (Fig. 2E). Fibril density also was
analyzed after knockout of decorin and biglycan expression for 30 days in the mature
tendon. The fibril density was significantly lower (p<0.005) in I-Dcrn™~/Bgn™" tendons
compared with the wild type controls, the means * sd (n) were 79.9 + 11.6 (55) fibrils/um?
versus 92.2 + 14.3 (42) fibrils/um?2, respectively (Fig. 2F).
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Biomechanical Properties

The impact of decorin and biglycan expression on function in mature tendons was
determined. The mechanical properties of mature tendons 30 days after knockout of decorin
and biglycan expression in I-Dcn™~/Bgn™~ mice were compared to wild type tendons.
There were no differences in tendon cross-sectional area of I-Dcn™~/Bgn™~ mice compared
to wild types (data not shown). The I-Dcr”~/Bgn™~ tendons failed at lower loads than wild
type tendons when subjected to a tensile ramp to failure test (Fig. 3A). This test produces a
stress-strain curve with “toe” and “linear” regions that can be approximated by a bilinear fit.
The toe and linear moduli, which are the slopes of these regions of the curve, serve as a
measure of stiffness. The transition between these two regions represents the strain at which
the continued application of stress more rapidly induces strain. I-Dcn™~/Bgn™" tendons
undergo this transition later than wild type tendons (Fig. 3B).

Tendons exhibit properties of viscous and elastic materials when deformed, which results in
their response to a load changing over time. Specifically, the stress in the tendon decreases
when it is held at a constant strain, a property unique to viscoelastic materials known as
“stress-relaxation”. Differences in tissue viscoelasticity in the 1-Dcn”~/Bgn™~ tendons were
observed compared with wild type control tendons. When held at 5% strain, compound
knockout tendons demonstrated an increased percent relaxation compared to wild type
tendons (Fig. 4A). The midsubstance of I-Dcr™”~/Bgn™" tendons exhibited decreased
stiffness in the linear region of the test (Fig. 4B). There were no regional differences in
linear modulus (Fig. 4C). Compound knockout tendons exhibited significantly increased
tan(8), a measure of tissue viscoelasticity defined as the ratio of dissipated to stored force
during cyclic loading, at all frequencies and strains tested (Fig. 5). In addition, there was a
trend towards decreased dynamic modulus (Fig. 5). Dynamic modulus is defined as the ratio
of induced stress to applied strain during cyclic loading and is a measure of the tendon’s
ability to transfer force to bone during loading. A decreased dynamic modulus signifies that
the tendon produces less stress for the applied strain.

Collagen fiber realignment in response to load was altered in mature I-Dcn™~/Bgn™~
tendons with an induced knockout of both decorin and biglycan expression. Circular
variance is a measure of collagen fiber alignment during loading and a reduction in circular
variance is indicative of increased fiber alignment. The ratio between the circular variance at
a given strain to the circular variance at zero strain was used to compare the collagen
realignment in each group during the ramp to failure. I-Dcr”~/Bgn™~ tendons underwent
more realignment than wild types in the linear region of the test (Fig. 6). In addition, wild
type tendons realigned earlier and more rapidly than compound knockouts at the tendon
midsubstance (between 0 and 3% strain compared to between 1 and 7% strain) (Fig. 7).

Discussion

The objective of this study was to define the roles of decorin and biglycan in tendon
homeostasis. Acute loss of decorin and biglycan expression in the mature tendon had
detrimental effects on the structural and mechanical properties of the tendons. A tamoxifen-
inducible compound decorin and biglycan knockout mouse model was developed, allowing
for temporal specificity of the knockout. Previous analyses of decorin-null and biglycan-null
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mouse models demonstrate that both decorin and biglycan have a key role(s) in the
development of tendons, regulating growth and assembly of collagen fibrils [1, 3, 4, 27].
Therefore, the ability to knockout expression of these genes at maturity allows their roles in
tendon homeostasis to be isolated from their developmental effects.

This study successfully developed and characterized a novel compound inducible knockout
model that permitted investigation of the roles of both decorin and biglycan in tendons that
underwent normal development. There was an absence of gross changes in the mice as well
as no histological changes in the I-Dcn™~/Bgn™~ tendons. The lack of gross changes at
these levels minimizes the potential for secondary effects such as those due to abnormal
development that are important in the interpretation of musculoskeletal studies. In addition,
the creation of this model permits the use of inducible single knockout models of decorin or
biglycan in future studies. This will be critical to defining the dominant and modulatory
regulatory roles of these SLRPs in tendons and other tissues.

The I-Den™~/Bgn™~ mice were null with respect to expression of both SLRPs 30 days post
induction in the mature patellar tendons (day 150). Our supplemental data and unpublished
work demonstrate virtually complete Cre excision 5 days post induction with loss of
expression of both decorin and biglycan. These data support a lack of both expression and
new SLRP synthesis and deposition into the tendon matrix during the 30-day period in our
studies. The use of a ubiquitous Cre also excludes translation and secretion at other sites.
There is evidence that SLRPs from other sites can be deposited into remote tissues,
particularly during inflammatory responses [28, 29]. Also, systemically administered SLRPs
can be integrated into tissues [30]. Use of a ubiquitous inducible knockout in the current
model precludes secondary effects resulting from the systemic translocation and deposition
of decorin and/or biglycan into the tendon matrix. Future work will address the roles of
SLRPs in the injury response. While the day 150 I-Dcn™~/Bgn™" patellar tendons were null
for expression, there was reactivity for residual decorin and biglycan. There was a
significant decrease in the reactivity compared to wild type controls 30 days post-induction.
However, while not analyzed in the current work, there was a presumed graded decrease
across the 30-day period and the functions of the endogenous SLRPs must be considered.
Future analysis of less acute periods will address this issue. However, these studies clearly
demonstrate structural and functional differences in the I-Dcr™”~/Bgn™~ compared to wild
type controls even with retention of some endogenous decorin and biglycan.

The I-Den™~/Bgn™~ tendons had altered structure at the fibril level. Interestingly, there was
an increase in large diameter collagen fibrils within 30 days of SLRP removal from mature
I-Dcn™~/Bgn™~ patellar tendons. A general increase in fibril diameters and a shift in the
diameter distribution to larger diameters compared to control tendons was observed.
Traditional compound decorin- and biglycan-null tendons exhibit collagen fibril structures
that are significantly more abnormal than what is observed here after acute knockout of
expression [8]. In traditional decorin-null tail tendons there was an increased average fibril
diameter due to a population of unusually large fibrils compared to wild types [3, 8]. This is
similar to what is seen here in compound knockouts that underwent normal development,
supporting the notion that this conditional compound knockout model may actually reflect
the decorin-null phenotype. Biglycan expression normally decreases after development is
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complete [3]; therefore, decorin may be the primary regulator of tendon homeostasis at
maturity. The severe phenotype seen in conventional compound decorin and biglycan
knockout mice [8] may ultimately be due to absent biglycan expression during development
and absent functional compensation for decorin at maturity. Both decorin and biglycan
regulate lateral growth of collagen fibrils during development [3, 10]. After acute knockout
of both decorin and biglycan expression the fibril structural data are consistent with a
dysfunctional regulation resulting in continued lateral growth and a shift towards larger
diameter collagen fibrils.

These structural changes were associated with an inferior response during dynamic loading
in tendons 30 days after inactivation of the genes. Compared to wild type controls, knockout
of expression resulted in a failure at lower loads, decreased stiffness, and a trend toward
decreased dynamic modulus as well as an increase in percent relaxation, and tissue viscosity
within thirty days. Collagen fiber realignment was increased, and the process was delayed
and occurred more slowly in response to load in the absence of expression. To our
knowledge, these parameters have not been analyzed in traditional compound decorin- and
biglycan-null models where expression was absent from conception. However, an analysis of
decorin-null [16] and biglycan-null [20] tendons suggest that the inferior mechanical
properties after acute knockout of both decorin and biglycan expression were substantially
less than that expected based on additive effects observed in traditional decorin and biglycan
knockout tendons [16, 20].

The data support a relationship between altered structural properties and altered functional
properties after the acute knockout of decorin and biglycan. The altered fibril diameters and
fibril density would directly impact the mechanical properties. There also was increased
heterogeneity in fibril diameter and density leading to an overall less uniform composition
that may have functional implications. In addition, the interfibrillar interactions mediated by
decorin and biglycan were absent which would be expected to impact the functional
properties of higher order structures, fibers. Decorin and biglycan crosslink collagen fibrils
and may participate in force transfer between fibrils [31]. It can be argued that they help to
maintain the mechanical integrity of the tissue and their removal may result in more fibril
sliding and deformation, leading to increased baseline realignment, decreased failure load,
and altered mechanics. The loss of these crosslinking interactions would result in increased
dissipation of energy during cyclic loading because the proteoglycans that help to maintain
the mechanical integrity to resist fibril sliding are absent. Finally, decreased tendon
hydration due to decreased SLRP/GAG content also would be expected. Since GAG content
affects the viscoelastic behavior of tendon a loss of SLRPs would reduce the mechanical
integrity of the fibers and would contribute to the deterioration of mechanical properties.

While this is the first study to characterize the mechanical properties of tendons null for both
decorin and biglycan, it is interesting to note that the reduced failure loads seen here were
similar to those of decorin-null and compound decorin and biglycan-null uteri [32]. Mature
decorin-null tendons also have been noted to have decreased maximum load, stiffness, and
modulus [3]. These changes appear to be occurring in our conditional I-Dcn™~/Bgn™~
tendons, as evidenced by decreased failure load, excessive dissipation of energy during
dynamic loading, a trend towards loss of dynamic modulus, and decreased midsubstance
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stiffness compared to wild type tendons. The changes in these mechanical parameters
suggest that after development, decorin is a more critical regulator of mechanical properties,
specifically for tissues that undergo tensile loading, than biglycan.

Compared to wild type tendons, I-Dcrn™~/Bgn™~ tendons also responded to load with
increased collagen fiber realignment at strains corresponding to the linear region of the test,
which may be due to increased fibril deformation [33] or decreased collagen cross-linking,
although the precise effects of cross-linking on mechanical properties are not well
established [34]. They also realign later than wild types and over a wider range of strains,
which supports the notion that decorin and biglycan are involved in the maintenance of the
normal tendon load response after development. Interestingly, mature decorin-null tendons
do not realign differently than wild type tendons [16], therefore, the increased realignment
seen in I-Dcn™~/Bgn™~ tendons suggests that biglycan expression may compensate for
these changes at maturity. The rapid rate at which these changes occurred suggests that
decorin plays a critical role in maintaining tendon structure and function. These tendons
appear and behave like decorin-null tendons, which supports the role of decorin as a key
regulator of tendon structure and function after development. Inhibition of compensatory
biglycan expression in decorin-null tendons may permit changes in collagen fiber
ultrastructure which lead to the decreased strength and changes in realignment seen in
compound knockouts.

This novel inducible I-Dcr”~/Bgn™~ model successfully permitted the analysis of the roles
of decorin and biglycan in tendon homeostasis by removing the variable of SLRP expression
during development. This permitted the demonstration that these fibril-associated
proteoglycans have substantial roles in determining/altering tendon structure and function in
mature tissues. However, further study of decorin and biglycan independently would provide
information defining the specific roles these proteins play at maturity. We have suggested
that decorin has a dominant role while biglycan has modulatory regulatory roles [10].
Further analysis of the single-null models would clarify their specific roles. This work
begins to define the importance of decorin and biglycan in maintaining normal physiology in
the mature tendon. The acute loss of both decorin and biglycan expression in the mature
Dcn™~/Bgn™~ tendon demonstrates a significant role for these SLRPs in tendon
homeostasis. An understanding of these structure-function relationships will help elucidate
the pathophysiology underlying tendon injuries and may ultimately help direct future
treatment strategies. Future work will consider the role of decorin and biglycan
independently, as well as their impact on the mechanical and structural properties of aged
tendons.

Experimental procedures

This study was approved by the University of South Florida and the University of
Pennsylvania Institutional Animal Care and Use Committees. These studies were performed
using female wild type mice (C57/BL6 Charles River) and our tamoxifen (TM) inducible
compound decorin/biglycan knockout mouse model (TM- Dcrn”~/Bgn™") in a C57/BL6
Charles River background.
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Development of decorin and biglycan conditional mouse models

A stable bitransgenic tamoxifen inducible compound decorin/biglycan-null (I-Dcn™~/
Bgn™") mouse model was created for use in these studies. We obtained the Dcn (IKMC
project: 71880) and Bgn (IKMC project: 45577) targeting vectors from EUCOMM. Both
vectors produce a knockout-first-reporter tagged insertion with subsequent excision of the
FRT flanked sequence yielding the Den™oX/flox or Bgnflox/flox conditional alleles. Briefly, the
targeting vectors include exon 3 for Dcnand exon 4 for Bgn flanked by loxP elements, a neo
cassette and LacZ reporter sequence flanked by FRT sequences and a PGK/DTA cassette for
negative selection. The strategy for decorin and biglycan is presented in Supplemental Figs.
S1A and S2A, respectively. Targeted ES cells for Dcror Bgnin JIMBA3.N1 C57/6n agouti
converted male mouse ES cells were selected and characterized using PCR and Southern
analyses (Supplemental Figs. S1B and S2B). Karyotype analysis was performed and
appropriate targeted ES cell clones for Dcrnand Bgnwere injected into wild type mouse
blastocysts. Chimeric mice derived from the Dcn (4 mice, 10-70% chimeric) and Bgn (4
mice, 5-80% chimeric) clones were obtained. Chimeric males were crossed with C57 BL/6
Charles River females to create targeted Dcr'@Wt or Bgr'@"t mice. As previously described
[35], these targeted mice were crossed with a germline-specific FLPe transgenic mouse
(B6;SJIL-Tg(ACTFLPe)9205Dym/J, Jackson Labs) to remove the FRT flanked neo cassette
and Lac Z sequences which yielded the heterozygous floxed Dcn™XWt or Bgnf'oX/wt mice,
These mice were bred to homozygosity, generating conditional Dcr70X/flox and Bgnflox/flox
mice and the compound targeted mice were created by cross breeding. The bitransgenic TM-
inducible mouse models were generated by breeding the conditional Dcr™0X/fox apg
Bgn™oX/floX mice with mice expressing a TM-inducible Cre (Supplemental Fig. S3A).
Knockin TM-inducible Cre mice (B6.129-Gt(ROSA)26Sortm1(cre/ERT2) Tyj/J, Jackson
Labs) were used to generate the bitransgenic inducible models. Efficient Cre excision was
obtained after induction with TM (Supplemental Fig. 3B).

To determine the optimum TM dose needed for Cre excision, male inducible Cre mice were
bred with mT/mG reporter mice (Jackson Labs). TM base (T5648, Sigma) in peanut oil
(P2144 Sigma) was injected i.p. in the F1 offspring at P30. TM doses of 3 mg and 9 mg/40g
body weight and a vehicle control were utilized. Cre excision was detected as EGFP
fluorescence in a wide variety of tissues, including FDL tendon, skin, cornea, muscle,
intestine, and lung. The vehicle controls continued to express red fluorescence indicating a
lack of Cre excision (data not shown). The data indicate that significant Cre-mediated
recombination was detected 24 hours after a single 9 mg/40g body weight injection. We did
a dose response analysis between 3 and 9mg/40g body weight with injections at days 1-3,
followed by analysis at day 5 and 4.5 mg/40g body weight was determined to be optimum.
The inducible mice (TM-Dcnox/flox;Bgnflox/flox) \were injected at day 21 and the FDL
tendons were analyzed at day 45 (Supplemental Fig. S4). Expression of both decorin and
biglycan was reduce to at or near background at 45 days (Supplemental Fig. S4A,B).
Background was determine using the traditional decorin (Dcr ") [21] and biglycan (Bgn™")
[22] knockout models as controls. Expression in the uninduced bitransgenic conditional
mice Cre-Dcnflox/flox;ggnflox/flox \was comparable to wild type controls. Protein levels for
the decorin and biglycan protein cores were analyzed using immuno-blots at day 45, 23 days
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after the final TM injection. The decorin and biglycan protein cores were significantly
reduced compared to the wild type control (Supplemental Fig. S4C,D).

TM-induction protocol

Histology

Conditional compound decorin/biglycan knock out mice (I-Dcn™~/Bgn™") and Den*’*/
Bgn** control (WT) mice (n=16/group) received three consecutive daily intraperitoneal
tamoxifen injections (4.5mg/40g body weight) beginning at 120d. Wild type mice received
identical tamoxifen injections. Mice were euthanized at 150d.

For histological analysis, the knee joint was removed by cutting through the femur and tibia
at the time of sacrifice. The knee was flexed to 90°, placed into a cassette, fixed in formalin,
and processed using standard paraffin histological techniques. Samples were embedded in
paraffin and sections (7 um) were stained with hematoxylin and eosin. Cell shape and
cellularity were calculated using commercial software (Bioguant).

Gene and protein analysis

Real-time PCR—Patellar tendons were collected at the time of sacrifice and stored under
liquid nitrogen. Frozen patellar tendons were cut into small pieces and total RNA was
extracted using a micro RNeasy Kit (QIAGEN). Total RNA (4 ng per well) was subjected to
reverse transcription using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) and real-time PCR was performed with SYBR Green PCR master mix (Applied
Biosystems) on a StepOnePlus Real Time PCR system (Applied Biosystems). The primer
sequences were as follows: decorin forward primer, TGAGCTTCAACAGCATCACC, and
decorin reverse primer, AAGTCATTTTGCCCAACTGC; biglycan forward primer,
CTACGCCCTGGTCTTGGTAA, and biglycan reverse primer,
ACTTTGCGGATACGGTTGTC; actin forward primer,
AGATGACCCAGATCATGTTTGAGA and actin reverse primer,
CACAGCCTGGATGGCTACGT. Each sample was run in duplicate (n=5/group) and data
were analyzed using StepOne software ¢2.0 (Applied Biosystems). Actin was used as an
internal control to standardize the amount of sample total RNA.

Immuno-fluorescence microscopy—*For analyses of SLRP content, patellar tendons
(n=3/group) collected and stored with those for PCR were thawed in ice-cold fixative
containing 4% paraformaldehyde (EMS) and fixed at 4°C for 1 hour, processed through a
sucrose gradient, embedded in OCT medium, frozen on dry ice and stored at —80°C. Frozen
sections (5 pm thick) were cut with a Microm HM505E cryostat (Leica, Wetzlar, Germany).
The slides were blocked with 5% donkey serum in PBS followed by rabbit anti-mouse
decorin antibody (LF113; provided by Dr. Larry Fisher, National Institutes of Health,
National Institute of Dental and Craniofacial Research, Bethesda, MD) or rabbit anti-mouse
biglycan antibody (LF159; provided by Dr. Larry Fisher, National Institutes of Health,
National Institute of Dental and Craniofacial Research, Bethesda, MD), both used at 1:200
dilution. The secondary antibody was Alexa Fluor 488-conjugated donkey anti-rabbit 1gG
(Molecular Probes) used at 1:200. Coverslips were mounted with Vectashield mounting
solution containing DAPI (Vector Laboratories, Inc.) as a nuclear marker. Images were
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captured with the use of a Leica CTR 5500 microscope and Leica DFC 340 FX camera.
Identical conditions and set integration times were used to facilitate comparisons between
samples.

Transmission Electron Microscopy

Samples designated for analysis of fibril structure were prepared for transmission electron
microscopy. Patellar tendons from 4 different mice of each group was analyzed using
transmission electron microscopy. The patellar tendons was fixed in situ using standard
methods as previously described [16, 36, 37]. Add recent reference Post-staining with 2%
aqueous uranyl acetate followed by 1% phosphotungstic acid, pH 3.2 was used for contrast
enhancement. Cross sections through the midsubstance of the patellar tendons were
examined at 80 kV using a JEOL 1400 transmission electron microscope. Images were
digitally captured at an instrument magnification of 60,000x using an Orius widefield
sidemount CCD camera at a resolution of 3648x2672. The digital images were masked and
transferred to a RM Biometrics- Bioquant Image Analysis System (Memphis, TN) for
analysis. Image magnification was calibrated using a line grating replica (PELCO®, Product
No. 606). Fibril diameter analyses were done using images from the central portion of the
tendon. All fibrils within a predetermined region of interest (ROI) on the digitized image
were measured. Non-overlapping ROIs were placed based on fibril orientation (i.e., cross
section) and absence of cells. Diameters were measured along the minor axis of the fibril.
For measurement of fibril density, the total number of fibrils within the ROl was normalized
for area.

Mechanical testing protocol

Patella-tendon-tibia complexes assigned to mechanical testing were dissected from knee as
previously described. Tendon cross-sectional area was measured with custom laser device
[38]. Tendons were stamped into a “dog-bone” shape using a 3D printed stage and 2mm
biopsy punch. Verhoeff stain lines were applied at the tibial insertion, Imm and 2mm from
the insertion, and at the patella. The tibia was placed in a custom 3D printed pot and secured
in PMMA. Custom fixtures were used to secure the pot for tensile testing.

Tendons were loaded in a 37°C 1x phosphate buffered saline bath in a tensile testing system
(Instron 5848, Instron, Norwood, MA) integrated with an established cross-polarization light
setup [39, 40]. This included a linear backlight (Dolan-Jenner, Boxborough, MA), rotating
polarizer sheets offset by 90°(Edmund Optics, Barrington, NJ) on either side of the saline
bath, and a digital camera (Basler, Exton, PA). The viscoelastic testing protocol consisted of
preconditioning, stress relaxation, frequency sweeps (0.1, 1, 5, and 10 Hz) at 3%, 4%, and
5% strain, a return to zero displacement, a one minute hold, and finally a ramp to failure at a
strain rate of 0.1%/s. At each stage of the testing protocol sets of 18 polarized light images
were collected. Additional images were taken between segments at five second intervals and
during the ramp to failure at 20 second intervals, as previously described [39]. Collagen fiber
alignment, outputted as circular variance, was calculated from images collected during
testing using a custom program (Matlab, Natick, MA), as previously described [41].
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Failure load (N) was calculated from force-displacement data. Optical tracking data was
used to compute midsubstance stiffness (N/mm) (Matlab, Natick, MA). Data normalized to
cross-sectional area and tendon gauge length were used to determine Young’s modulus
(MPa). Dynamic modulus |E*| (the ratio of the amplitudes of the stress and strain sinusoids)
and tan(8) (the lag between stress and strain curves) were calculated at each strain-frequency
combination. Unpaired Student’s t-tests (p<0.05) were used to assess for significance
differences in mechanical and structural properties between genotypes. Mann Whitney tests
were used for non-normal data sets. One-way ANOVAS (p<0.5/3) with post-hoc Bonferroni
corrections were also employed.

Supplementary Material

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

. Inducible mouse models were created and used to determine the effects of
decorin and biglycan expression on tendon homeostasis.

. Acute ablation of both decorin and biglycan expression in the mature tendon
resulted in alterations in collagen fibril structure.

. Both decorin and biglycan are required for the maintenance of mechanical
properties in the mature tendon.

. Collagen fiber realignment after loading is dependent on decorin and biglycan
expression in the mature tendon.
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Fig. 1. Knockdown of decorin and biglycan expression in I-Dcn_/_/Bgn_/_ patellar tendons
Characterization of decorin (A) and biglycan (B) expression in I-Dcn™~/Bgn™~ patellar

tendons 30 days after Induction of Cre. Decorin and biglycan expression were reduced to
background in I-Dcn™~/Bgn™~ tendons compared to TM treated wild type controls (WT).
The background was established using traditional decorin (Dcn™™) and biglycan (Bgn™")
knockout mice. Real-time PCR, n=5 tendons from 5 different mice. Bars indicate statistical
significance (p<0.05). Decorin (C) and biglycan (D) protein in patellar tendons 30 days after
knockout of Dcrrand Bgn expression. Decorin (Dcn) and biglycan (Bgn) reactivity was
substantially reduced in I-Dcn™~/Bgn™" tendons, but above background as determined
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using decorin (Dcr™”") and biglycan (Bgn™") knockout mice. Representative immuno-
fluorescence images taken from patellar tendons from different mice (n=3). Dcn and Bgn,
green. Nuclei are visualized using DAPI. Day 120 female mice received 3 daily injections of
TM and tendons were analyzed at day 150.
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Fig. 2. Decorin and biglycan expression in mature tendons is required to maintain collagen fibril

structure

Transmission electron micrographs of wild type (A) and I-Dcn™”~/Bgn™~ (B) patellar
tendons showing collagen fibrils. Both wild type (WT) and I-Dcn™~/Bgn™~ fibrils have
comparable cross-sectional contours. (C,D) Fibril diameter distributions demonstrated a
shift towards larger diameter fibrils with increased heterogeneity in the I-Dcn™”~/Bgn™~
compared with WT tendons. (E) Analysis of fibril diameter distributions in mature tendons
30 days after knockout of decorin and biglycan. Fibril diameters in the |-Dcn™~/Bgn™~
tendons were larger with a broader distribution than in the WT controls with an increase in
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the number of large diameter outliers. Boxplots span data between the 2nd and 98th
percentile. Data points outside this range are shown with individual markers. (F) Fibril
density was significantly lower in I-Dcn™”~/Bgn™" tendons compared with the wild type
controls (p<0.005). The means + sd (n) were 79.9 + 11.6 (55) fibrils/um? versus 92.2 + 14.3
(42) fibrils/um?, for 1-Dcn™~/Bgn™~ and WT tendons. Mature female mice were injected
with TM at day 120 and patellar tendons analyzed at day 150. n=4 mice/group.
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Fig. 3. Absence of decorin and biglycan expression in mature tendons reduces failure load and
increases transition strain

I-Dcn™~/Bgn™~ tendons failed at lower loads than controls (A) and had increased transition
strain (B) compared to wild type (WT) tendons indicating decreased tensile strength in ramp
to failure tests. Patellar tendons from female mice were analyzed at day 150, n=16 mice/
group.
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Fig. 4. Tendon stiffness decreases in the absence of decorin and biglycan expression
I-Dcn™~/Bgn~~ patellar tendons exhibited increased percent relaxation (A) at 3% strain

(trend) and 5% strain compared to wild type tendons. I-Dcn™~/Bgn™" tendons were stiffer
(B) than wild type tendons, but Young’s modulus was similar in both groups (C). Patellar
tendons from female mice were analyzed at day 150, n=16 mice/group.
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Fig. 5. Dynamic modulus decreases and tan(8) increases in the absence of decorin and biglycan
expression
I-Den™~/Bgn™~ tendons had decreased dynamic modulus (trend) indicating a decreased

capacity to transfer force without continued decorin and biglycan expression. A significant
increase in tan(8) at 3% (not shown), 4% (not shown), and 5% strain was observed in I-
Dcn™~/Bgn™~ tendons compared to WT controls. The increase in tan(8) in the absence of
decorin and biglycan expression indicates an altered ability to dissipate stored force during
cyclic loading. Patellar tendons from female mice were analyzed at day 150, n=16 mice/

group.
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Fig. 6. Fiber realignment increased at linear strains in the mature tendon in the absence of

decorin and biglycan expression
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I-Den™~/Bgn™~ tendons exhibited increased realignment at linear strain levels compared to
WT controls. The decreased circular variance ratio in I-Dcn™~/Bgn™~ tendons indicates an
increase in collagen fiber alignment during tendon loading and a role for decorin/biglycan in
this process. Patellar tendons from female mice were analyzed at day 150, n=16 mice/group.
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Fig. 7. Fiber realignment was delayed in the absence of decorin and biglycan expression
I-Den™~/Bgn™~ tendon midsubstance realigned later and more slowly compared to wild

type tendons. Patellar tendons from female mice were analyzed at day 150, n=16 mice/
group.
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