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Distinct domains in the matricellular protein Lonely heart are
crucial for cardiac extracellular matrix formation and heart

function in Drosophila
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The biomechanical properties of extracellular matrices
(ECMs) are critical to many biological processes, including cell-
cell communication and cell migration and function. The cor-
rect balance between stiffness and elasticity is essential to the
function of numerous tissues, including blood vessels and
the lymphatic system, and depends on ECM constituents (the
“matrisome”) and on their level of interconnection. However,
despite its physiological relevance, the matrisome composition
and organization remain poorly understood. Previously, we
reported that the ADAMTS-like protein Lonely heart (Loh) is
critical for recruiting the type IV collagen-like protein Pericar-
din to the cardiac ECM. Here, we utilized Drosophila as a simple
and genetically amenable invertebrate model for studying Loh-
mediated recruitment of tissue-specific ECM components such
as Pericardin to the ECM. We focused on the functional rele-
vance of distinct Loh domains to protein localization and
Pericardin recruitment. Analysis of Loh deletion constructs
revealed that one thrombospondin type 1 repeat (TSR1-1),
which has an embedded WXXW motif, is critical for anchoring
Loh to the ECM. Two other thrombospondin repeats, TSR1-2
and TSR1-4, the latter containing a CXXTCXXG motif, ap-
peared to be dispensable for tethering Loh to the ECM but were
crucial for proper interaction with and recruitment of Pericar-
din. Moreover, our results also suggested that Pericardin in the
cardiac ECM primarily ensures the structural integrity of the
heart, rather than increasing tissue flexibility. In conclusion, our
work provides new insights into the roles of thrombospondin
type 1 repeats and advances our understanding of cardiac ECM
assembly and function.

Extracellular matrices (ECMs),® which support and protect
cells and provide mechanical linkage between tissues like mus-
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cles and epidermis, are generally assembled in a similar manner.
After incorporation of transmembrane receptors, such as in-
tegrins and dystroglycans (1, 2), meshwork-forming compo-
nents like laminin and collagen IV are able to anchor. By inter-
acting with each other, they form a complex network with
distinct biomechanical properties, which is furthermore stabi-
lized by nidogen (3, 4) and allows other proteins (e.g perlecan)
to bind to the matrix as well (5).

Whereas these steps can be found ubiquitously, the Drosoph-
ila cardiac ECM is different from the matrices of other tissues
or organs in several ways. It forms a 3D meshwork that con-
nects the contractile heart tube to the alary muscles and,
thereby, to the epidermis (6, 7). Within this meshwork, embed-
ded pericardial cells differentiate into a distinct population of
cell types, such as nephrocytes (8 —10) or wing hearts (11, 12).

In flies, the cardiac ECM combines two important biome-
chanical features: elasticity that accounts for a flexible connec-
tion between heart and alary muscle cells and a high tensile
strength that withstands forces produced by lifelong heart con-
tractions. One major difference between cardiac ECMs and
matrices of other tissues is the presence of the ADAMTS-like
adapter protein Lonely heart (Loh), which can be found exclu-
sively at the surface of the heart and chordotonal organs. Here,
Lonely heart is essential to proper recruitment of the type
IV collagen-like protein Pericardin (13). Pericardin (Prc) is
secreted into the hemolymph by pericardial nephrocytes and
adipocytes, and, as soon as it becomes recruited to the cardiac
matrix by Lonely heart, it starts to form a stable network (14).
By this mechanism the heart is provided with an exceptional
ECM that allows it to withstand the strong mechanical forces
of a heartbeat. Lack of Pericardin or its anchor Lonely heart
leads to a total collapse of the dorsal vessel and dissociation
of the pericardial cells and alary muscles from the heart tube.
Concomitants are severely impaired heartbeat and absence
of heart-mediated hemolymph transport. Accordingly, cor-
responding mutant animals exhibit decreased fitness and
shortened lifespan (13).

The ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs) superfamily consists of two classes of
proteins: ADAMTS and ADAMTS-like proteins. Their main

basement membrane; TRITC, tetramethylrhodamine isothiocyanate;
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difference is that ADAMTS-like proteins, such as Loh, lack the
proteolytically active motif within the ADAM spacer. Both
classes share several domains, with most of them being poorly
defined. In addition to a spacer region, a changing number of
thrombospondin type 1 repeats (TSR1) can be found next to a
protease and lacunin (PLAC) domain and a signal peptide (15).
These ancillary domains apparently ensure proper substrate
specificity as well as cell-surface or ECM tethering (16, 17).

TSR1 motifs were initially discovered in thrombospondins
(TSPs), which belong to the family of calcium-binding glyco-
proteins that are secreted into the extracellular matrix of all
complex organisms. TSPs have been shown to bind to fibronec-
tin, laminin, collagen, and other matricellular proteins to form
complex networks on the cell surface. TSP superfamily mem-
bers are involved in regulation of spinal cord outgrowth (e.g.
F-spondin) or act as specific anti-angiogenic factors in brain
development (e.g. BAI-1). In addition, they can be critical to
directed ECM proteolysis (16). TSPs are modular proteins con-
taining several types of repetitive sequence motifs (Fig. 1). One
of the most characteristic motifs is the evolutionarily conserved
thrombospondin type 1 repeat (TSR1), which is ~60 amino
acids in length and supposed to form an antiparallel three-
stranded structure that interacts with glycoproteins of the
extracellular matrix. The human genome harbors ~90 genes
encoding TSR1-containing proteins (18), whereas ~14 corre-
sponding proteins are present in D. melanogaster (19). Among
these, some have been shown to contribute to heart development
during embryogenesis. These proteins are the transmembrane
receptor Uncoordinated 5 (Unc5) (20) and the ADAMTS-like pro-
tein Lonely heart (Loh) (13).

To understand the molecular mechanism by which Lonely
heart ensures proper cardiac ECM formation in more detail, we
analyzed a large set of individually mutated Loh proteins for
their capability to incorporate into the ECM and recruit
Pericardin. To allow quantitative measurements of Pericardin
recruitment efficiency, we applied an in vivo recruitment assay
established previously in our laboratory (13). In addition to the
ECM of somatic muscles, we also investigated other types of
matrices present in Drosophila for their capability to recruit
Pericardin in a Loh-dependent manner. Furthermore, we ana-
lyzed whether Pericardin, once recruited to a target matrix, has
an intrinsic capacity to self-assemble into a meshwork indepen-
dent of Loh. To perform the analysis, we used imaginal discs to
express full-length Loh in distinct compartments of the disc
and evaluated potential spreading of the Pericardin meshwork
over neighboring zones that lacked Loh.

Finally, to achieve an initial understanding of the biome-
chanical relevance of Pericardin, we searched for physiological
consequences of ectopic Pericardin deposition. In this respect,
body wall muscles represent an effective readout system to
investigate, for example, altered animal locomotion or lifespan.
We found that incorporation of Pericardin into the matrix of
somatic muscles has no influence on lifespan but impairs contrac-
tion, thereby affecting the general locomotion performance.

Results

We have shown previously that Loh is essential and sufficient
to recruit Pericardin from the hemolymph toward a given
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matrix (13). Here, we did a follow-up study aiming to under-
stand the molecular mechanisms by which Lonely heart itself
adheres to the cardiac matrix and, furthermore, how the pro-
tein recruits and assembles Pericardin, two processes that were
not addressed until now. As depicted in Fig. 1, the Loh sequence
contains an N-terminal signal peptide as well as five TSR1-like
repeats. Of note, the number, size, and position of predicted
TSR1 repeats differ, depending on the search and prediction
algorithm used (Fig. 14). Additionally, Loh contains two pre-
dicted glycosaminoglycan (GAG)-binding sites located within
two of the TSR1 domains. Up to now, the functionality of these
sites has not been confirmed experimentally.

It has been shown for ADAMTS-1 and other proteins that
anchoring to the extracellular matrix requires the C-terminal
presence of TSR motifs, suggesting an interaction with glycos-
aminoglycans, such as heparan sulfate, which are predeposited
at the matrix (15). This work provides initial evidence that
Lonely heart anchors to Drosophila matrices in a similar
manner.

Functional analysis of distinct Lonely heart domains

In this study, a series of lonely heart mutations were gener-
ated to establish corresponding transgenic Drosophila lines as
well as transiently transfected insect cell lines. Subsequently, a
combined analysis of both systems was performed to investi-
gate the molecular functions of individual domains present in
the Loh protein in detail. Each of the established transgenic
Drosophila lines carries a UAS-loh construct, consisting either
of the full-length (FL) WT sequence (positive control) or of
specifically mutated forms of loh lacking certain domains (Fig.
1B). Additionally, a construct lacking the ADAM spacer region,
but retaining the antigenic region recognized by our anti-Loh
antibody, was generated. However, after inducing expression
by crossing to mef2-Gal4 or prc-Gal4 driver lines, this construct
could not be detected by Western blot analysis (data not
shown), indicating that the resulting protein is highly unstable
and thus degraded. Consequently, this construct was excluded
from further analysis. All other constructs were analyzed for
their capability to recruit Pericardin by applying a previously
established ectopic expression in vivo recruitment assay (13).
Before performing these experiments, we verified that the indi-
vidual Loh constructs were expressed properly and located to
the cell surface, which was a prerequisite for the follow-up
experiments. Corresponding analyses were done using a cell
culture system (Sf21 cells; Fig. 2) as well as transgenic Drosoph-
ila (Fig. 3).

Secretion and anchoring capability of Loh mutant constructs
in transgenic animals and Sf21 cells

Pericardin recruitment to the ECM of a certain tissue
depends on the presence of Loh at the target cell surface. This
presence in turn requires successful processing, secretion, and
anchoring of Loh. Therefore, we tested full-length WT Loh, as
well as the individually mutated forms of the protein, for proper
secretion and localization. In this context, Sf21 cells (expression
driven by a constitutively active polyhedrin promoter) and
somatic muscle cells (expression driven by mef2-Gal4) were
analyzed. For visualizing Loh, we used a polyclonal anti-Loh
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Figure 1. Lonely heart domain structure and constructs used in this study. A, the Lonely heart isoform A sequence (GenBank™ entry AAF52956.3) was used
to identify functional motifs. An N-terminal signal peptide, a variable number of thrombospondin repeats type I, an ADAM spacer region, and a single
C-terminal PLAC domain were recognized by ScanProsite, Interpro, NCBI, SMART, PFAM, Motif Finder, and UniProt. Additionally, two putative glycosaminogly-
can (GAG) binding sites were identified that locate within two thrombospondin repeat type | motifs (44, 45). Numbers depict the respective amino acid
positions. B, Lonely heart constructs used in this study. Red crosses indicate mutated protein motifs. Nomenclature indicates deletions (A) or point mutations
(*). Due to algorithm-dependent, inconsistent predictions of the TSR1 domains, constructs were generated based on the protein structure proposed previously
(13). SP, signal peptide. C, 3D model of Lonely heart with color-coded protein domains. All thrombospondin domains locate to the surface of the protein.
Modeling was performed using YASARA (42) and VMD version 1.9.3 (University of lllinois).

antibody recognizing a peptide sequence within the ADAM
spacer region of the protein. This antibody was described pre-
viously (13).

To ensure comparable transfection efficiencies of the Sf21
cells, eGFP was inserted into a second multiple cloning site
present in the used expression vector; the resulting GFP signal
was then used as a loading control for Western blot analysis
(Fig. 2M) as well as a cytoplasmic counterstain for immunocy-
tochemistry (Fig. 2, A—L). Captured images were processed for
fluorescence intensity profiling to analyze Loh secretion and
surface localization. As expected, full-length Loh was success-
fully secreted and anchored to the cell surface (Fig. 2A4). As a
negative control, UAS-Loh*5" that lacks the N-terminal signal
sequence was used. The respective construct failed to become
secreted and distributed uniformly within the cytoplasm (Fig.
2C). A similar localization was observed for LohSAS1" 2" in
which both speculative GAG-binding sites are mutated (Fig.
2K). The constructs Loh®T®! and Loh®4€'" also showed
impaired surface location and apparently accumulated in secre-
tory vesicles close to the plasma membrane (Fig. 2, D and /). The
respective localization patterns of these constructs may indi-
cate that secretion still occurred, but anchoring to the ECM was
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compromised. Mutations in the remaining thrombospondin
type I repeat domains (Loh®TSR!2 [ohATSRI-3 [ ohATSRI-4
Loh®T5R1-5) a5 well as lack of the PLAC domain (Loh®F“A€)
or a mutation in the second speculative GAG binding site
(Loh©AS2"), did not affect secretion or anchoring (Fig. 2, E, F, G,
H, J, and L). To address the question of whether the mislocal-
ized constructs are expressed and secreted properly, but fail to
incorporate into the ECM, Western blotting analyses of trans-
fected Sf21 cells as well as of the respective construct-specific
cell culture media were performed. If ECM incorporation fails,
whereas expression and secretion are still proper, the respective
Loh constructs should be detectable in the culture medium. As
depicted in Fig. 2MM, all constructs were expressed and exhibited
molecular masses in line with expectations. To ensure compa-
rable transfection rates, GFP was co-transfected and used as a
loading control. Interestingly, in addition to the cell lysate (Fig.
2M), LohATSRI=1 T ohSAGT" and LohSAS1"+2" were also pres-
ent in the cell culture medium (Fig. 2N), which strongly indi-
cates that the respective constructs are not able to bind effi-
ciently to the ECM. Thus, these data are in line with the results
of the immunofluorescence stains (Fig. 2, D, I, and K). Of note,
the Loh®TSR“® construct was also present in the culture
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Figure 2. Expression and localization of mutated Loh constructs in Sf21 cells. Sf21 cells were transfected with WT and individually mutated Loh constructs.
Successful transfection was monitored by simultaneous expression of cytoplasmic GFP (green channel). WT as well as mutated Loh were visualized by anti-Loh
antibody staining (red channel). Intensity profiling of stained cells was used to determine the subcellular localization of individual Loh constructs. The
respective regions of evaluation are marked (arrows in A-L). Full-length Loh (A) is secreted and accumulates at the surface of the cell. Anti-Loh staining of
untransfected cells results in a spotted distribution of low-intensity signals (overexposed to visualize the shape of the cells) (B). Loh lacking the signal
peptide is not secreted and retained in the cytoplasm (C). The constructs Loh*™R""" and Loh®*®"" show no distinct surface location but accumulate in
a patchy manner close to the plasma membrane (D and /). A similar behavior is observed for Loh®A%""* 2" yet with a broader distribution in the cytoplasm
(K). Individual mutations in the remaining thrombospondin type | repeat domains (Loh*T>"""2, LohAT5R1"3 | ohAT5R14 and Loh“™R'-), as well as lack of
the PLAC domain (Loh*"*A) or a mutation in the second speculative GAG binding site (Loh®A%?"), do not affect secretion or anchoring (E-H, J,and L). M,
Western blotting of construct-specific cell lysates confirms expression and adequate molecular mass of all Loh constructs. Asterisks indicate putative
degradation products that are unique to Loh*™?'> and do not appear in the case of any other TSR1 deletion construct. Co-transfected GFP was used as
aloading control. N, Western blotting of construct-specific cell culture media confirms the presence of Loh2T5R'"! Loh“TR1-5, L oh®A"" and Loh®A"" 2",
indicating proper secretion but impaired binding of the respective constructs to the ECM. The depicted blots are representative of three individual
biological replicates.
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Figure 3. Expression and localization of mutated Loh constructs in somatic muscles. All UAS constructs were inserted at the 86F8 landing site on the 3R
chromosome. Expression was driven by crossing in mef2-Gal4, which induces expression of the target construct in the muscle lineage. Loh localization was
visualized by anti-Loh antibody staining (red channel). Muscles were counterstained with anti-a-spectrin antibodies (green channel). Intensity profiling of
stained cells was used to determine the subcellular localization of individual Loh constructs. The respective regions of evaluation are marked (arrows in A-L)
Full-length Loh, driven by mef2-Gal4, is secreted and accumulates at the surface of the muscle (A). The UAS-Loh FL construct alone (negative control) shows no
expression (B). Loh lacking the signal peptide is not secreted but appears to be directed to the nucleus (C). Loh lacking TSR1-2, TSR1-3, TSR1-4, or TSR1-5 is
properly secreted and locates to the surface of the cells (E-H). A similar pattern is observed for the construct harboring a mutation in the second speculative
GAG binding site (J). Loh that lacks TSR1-1 is not present at the muscle surface (D), which is also the case for the construct carrying a mutation in the first
putative GAG-binding site (/). Mutating both predicted GAG-binding sites simultaneously results in complete loss of Loh incorporation into the muscle ECM (K).
Deleting the PLAC domain (L) has no effect on secretion or localization of Loh.

medium, although immunocytochemistry detected it at the cell
surface (Fig. 2H). One explanation for this discrepancy is a
reduced stability of the construct, which is indicated by pres-
ence of additional bands on Western blots, probably degrada-
tion products that are unique to Loh®™%!®> and do not appear
in the case of any other TSR1 deletion construct (Fig. 2M, aster-
isks). This reduced stability may be caused by impaired protein
folding, which in turn could result in less efficient ECM incor-
poration. In this context, the essentially identical band compo-
sition that we observed for constructs holding similar muta-
tions (e.g. TSR1 deletion constructs 1- 4 and GAG substitutions
1,2,and 1 + 2; Fig. 2M) indicates proper folding and stability of
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the respective proteins. Of note, the tryptophan residues pres-
ent in the speculative GAG1 motif as well as the cysteine resi-
dues present in putative GAG2 (Fig. 1A4) are probably of signif-
icance to the structure of the TSR domain in which they are
embedded (19). However, as depicted above, substitution of the
respective motifs apparently does not severely affect stability of
the corresponding entire proteins (Fig. 2M).

To assess secretion and ECM incorporation in Drosophila,
we expressed Loh and its mutated forms in somatic muscle cells
using mef2-Gal4 as a driver (Fig. 3). Flat preparations of third
instar larvae were fixed and immunostained for Loh. To visual-
ize cell borders, anti-spectrin antibodies were used for counter-
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staining. This allowed us to perform intensity profiling to check
for Loh secretion and surface localization in somatic muscles.
In line with our results using cultured Sf21 cells, we found that
most of the tested constructs were secreted and localized to the
ECM. However, Loh®T581-1 1,0hSAG1" and Loh®A%1" 2" were
again absent from the cell surface (Fig. 3, D, [, and K), which
confirms the cell culture data and emphasizes the high rele-
vance of these domains to proper ECM incorporation. The data
of the localization and anchoring analyses as well as Pericardin
recruitment efficiencies are summarized in Table S1.

Quantitative analysis of Pericardin recruitment efficiency

Utilizing the transgenic lines introduced above, we tested
whether mutated forms of Loh still harbor the capability to
recruit Pericardin to the ECM of muscle cells and whether Peri-
cardin, if recruited, assembles into a network of ECM fibers. It
has been shown previously that the full-length form of Loh,
when expressed in muscles or adipocytes, is sufficient to recruit
Pericardin from the circulating hemolymph and incorporate it
into the surface meshwork of ECM fibers (13). We quantified
the capacity of mutated forms of Loh to recruit Pericardin using
a “sum pixel intensity” region of interest (ROI)-based approach.
For normalization of the Pericardin signal in stained specimens
of different genotypes, we utilized F-actin staining with phalloi-
din, a method that has recently been described and successfully
used (21). As controls, we used animals that harbored the full-
length UAS-Loh (UAS-Loh FL) construct but lacked Gal4: (neg-
ative control; Fig. 4A4), UAS-Loh FL expressed by mef2-Gal4
(positive control; Fig. 4B), and UAS-Loh**" driven by mef2-
Gal4 (Fig. 4C). Our previous tests have shown that deleting
the signal peptide completely inhibits secretion and Pericardin
recruitment (Fig. 4C). We confirmed that full-length WT Loh is
able to recruit Pericardin to the ECM of muscle cells. In addi-
tion, mef2-Gald — driven expression of UAS-Loh*TSR!-3 UAS-
Loh®TS8> and UAS-Loh®"™€ results in considerable Peri-
cardin recruitment (Fig. 4, F, H, and L), indicating that these
protein domains play no major role in Pericardin assembly. By
contrast, mef2-Gal4—driven expression of UAS-Loh*TSR1-1
UAS-Loh®"382, UAS-Loh*"R"%, UAS-Loh®A<", UAS-
Loh®4%%" and UAS-Loh“4S!" 2" does not result in significant
Pericardin accumulation (Fig. 4, D, E, G, I, J, and K), which
suggests that these distinct domains of Lonely heart are respon-
sible for efficient Pericardin recruitment. Thrombospondin
repeat 1 (TSR1-1), with its embedded speculative GAG-binding
site, appears to be most critical to Loh anchoring (Fig. 3D),
whereas TSR1-2 and TSR1-4 are dispensable for anchoring but
important for recruiting Pericardin toward a certain matrix
(Figs. 3 (E and G) and 4 (E and G)). Furthermore, our results
show that lack of the PLAC domain has no impact on Loh
secretion, ECM adhesion, or Pericardin recruitment (Figs. 3L
and 4L). We are aware of the fact that a slight reduction in
Pericardin recruitment efficiency may not be measurable by
our in vivo approach.

We completed this set of experiments by testing all generated
Loh constructs for their ability to recruit Pericardin to a tissue
other than somatic muscles (Fig. S1). Pericardin-Gal4, as well as
Cg-Gal4, mediates strong expression of the Gal4 transgene in
adipocytes, and it has been shown that Loh is able to recruit
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Pericardin under these experimental conditions (13). Although
not quantitatively proven in detail, our results using adipocytes
as a second test tissue confirmed our observations from analyz-
ing recruitment of Pericardin to somatic muscles. The analysis
of adipocytes turned out to be more difficult because fat cells
are a natural source of Pericardin production. Thus, there is
always a certain amount of Pericardin at the cell surface, which
is normally released into the hemolymph. Exposing Loh at the
adipocyte surface apparently results in retention of the pro-
duced Pericardin rather than recruitment of it from the hemo-
lymph. Nevertheless, in-line with our data from the muscle
recruitment assay, mutations in the first or second thrombos-
pondin type 1 repeat or in the first or second putative GAG-
binding site result in loss of Pericardin recruitment to the adi-
pocytes (Fig. S1, C, D, G, and H). This is also observed for the
construct holding simultaneous mutations in both speculative
GAG binding sites (Fig. S1E). Additionally, deleting the fourth
TSR domain leads to considerably reduced Prc recruitment
(Fig. S1)).

Tissue-specific analysis of Pericardin recruitment

Once recruited, Pericardin readily assembles into the preex-
isting or continuously forming meshwork of ECM fibers, indi-
cating that not only the cardiac ECM, but also the ECM of
muscles and adipocytes, harbor all the constituents needed for
Pericardin incorporation. However, it is still unknown whether
matrices in general harbor an intrinsic capacity to assemble and
to incorporate Pericardin and whether Loh alone is necessary
and sulfficient or if other, yet unknown recruitment factors are
also required. To answer this question, we expressed Loh in a
variety of additional cells and tissues, including salivary glands,
wing imaginal discs, and glial cells of the central nervous sys-
tem, by crossing the UAS-Loh full-length transgenic line to the
different tissue-specific Gal4 driver lines. Again, we used the
anti-Loh antibody to confirm proper secretion and the pres-
ence of Loh at the respective cell surface. Subsequently, we
monitored redistribution of Pericardin to the Loh-exposing tis-
sues using the anti-Pericardin antibody (Fig. 5). We found that
in addition to adipocytes and muscle cells (Fig. 5, A and B), also
wing imaginal disc cells (Fig. 5E) and glial cells (Fig. 5C) are
capable of recruiting Pericardin as long as Loh is exposed at
the surface of the respective cells. This finding supports the
hypothesis that the ability to recruit and incorporate Pericardin
is a general property of a wide range of matrices. Interestingly,
salivary glands are the only type of tissue that appears to be
incapable of recruiting Pericardin. A careful microscopic anal-
ysis confirmed that Loh is produced and that it locates to the
outer surface of the salivary gland cells (Fig. 5D). Thus, we can
exclude the possibility that Loh itself is not stably present at
the matrix and therefore fails to recruit Pericardin. It rather
appears likely that a certain property of the salivary gland ECM
or lack of a critical ECM constituent impedes Pericardin
recruitment to this tissue.

Recruitment of Pericardin to distinct wing disc compartments

Previous work showed that Pericardin requires Loh for
recruitment and proper incorporation into the ECM; however,
proper Loh localization does not require Pericardin (13). To
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Figure 4. Pericardin recruitment efficiency. To quantify Pericardin recruitment efficiency of individual Loh constructs, expression was driven by crossing in
mef2-Gal4. Third instar larval offspring were prepared and stained for Pericardin (anti-Prc, green channel) and counterstained for F-actin (phalloidin, red channel,
inset). Images were recorded with identical settings, and ROls were measured using the “sum slices” method implemented into ImageJ. As a negative control,
animals with the genotype w'''8, +/UAS-Loh FL were used (A). Pixel intensity obtained for Pericardin staining (green channel) was normalized against F-actin
staining (red channel). Quantification is presented as a scatter plot. Full-length Loh recruits Pericardin to the muscle matrix (B). Significant recruitment is also
obvious for Loh constructs lacking the third TSR domain (UAS-Loh*TSR'-3) (F), the fifth TSR domain (UAS-Loh“™"'=) (H), or the PLAC domain (UAS- Loh*P*A)
(L). In Loh constructs lacking the signal peptide, no Pericardin signal above background is observed (C). Loh harboring a deleted first thrombospondin type 1
repeat (UAS-Loh“T5R'1) (D) or a mutation of the embedded speculative GAG-binding site (UAS-Loh®A%™) (/) exhibits a considerably reduced capacity to recruit
Pericardin. A strong reduction of Pericardin recruitment is also seen in Loh“™R'2,in Loh*™R"*# and in Loh®A“?" mutants (E, G, and J). Loh proteins carrying mutations
in both predicted GAG binding sites (Loh®*¢""*2") do also exhibit severely impaired Pericardin recruitment (K). Deleting the PLAC domain has no effect on Loh
secretion on Pericardin recruitment (L). The box plot/scatter plot (bottom) depicts quantification of the construct-specific recruitment efficiencies.
Colored asterisks indicate the respective significance levels (Student’s t test; *, p < 0.05; **, p < 0.01; *** p < 0.001) as calculated for the individual
controls (colored boxes).

understand the molecular mechanisms by which Loh recruits
and assembles Pericardin, we aimed to distinguish between two
possible models. 1) Loh may act as a crystallization seed that
recruits Pericardin from the hemolymph, either directly or via
additional linker proteins. In a second step, the matrix-bound
Pericardin molecules promote additional recruitment, assem-
bly, and ECM incorporation of Pericardin from the hemo-
lymph. Consequently, Pericardin matrices should spread over a
tissue even if Loh is not present underneath. 2) Pericardin only
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adheres and incorporates if Loh localizes underneath; thus,
coordinated self-assembly and spreading of Pericardin over a
tissue that lacks Loh is not possible. To discriminate between
these two possibilities, we expressed full-length Loh (UAS-
Loh FL) in different compartments of the wing discs by uti-
lizing dpp-Gal4, ci-Gal4, hh-Gal4, and sd-Gal4 as drivers (see
Fig. 6). In each case, we found that Pericardin recruitment is
restricted to those areas that express and display Loh. For
example, 1h-Gal4 drives Loh expression exclusively in cells
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Figure 5. Tissue-specific recruitment of Pericardin. Lonely heart was
ectopically expressed in different tissues to analyze the ability of the corre-
sponding extracellular matrices to incorporate Pericardin. Drivers used are
Cg-Gal4 for adipocytes (A), mef2-Gal4 for myocytes (B), repo-Gal4 for glial cells
of the central nervous system (C), sgs-Gal4 for salivary glands (D), and en-Gal4
forimaginal discs (E). Anti-Loh staining (green (A, B, D, and E) or blue (C) chan-
nel) and anti-Pericardin staining (red channel (panels labeled with a prime
symbol)) are shown individually and as merged images (panels labeled with a
double prime symbol). A", B”, C", D", and E" depict bright-field images of the
individual tissues. Dashed lines (E) highlight the border of the wing imaginal
disc. All panels show maximum intensity projections of confocal sections.
With the exception of salivary glands (D), Pericardin is recruited to all tissues
tested (A, B, C, and E).

of the posterior wing compartment (Fig. 6C, green channel).
Consequently, Pericardin, synthesized and secreted by adi-
pocytes of the fat body, adheres exclusively to this domain
without spreading out into the anterior wing compartment
(Fig. 6C, red channel). These results strongly support the
second model proposed above, which postulates a necessity
of underlying Loh for proper Pericardin recruitment and
incorporation. Thus, the distinct localization of Loh allows for a
temporally and spatially highly specific Pericardin incorpora-
tion into specialized extracellular matrices, such as the cardiac
ECM.

Analysis of the biochemical interactions in
Pericardin-containing extracellular matrices

To understand the molecular mechanisms that facilitate
Loh-dependent Pericardin incorporation into extracellular
matrices in more detail, we analyzed the biochemical interac-
tions characteristic to these matrices. In this effort, we utilized
a series of GFP-tagged ECM proteins (LanA::GFP, LanB1::GFP,
Vkg::GFP, BPS-integrin:GFP, and Pericardin:GFP) (22) and
analyzed them for co-immunoprecipitation with Pericardin,
nidogen, and laminin. Of note, co-immunoprecipitation of Loh
and Pericardin has already been confirmed (13). As depicted in
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Figure 6. Pericardin recruitment to distinct compartments of the wing
disc surface. Ectopic expression of UAS-Loh FL in different compartments of
third instar larval wing imaginal discs using dpp-Gal4 (expressed along the
anterior-posterior boundary; A-A"), ci-Gal4 (anterior compartment; B-B"), hh-
Gal4 (posterior compartment; C-C"), and sd-Gal4 (expressed in the wing
pouch; D-D") as drivers. Loh is visualized using an anti-Loh antibody (green
channel), and Pericardin is visualized using an anti-Pericardin antibody (red
channel). The right column depicts a schematic illustration of the compart-
ment-specific Gal4 expression for all driver lines used. Pericardin recruitment
is restricted to areas that express and display Loh. Orientation of imaginal
discs is indicated in the top right corner.

Fig. 7A, the GFP-tagged proteins exhibited a molecular mass
consistent with expected values (including posttranslational
modifications), thus indicating the presence of stable fusions.
Furthermore, the respective proteins could be extracted from
corresponding larval homogenates in rather convenient
amounts. The only construct that could not be detected with
anti-GFP antibodies was Pericardin::GFP. However, the fact
that endogenous Pericardin as well as laminin was present in
Pericardin::GFP pulldown fractions but absent in correspond-
ing control preparations (w'''%; Fig. 7 (B and D)) indicates
that Pericardin::GFP can be isolated from corresponding trans-
genes, but in rather limited amounts. Further analyses revealed
that Pericardin co-immunoprecipitates with LanA:GFP,
LanB1:GFP, Vkg:GFP, and Pericardin:GFP, but not with
BPS-integrin::GFP (Fig. 7B). The fact that the bands detected in
the Pericardin::GFP sample correspond to the size of WT Peri-
cardin (Fig. 7B, asterisks) confirms that endogenous Pericardin
is labeled and not the GFP fusion protein. Nidogen co-immu-
noprecipitates with LanA:GFP, LanB1:GFP, and Vkg:GFP,
but not with BPS-integrin::GFP and Pericardin::GFP (Fig. 7C),
whereas laminin co-immunoprecipitates with Vkg:GFP and
with Pericardin::GFP, but not with BPS-integrin::GFP (Fig. 7D).
Despite a rather ineffective Pericardin::GFP isolation (Fig. 7A),
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Figure 7. Pericardin co-immunoprecipitates with distinct ECM components. GFP-tagged ECM proteins (laminin A, LanA:GFP; laminin B1, LanB1::GFP;
Viking, Vkg::GFP; BPS-integrin, BPS-integrin::GFP; Pericardin, Pericardin:GFP) were purified from third instar larvae and subjected to Western blot analysis.
Anti-GFP antibodies were applied to estimate the protein-specific purification efficiency (A). Anti-Pericardin (Prc; B), anti-nidogen (Ndg; C), and anti-laminin
(Lan; D) antibodies were used to assess co-immunoprecipitation of the individual ECM components with the purified GFP fusion proteins. The rather weak
detection of endogenous Pericardin in the Pericardin:GFP sample is indicated (B; asterisks). The observation that nidogen migrates significantly higher than
expected (predicted molecular mass, 149.1 kDa) presumably reflects extensive posttranslational modification of the protein. Similar mass shifts, predominantly
caused by N- and O-glycosylation, have been reported for nidogens from other species (4). The depicted blots are representative of two individual biological

replicates.

a distinct laminin signal is present in the respective fraction
(Fig. 7D), which indicates a strong interaction between Pericar-
din and laminin. Of note, we did not observe co-immunopre-
cipitation of BPS-integrin with laminin, although an interaction
has been reported before (23). This discrepancy may be due to
misfolding of the BPS-integrin::GFP fusion construct that we
used in our study. Thus, our finding that Pericardin does not
co-precipitate with integrin must be considered preliminary.
The data of the immunoprecipitation assay are summarized in
the assembly model depicted in Fig. 10.

Incorporation of Pericardin into the matrix of somatic muscles
affects contraction performance

To achieve an initial understanding of the physiological rel-
evance of Pericardin, we analyzed whether recruitment and
assembly of the protein into ectopic matrices affected the bio-
mechanical properties of the corresponding matrix. We con-
sidered recruitment of Pericardin to muscles to be a useful
readout model because biomechanical modulations of the mus-
cle matrix probably have a direct influence on contraction effi-
ciency and, thereby, on locomotion in general. To measure
muscle performance, we analyzed the distance a larva covers
within a straight run of 10 s (Fig. 84"), as well as the number of
contractions that occur during this time frame (Fig. 84”). Based
on these data, we also calculated the distance covered by a sin-
gle contraction (Fig. 84). As depicted, specimens with Pericar-
din ectopically incorporated into the muscle matrix exhibit
reduced movement speed. Interestingly, the effect is not caused
by a reduced contraction rate in corresponding animals, which
is comparable with that of controls (Fig. 84”), but by a reduced
distance covered per contraction (Fig. 84). This result may
indicate that artificial incorporation of Pericardin into the ECM
of muscle cells increases stiffness of the matrix, which even-
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tually impairs proper contraction of the tissue. We also
assessed possible effects on lifespan and found no significant
influence of ectopic Pericardin deposition under laboratory
conditions (Fig. 8B).

Overexpression of Lonely heart in cardiomyocytes leads to
matrix phenotypes and affects heart performance

The primary function of Loh is the recruitment of Pericardin
toward the cardiac matrix. Pericardin requires the presence of
Loh to become properly incorporated into the ECM meshwork
and for full functionality (13, 14). Therefore, we tested whether
the amount of Loh present at the surface of cardiac cells directly
affects ECM architecture (e.g. by recruiting increased or
reduced quantities of Pericardin or other, yet unknown Loh
interactors). An ultrastructural analysis of the cardiac matrix of
homozygous loh™®%°7%° mutant wandering third instar larvae,
compared with WT, revealed no visible difference with respect
to, for example, thickness of the matrix (Fig. 94). By contrast,
overexpression of full-length Loh (UAS-Loh FL) in cardiac cells
results in irregular matrix deposition characterized by a dra-
matic increase in the width of the matrix (Fig. 94, arrowheads).
Heart performance, measured by high-speed video microscopy
in semi-intact third instar larvae, is also affected when full-
length Loh is overexpressed in cardiac cells. Corresponding
animals display a considerably reduced heart rate, concomitant
with severe arrhythmia (Fig. 9, B and C). Of note, arrhythmia
includes long periods of heartbeat arrest, which emphasizes the
severity of the phenotype. Representative examples are shown
in Fig. 9B and in Movies S1-54.

Discussion

In contrast to matrices present at the surface of most other
tissues, the cardiac ECM is exposed to permanent mechanical
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Figure 8. Artificial recruitment of Pericardin affects muscle function. A, ectopic expression of full-length Loh in muscles (mef2-Gal4 X UAS Loh FL; green
triangles) significantly impairs crawling performance. As controls, F1 animals from either a crossing of mef2-Gal4 X w'"'® (red squares) or from w' '8 X UAS-Loh
FL (blue diamonds) were used. Crawling performance was measured as crawling distance in cm/contraction (A) or crawling distance/10 s (A’). Crawling
performance is significantly reduced if Pericardin is recruited to the muscle ECM (green triangles in A and A’). The contraction frequency is not significantly
altered in corresponding animals (A”). Ectopic expression of full-length Loh (mef2-Gal4 X UAS Loh FL; green triangles) has no effect on lifespan, compared with
controls (mef2-Gal4 X w'''® (red squares) and w' " '® X UAS Loh FL (blue diamonds)) (B). Depicted are mean values = S.D. (error bars). Corresponding significance

levels are indicated (asterisks, Student’s t test; *, p < 0.05; **, p < 0.01; n.s., not significant). Data are presented as box plots and scatter plots.

stress generated by the regular and repetitive contraction cycles
of the heart. These unique biomechanical conditions require
ECM adaptation, which is achieved predominantly by incorpo-
rating specific structural components into the respective mat-
rices. In Drosophila, one of these components is the type IV
collagen-like protein Pericardin, which is recruited specifically
to cardiac tissue by its adaptor protein Lonely heart (13). How-
ever, until now, neither the recruitment process itself nor the
relevance of Pericardin to the biomechanical properties of the
cardiac ECM have been studied in detail. By conducting a
recruitment assay based on systematically generated domain-
specific Loh mutants, we found that presence of the first TSR1
domain is critical to localizing Loh to the ECM (Fig. 3D). Inter-
estingly, mutating only the speculative GAG-binding site
embedded within the first TSR1 domain is sufficient to abro-
gate Loh anchoring, indicating a high functional relevance of
this distinct sequence motif (Fig. 31). This result was confirmed
by expressing the same constructs in Sf21 cells. Also in this
system, deletion of the first TSR1 domain or mutation of the
embedded putative GAG site resulted in considerably reduced
surface localization of the respective Loh constructs (Fig. 2, D
and I). Significantly, Western blot analysis detected the pro-
teins in the culture medium (Fig. 2N), which indicates that pro-
duction and secretion still occurred, whereas incorporation
into the ECM was impaired. Thus, our data suggest that
TSR1-1, with its embedded putative GAG-binding site, is cru-
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cial for anchoring Loh to the ECM, which represents a prereq-
uisite for the subsequent recruitment of Pericardin. On the
other hand, the second speculative GAG binding site, embed-
ded within the TSR1-4 domain, appears to be dispensable for
localizing Loh (Figs. 2 (G, J, and N) and 3 (G and J)) but is
required for efficient Pericardin recruitment (Fig. 4/). Of note,
previous work identified the respective CXXTCXXG motif as a
consensus site for O-fucosylation and showed that mutating
this motif results in impaired protein secretion (24). Because
the substitution in UAS-LohS*S%" covers this motif (Fig. 14),
slightly impaired secretion of this construct appears possible.
However, its complete inability to recruit Pericardin (Fig. 4/)
cannot be attributed to minor deficiencies in secretion. Thus,
our findings indicate that both speculative GAG-binding sites
are of high functional relevance, with the first site being essen-
tial to proper anchoring of Loh, whereas the second one
appears to be required for Pericardin recruitment. Interest-
ingly, also lack of the second TSR1 domain results in failure to
recruit Pericardin (Fig. 4), whereas localization of Loh is not
affected (Figs. 2 (E and N) and 3E). Thus, the TSR1-2 and
TSR1-4 domains as well as the putative GAG2-binding site
seem to be dispensable for localizing Loh but crucial to proper
Pericardin interaction and recruitment. In this context, the
distinct position of the respective domains within Loh is prob-
ably decisive. According to structural modeling, TSR1-2 and
TSR1-4, the latter containing the predicted GAG2 site, exhibit
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Figure 9. Ultrastructural and physiological effects of modulated Loh levels in cardiac tissue. A, transsections of the heart chamber of wandering third
instar larvae analyzed by transmission EM. Images in the top panels represent overviews (X20,000), whereas the bottom panels depicts close-ups of the marked
areas. Black arrowheads indicate ECM accumulations that mainly occur at membrane invaginations of cardiomyocytes in loh overexpression animals (handC >
Loh FL) but are absent in control animals (w'"'®) or loh null mutants (IlohMB9575%)_B, representative M-modes (10-s videos) of third instar larvae of the depicted
genotypesindicate heartrate over time and occurrence of arrhythmia. C, quantification of B. Both heart rate and rhythmicity (arrhythmia index) are significantly
affected in loh knockout animals (Ioh™B°57%; handC-Gal4) and loh overexpression larvae (handC > Loh FL), compared with controls (handC-Gal4 and UAS-Loh
FL). Depicted are mean values = S.D. (error bars). Corresponding significance levels are indicated (asterisks, Student's t test; *, p < 0.05; **, p < 0.01; ***, p <

0.001; n.s., not significant). Data are presented as box plots and scatter plots.

close spatial proximity (Fig. 1C). The fact that lack of either
domain completely abolishes the capacity of Loh to recruit
Pericardin (Fig. 4) indicates that these two domains constitute
the interaction site between Loh and Prc, with the embedded
speculative GAG binding site being of critical relevance. Subse-
quent to the initial binding, the nearby TSR1-3 and TSR1-5
domains may support interaction; however, their functional
relevance is minor compared with TSR1-2 and TSR1-4 (Fig. 4).
Taking these data into account, it appears likely that the N-ter-
minal part of Loh, including the first TSR1 repeat and the
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embedded predicted GAG binding site, is facing the plasma
membrane and anchors the protein to the cell surface, probably
via glycosaminoglycan binding. The C-terminal part of Loh
would then be available for interaction with Pericardin, and
possibly also with other ECM components, via the second and
fourth TSR1 repeats. Of note, a function of the PLAC domain,
which is present in several enzymes and ECM proteins, such as
ADAMTS-2, -3, -10, and others, was not uncovered by our
approach. Deleting the C-terminal PLAC domain in Loh has no
distinct consequences, either for Loh secretion or for Pericar-
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Figure 10. Schematic representation of an extracellular matrix with incorporated Pericardin. The ECM is coupled to the actin cytoskeleton via integrins
or dystroglycans. Laminins form the connection between the large structural ECM constituents, including collagen IV, Pericardin, and integrin/dystroglycan.
Based on our results, we postulate that Lonely heart binds to glycosaminoglycans of membrane-associated proteins via its first speculative GAG-binding site
and to Pericardin (directly or indirectly) via its second and fourth thrombospondin type 1 repeat. Loh itself is shown as a protein domain scheme with a signal
peptide indicated in light blue, the ADAMTS spacer in green, the PLAC domain in yellow, and the remaining thrombospondin type 1 repeats in gray, of which two
harbor a predicted GAG binding site (red bars). The form of the scheme is based on the protein model shown in Fig. 1C. The depicted interaction between

Pericardin and integrin is based solely on the presence of an RGD motif at the C terminus of Pericardin and is not experimentally proven.

din recruitment efficiency, as far as we can state in view of the
sensitivity limitations of our test system. Results are summa-
rized in Table S1.

Regarding the question of whether ECMs are generally capa-
ble of recruiting and incorporating Pericardin, we found that
this is not the case. Whereas Loh-dependent recruitment was
observed for fat body cells, somatic muscles, glial cells of the
central nervous system, and wing discs, salivary gland cells did
not incorporate Pericardin into the ECM, although Loh was
present at the surface (Fig. 5). This result indicates that other,
yet unknown ECM components are required, in addition to
Loh, for proper recruitment of Pericardin and that at least one
of these factors is not present in salivary gland cells. Identifica-
tion of the respective constituents represents an important
objective of future studies because it would complement the
current understanding of the interconnections that form the
cardiac extracellular matrix (Fig. 10). The alternative explana-
tion, the presence of an inhibitory protein that prevents Peri-
cardin incorporation into the ECM of salivary glands, appears
unlikely, although we cannot rule out this possibility for sure.

SASBMB

When dissecting third instar larvae, Pericardin fibers ran-
domly associated with various tissues are constantly observed
(not shown). However, significant amounts of Pericardin, orga-
nized and incorporated into the meshwork of a matrix, are only
present at the surface of the heart and chordotonal organs. This
tissue specificity essentially depends on the presence of Loh
(13), and this paper. The dispersed and random adhesion of
Pericardin, synthesized and secreted by adipocytes, to other
tissues presumably reflects an intrinsic property of the protein
to interact, with low affinity, with matrix components other
than Loh (e.g. with collagen IV or laminin) (Fig. 7). Thus, Peri-
cardin is able to adhere to an existing matrix, yet efficient incor-
poration requires Loh presence. This hypothesis is also sup-
ported by the results of experiments expressing Loh at
distinct surface areas of wing discs (Fig. 6). Therefore, we
speculate that Loh is a primary anchor for Pericardin.
Whether anchoring is mediated by direct or indirect inter-
action remains to be determined.

To understand the functional impact of Pericardin incorpo-
ration into extracellular matrices in more detail, we directed
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the protein to the surface of somatic muscles by ectopically
expressing Loh in this tissue. Because neither Loh nor Pericar-
din are present at the surface of WT somatic muscles, the setup
allows distinct evaluation of the resulting biomechanical effects
in corresponding transgenic animals. As depicted (Fig. 8), spec-
imens with Pericardin incorporated into the muscle matrix
exhibit a considerably reduced movement speed, which is
caused by a reduction in the distance covered by a single con-
traction wave (Fig. 84); the contraction rate is not altered in
corresponding animals (Fig. 84"). These effects are consistent
with an increase in ECM stiffness as a result of Pericardin incor-
poration, which, in the case of body wall muscles, impairs flex-
ibility and thus contraction efficiency. Of note, as has been
shown in the aging mouse myocardium, an increase in cardiac
stiffness correlates with the accumulation of collagen (25). Fur-
thermore, fly hearts also exhibit reduced contraction efficiency
with age, which manifests in decreased diastolic and systolic
dimensions (26 —28). The fact that Pericardin knockdown flies
do not show this age-dependent decline (21) indicates that pro-
gressive Pericardin incorporation increases stiffness of the car-
diac ECM in a similar way. Our data indicating that elevated
Loh levels at the surface of cardiac cells result in increased
matrix deposition and severely impaired heart function (Fig. 9)
support this indication and emphasize the relevance of an ade-
quate cardiac ECM composition to proper heart function.
Aside from simply reflecting increased cardiac stiffness, the
observed effects on heart rate and rhythmicity may also be
indicative of altered chronotropy, caused by impaired activity
of certain ion channels that in turn affects pacemaker function.
This possibility is supported by recent data on Drosophila car-
diac muscles, suggesting that basement membrane (BM) pro-
teins are more than simple structural entities. Based on the fact
that knockdown of Pericardin, laminin A, and viking increased
cardiac contractility, whereas BM stiffness was apparently not
altered, it was postulated that BM proteins are capable of regu-
lating cardiac function by modulating interaction of the heart
tube with adjacent muscle layers (21). By altering Loh abun-
dance, and thus matrix composition, this interaction may be
impaired, which could affect activity of corresponding mecha-
nosensitive channels, eventually resulting in the observed
phenotypes.

Whereas an in-depth understanding of Pericardin function-
ality clearly requires further studies, our current data suggest
that the presence of the protein within the cardiac ECM is pri-
marily required to ensure the structural integrity of the beating
heart, rather than representing a means to increase flexibility of
the tissue.

Experimental procedures
Drosophila stocks/fly lines

All UAS-Loh constructs were generated in this laboratory
with the assistance of a commercial injection service (Best-
Gene, Chino Hills, CA). Drosophila stocks labeled with BL
numbers were obtained from the Bloomington stock center.
For the WT, we used w'''®, Gal4 driver lines used were Cg-Gal4
(29); ci-Gal4, hh-Gal4, sd-Gal4, en-Gal4d received from T. Klein
(Dusseldorf, Germany); dpp-Gal4d received from H. Aberle
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(Dusseldorf, Germany); mef2-Gal4 received from H. Nguyen
(Erlangen, Germany); pericardin-Gal4 received from L. Perrin
(Marseille, France); repo-Gal4 received from G. Technau
(Mainz, Germany); and sgs4-58-Gal4 received from A. Hof-
mann (Berlin, Germany). Fly husbandry was carried out as
described previously (30).

Generation of Loh constructs

Loh constructs used to generate transgenic Drosophila were
cloned into a yeast/Escherichia coli/Saccharomyces cerevisiae
triple-shuttle vector (pJJH1784) based on vectors described
previously (31). The vector pJJH1784 allows cloning via homo-
logous recombination in yeast and site-specific integration into
the Drosophila genome. All Loh constructs were introduced
into the germ line by injections in the presence of the PhiC31
integrase (using line BL24749, Bloomington Drosophila Stock
Center), which resulted in insertion into the 86F8 landing site
on the 3R chromosome. Designs of the Loh constructs are
depicted in Fig. 1B. All mutations were established by PCR and
an appropriate primer design. Transgenic flies were generated
using commercial services (BestGene). Complete sequences are
available on request.

Sf21 expression constructs and cell culture

Heterologous expression was performed in Sf21 cells (RRID:
CVCL_0518) using the Bac-to-Bac® baculovirus expression
system (Life Technologies, Inc.). Full-length WT and mutated
forms of Loh were cloned into an E. coli/S. cerevisiae/baculovi-
rus triple-shuttle derivative of the pFastBac™™ Dual vector. The
respective vector (pJJH1460) was constructed similarly to the
vectors described previously (31). Expression was induced as
described previously (32). To track transfection efficiency, an
eGFP reporter gene was inserted into the same vector under
control of the p10 promoter. Transfected Sf21 cells were grown
on coverslips in 6-well plates for 72 h. Subsequently, the cover-
slips were removed from the wells, and adherent cells were
fixed in 3% paraformaldehyde in PBS for 30 min. After washing
(3 X 5 min in PBS), cells were blocked and permeabilized in 2%
BSA, 0.01% Triton X-100 (in PBS) for 20 min and incubated
with primary antibodies (anti-Loh; 1:500) overnight (4 °C).
Unbound antibodies were removed by washing (3 X 5 min in
PBS), and cells were blocked again for 60 min (Roti Immuno-
Block, Carl Roth, Karlsruhe, Germany), followed by additional
washing (3 X 5 min in PBS). Secondary antibodies (anti-guinea
pig, Cy3 conjugate, Dianova) were diluted in PBS (1:200)
and applied for 90 min at room temperature. Finally, cells were
washed again (as described above) and mounted in Fluoro-
mount-G (Southern Biotech, Birmingham, AL). Confocal
images were captured with an LSM 5 Pascal confocal micro-
scope (Zeiss, Jena, Germany).

Immunoprecipitation

For each sample, 100 wandering third instar larvae were
snap-frozen in liquid nitrogen and ground to powder. The pow-
der was resuspended in 1 ml of lysis buffer (150 mm NaCl, 5%
glycerol, 1% IGEPAL-CA-630, 1 mm MgCl,, 50 mm Tris, pH 7.5,
1X protease inhibitor mix from Sigma-Aldrich, Heidelberg,
Germany) and incubated for 30 min at room temperature. Sub-
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sequent to centrifugation (15 min, 4000 X g), 800 ul of the
supernatant were mixed with paramagnetic beads precoupled
to anti-GFP antibodies (WMACS GFP Isolation Kit, Miltenyi
Biotec, Auburn, CA) and run over magnetic w-columns
according to the manufacturer’s instructions (Miltenyi Bio-
tec). Elution fractions were subjected to SDS-PAGE and
Western blotting as described previously (33). Primary anti-
bodies were anti-GFP (made in goat, 1:2000; Abcam, Cam-
bridge, UK), anti-Pericardin (made in mouse, 1:100; De-
velopmental Studios Hybridoma Bank, Iowa City, IA),
anti-nidogen (made in rabbit, 1:3000; gift from Stefan Baum-
gartner), and anti-KcLaminin (made in rabbit, 1:2000; gift
from John Fessler). Secondary antibodies were anti-goat-AP
(1:10,000; Sigma), anti-mouse-AP (1:10,000; Sigma), and
anti-rabbit-AP (1:10,000; Sigma).

Immunohistochemistry, Western blotting analyses, and
confocal microscopy

Immunostainings were carried out as described previously
(33). Antibodies used in this study were as follows: guinea pig
anti-Loh (1:500; this laboratory), mouse anti-Pericardin/EC11
(1:5; Developmental Studios Hybridoma Bank), mouse anti-a-
spectrin/3A9 (1:3; Developmental Studios Hybridoma Bank),
rabbit anti-nidogen/entactin (1:1000; a gift from S. Baumgart-
ner), rabbit anti-laminin (detects only secreted laminin trimers;
a gift from J. Fessler), mouse anti-B-Tubulin (1:5 to 1:200,
Developmental Studios Hybridoma Bank), and rabbit anti-GFP
(1:1000; Abcam). Secondary antibodies used were anti-mouse
Cy2/Cy3 (1:100/1:200; Dianova), anti-rabbit-Cy2/Cy3 (1:100/1:
200; Dianova), and anti-guinea pig Cy2/Cy3/Alexa633 (1:100/
1:200/1:200; Thermo Fisher Scientific, Dianova, and Abcam).
F-Actin was visualized by staining fixed tissues using TRITC
coupled with phalloidin (Sigma) at a concentration of 0.4 pg/ml
(1:200) in 1X PBS, for 2 h at room temperature. Confocal
images were captured with a Zeiss LSM 5 Pascal cLSM.
Z-stacks were acquired using standard settings and objectives.
If not otherwise noted, Z-stacks are depicted as maximum pro-
jections. Image processing was done with Image] and Affinity
Photo.

Transmission EM

Larvae were processed as described previously with minor
modifications (34). Briefly, abdomens of larvae were prepared
and fixed for 4 h at room temperature in 2% glutaraldehyde
(Sigma) in artificial hemolymph, subsequently washed in 0.5 M
cacodylate buffer, pH 7.4, post-fixed for 2 h at room tempera-
ture in 1% osmium tetroxide in 0.5 M cacodylate buffer, pH 7.4
(Science Services, Munich, Germany), dehydrated stepwise in a
graded ethanol series, and embedded in Epon 812. Ultrathin
sections (70 nm) were assembled on an ultramicrotome (UC6
and UC7 Leica, Wetzlar, Germany) and mounted on copper
slot grids. Sections were stained for 30 min in 2% uranyl acetate
(Science Services) and for 20 min in 3% lead citrate (Carl Roth,
Karlsruhe, Germany). TEM images were acquired with a Zeiss
902 or a Zeiss 120-kV transmission electron microscope. For all
genotypes, n = 3.
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Recruitment assay and pixel intensity analysis

For the Pericardin recruitment assay, UAS-loh constructs
(full-length WT or mutated forms of Loh) were expressed
under the control of mef2-Gal4 (muscle cell lineage); pericar-
din-Gal4 (adipocytes and pericardial cells); Cg-Gal4 (adi-
pocytes); repo-Gal4 (central nervous system); sgs-Gal4 (salivary
glands); or dpp-Gal4, ci-Gal4, hh-Gald, sd-Gal4, or en-Gal4
(imaginal disc). All crossings were set up, and offspring were
allowed to grow up at 27 °C until the third instar wandering
stage. Subsequently, animals were dissected, and tissues of
interest were fixed for further processing (13, 35).

Confocal images of stained third instar larvae were obtained
with an LSM5 Pascal confocal microscope (Zeiss). The Cy2 sig-
nal, depicting the distribution of Pericardin, was normalized to
the TRITC signal of the phalloidin staining to adapt to variable
parameters in the staining procedure, such as fixation or per-
meabilization efficiencies. Captured Z-stacks were further ana-
lyzed using Image]. After a reduction of the background, a max-
imum projection using the “sum slices” option was created.
Subsequently, the pixel intensity within an ROI was measured
(at least 10 animals/genotype). Further data analysis was con-
ducted with GraphPad Prism (GraphPad Software, La Jolla,
CA).

Lifespan assay

Following an approved protocol (36), 2—10 male or female
flies, collected within 1 day of eclosion, were transferred twice
per week to fresh vials with standard food. A minimum of 55
flies were analyzed per genotype. Vials were kept at 27 °C for the
duration of the lifespan assay. Surviving flies were counted after
vial changes. All animals were maintained under constant
12-h/12-h, light/dark cycles. Data analysis was conducted with
GraphPad Prism (GraphPad Software).

Crawling assay and data analysis

Wandering third instar larvae were collected, and their loco-
motion activity was recorded with a standard digital camera
under a Zeiss binocular (37). The larval linear forward crawling
distance and the number of body wall contractions within a
time frame of 10 s were assessed for each animal. Correspond-
ing measurements were done for at least 13 animals per cross-
ing. As negative controls, third instar offspring of mef2-Gal4 X
w'18 as well as UAS-Loh FL X w'''® crossings, were analyzed.
All distance measurements were performed using Image],
whereas further data analysis was conducted with GraphPad
Prism (GraphPad Software).

Animal preparation and video analysis

Wandering third instar larvae were pinned down with the
dorsal side downward onto Sylgard 184 silicone elastomer
plates, which were filled with artificial hemolymph. Artificial
hemolymph contains 108 mm NaCl, 5 mm KCI, 2 mm CaCl,, 8
mMm MgCl,, 1 mm NaH,PO,, 4 mm NaHCO,, and 5 mm HEPES,
pH 7.1. Before use, the buffer was supplemented with sucrose
(final concentration, 10 mMm) and trehalose (final concentration,
10 mm) (38). After dissecting the animals, the specimens were
allowed to rest for 10 min. To record heartbeat, a high-speed
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video camera (Basler piA-640) was mounted on an upright
microscope (Leica DMLB), equipped with a X10 Leica Fluotar.
Movies were captured with the software Firecapture® (freeware
by Torsten Edelmann) and processed with Image] (39). Heart
parameters were analyzed using SOHA (Semi-Automated
Optical Heartbeat Analysis), a MATLAB application first
introduced by Fink et al. (40, 41). Additional data analysis
was done using Microsoft Excel and GraphPad Prism
(GraphPad Software).

Structural modeling

Yasara Structure 15.7.25 (42) was used to calculate a 3D ho-
mology model of Lonely heart. Templates for the homology
modeling process were identified by performing a BLAST
search of the lonely heart target sequence against ExPDB (43).
16 template structures were provided for building 56 homology
models. Finally, one hybrid model of the 56 homology models
was generated.
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