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Introduction

The extracellular space and its role

During the evolution of animal cells, cells that specialized in the same task extracellular
space are organized by the extracellular matrix (ECM) into the tissue *. Around the extracellular
matrix, the boundary formed around the various functions of the extracellular matrix. ECM
helps cell development and provides mechanical protection. Through the network of the basic
structure of the matrix, which consists of macromolecular elements produced by surrounding
cells, it is possible to communicate between cell migration and tissues 2. The high level of
organization of ECM accomplished by proteins produced by the surrounding cells and delivered
to the cellular space. These proteins, most water-insoluble collagen, and collagen-like proteins
produced and water-soluble proteoglycans 3. The connection can make between the cells and
the matrix in two ways to create tissues. One possibility is that a direct cell-cell relationship
established, and the other is indirectly using ECM's macromolecular system to form a
relationship. Between relatively loose and loosely linked cells, a significant proportion of ECM
observed, while this proportion is significantly lower among the closely related cells and
tissues. Tissues are cell communities that have functions that go far beyond what any cell type
can achieve. Healthy tissues consist of proper mixing of cells, and the cells in it must be
positioned correctly and divide in the right proportions. To coordinate their function,
organization, and mortality and division rates, tissue cells are continually working and
responding to signals from each other and the surrounding ECM #. Last but not least, the ECM
binds a number of growth factors and hormones that concentrate abundant signals cells that are
in contact with it. Cellular responses to these signals are generated directly by the cell-ECM

interaction.

Basement membranes (BMs) are 80-100 nm thick, sheet-like extracellular matrices
located beneath epithelial and endothelial cells of muscle, nervous, vascular, and adipose tissues
%6 Without BM integrity, skeletal muscle stability cannot achieve. BMs contain smaller and
larger proteins, including type IV collagen, laminin, fibronectin, elastin, nidogen, nidogen,
agrin, perlecan, and integrins >8, In the latter case, the narrow ECM fills the basal membrane

(membrana basalis) and carries almost a limiting function. The extracellular protein



composition of the basal membrane divided into two main parts, which manifested in the basal
lamina (lamina basalis) and retinal lamina (lamina reticularis). In the basal lamina, non-fibrillar
collagens, non-collagen-like glycoproteins, and proteoglycans found. In the reticular lamina,
fibrillar collagens embedded in proteoglycans found. The basal membrane is found almost
everywhere in the human body, encircles striated muscle fibers, binds smooth muscle fibers,
and also epithelium and endothelial cells. It can found in the eyepiece, eye corneal cornea, and

inner ear.

In mammals, collagens are the most abundant proteins °. Its location is in the
extracellular matrix, where most of them form a supramolecular unit. Each member of the
collagen superfamily contains a triple-helical motif, which ratio for between ~10% and 96% of
the total molecule °. Collagens include three polypeptide chains, called alpha chains, which
can form homo- or heterotrimers. Triple helices can form fibrils, networks, two- or three-

dimensionally highly organized structures.

The main component of the mammalian basement membrane is type IV collagen, which
is capable of networking . The epithelium and endothelium, located at the base of the cells,
act as a barrier between tissue sections. Due to the abundance of binding partners, this forms
the backbone of the basement membrane. Consequently, type 1V collagen is not only essential
structural collagen of the basement membrane but also has a key signaling potential and is
therefore important for a variety of physiological and pathological functions. In mammals, type
IV collagens contain six isomeric protein chains, designated al (IV) to a6 (IV) 2. Each type
IV collagen molecule is a heterotrimer consisting of three o chains. C-terminal NC1 domain
interactions initiate the assembly of heterotrimeric chains. The collagen domains then folded
into triple helices. Currently, three types of type IV collagen heterotrimers are known: al (IV)

2-0a2(IV), a3 (IV) - a4 (IV) - o5 (IV) and a5 (IV) 2 - a6 (IV) .
The collagen superfamily

The key to the diversity of multicellular animals is the ability of cells to connect and
form organs and tissues. This process required a supramolecular contact to hold them together.
These molecular "adhesives" are collagens. Each collagen protein contains a triple helix that is

part of the supramolecular complex . As a result of the interconnection in a defined way, a



regular network structure is obtained. The primary function of this mesh is to provide a support
structure and to provide considerable flexibility and resistance to organs and tissues. As part of
the ECM and the BM, they also play a crucial role in cell migration, cell adhesion, regeneration,
and signaling. The collagen superfamily is a very complex family, including the 28 known
collagen and collagen-like proteins, into nine major families 4. All collagen proteins share a
common structural feature but have at least a triple-helical domain. Collagen is found
throughout our bodies. Different types of organs and tissues display their characteristic collagen
network. They make up the cartilage, the vitreous body in the eyes, and can also be found in
the vascular walls, the lungs, kidneys, and the basement membrane °. In my dissertation, | want

to deal more with type IV collagen.
Location of type IV collagen genes in the genome

Type IV collagen chain proteins are encoded by six genes in the human genome. These
genes are located in three pairs on different chromosomes in a head-to-head orientation. The
COL4A1-COL4A2 genes are located on the 34 region of chromosome 13, the COL4A3-
COL4A4 genes are located on the g36.3 region of chromosome 2, and the COL4A5-COL4A6
genes are located on the g22.3 region of chromosome X. Fruit fly (Drosophila melanogaster)
has only two collagen genes. These col4al-col4a2 genes are located in the 25C band of
chromosome 2, also in head-to-head orientation relative to one another. The protein products
of these genes, when linked together, form the major constituent of the basement membrane,
complementing with other proteins and helping the cells to anchor and creating apical-basal
polarity 6. Any disruption of the type IV collagen network, due to its systemic nature,

destabilizes the BM, resulting in tissue dysfunction.

Biosynthesis, modification and molecular structure of type 1V

collagen

The structure of type 1V collagen chains is unique. Individual collagen chains are called
monomers. The protomer is formed by the convergence of three pieces of monomers in a
specific direction. Protomers can only connect to their head-to-head or tail-to-tail regions,
creating a collagen network, which is due to its shape, is referred to in the literature as a "Wire
mesh". This process requires the activity of several enzymes that are bound to different



organelles. Collagen mRNAs are bound to the ribosome on the endoplasmic reticule. The
resulting proteins are polypeptide chains, consist of 1500-1800 amino acids with specific
repetitive sequences. This sequence shows Glycine-X-Y repeats. All third amino acids are
generally glycine, which is the smallest space-consuming amino acid and plays an essential role
in folding. Typically, amino acid X is proline, and Y is hydroxyproline. Post-translational
modifications (glycosylation, hydroxylation, phosphorylation) are required for the formation of
monomers of the correct structure. Three major domains are discrimination from each other in

the resulting proteins.

The C-terminus of the monomer is called the NC1 domain, and the N-terminus is the
7S domain (Figure 1) *”. The Glycine-rich triple-helical region in the middle of the polypeptide
chain is comprised of about 1400 amino acids. The three monomeric NC1 domains are joined
by initiating protomer formation. This is when the disulfide and hydrogen bridges are formed,
which stabilize the structure. The secretion of the protomers occurs by transport vesicles into
the extracellular space where N and C peptidases cleave 1-1 of the NC1 and 7S domains. This
produces active propepid. The propeptides are capable of binding to the collagen network
covalently cross-linked by the lysine oxidase enzyme, stabilizing the final supramolecular

structure of the collagen network.

7S domain Triple helix domain NC1 domain

Y

Type IV Collagen
Heterotrimer

G467E G10438
‘ % } % +{ { & 1779 aa \l Mutation sites
G3E  GSRIDL - Gygpsg 1393E
GSS2D2 G1393E

G1025E2

Figure 1. Triple-helical model of type IV collagen trimer with [COL4A1].COL4A2 composition
(top). Distribution of the mutation sites on the COL4A1 protein (bottom).
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The types of network created by type IV collagen

There are 6 different types of type IV collagen in the human body, which in various
combinations can connect and thus create unique networks. The presence of extraordinary
collagen networks shows organ and tissue specificity 8. The triple helix network type (a1)2(02)
- (a1)2(02) is found in the basement membrane. This is the ancient type of type 1V collagen
mesh that already appears in sponges and is most widely distributed in the animal world. The
composition of the following BM network type in the human body is the (a3) (a4) (a5) - (a3)
(ad) (a5) 1° triple helix. It occurs in the lungs, cochlea, renal glomerular basement membrane
(GBM), eyes, and testes 2°. If rise an error in this network is of particular importance in Alport’s
syndrome and Goodpasture’s syndrome. The last noteworthy triple-helical network type the
(al)2(02) - (a5)2(a6) is found in Bowman's capsule, esophagus, smooth muscle, and skin.
Network types in organs and tissues may change in the lifetime in rodents, dogs, and humans.
In humans the (al)2(02) - (al)2(02) collagen network in the renal GBM is exchanged for (a3)
(0d) (a5) - (a3) (a4) (a5) by day 75 of embryonic development. The collagen mesh (a1)2(02) -
(al)2(a2) in the Bowman's capsule is also changed to (al)2(a2) - (a5)2(a6) by day 150 of
embryonic development. This structural change in ontogeny is necessary for the maturation of
the kidneys 1. To date, only the (al)2(a2) - (al)2(02) triple-helical type IV collagen network is
present in Drosophila melanogaster. If any of the polypeptide chains are disturbed, it causes a

systemic illness throughout the body.

Type 1V collagen plays a central role in muscle development and

structure formation

The most important contractile apparatus of the body is muscle tissue. Within this,
skeletal muscles play an essential function. The skeletal muscle is made up of heterogeneous
tissues that are 30-38% of the human body 2. Its most important task, maintaining posture,
movement, and breathing. Muscle consists of individual fibers, which are organized into muscle
bundles, and the related bundles form the muscles. The extracellular matrix plays an essential
role in the formation of muscle structure. The ECM assists in the production of mammalian
muscle structure at three different tissue levels as an intramuscular connective tissue. At its

most internal level, it forms the endomysium, which surrounds the individual muscle fibers. At
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the middle level, it forms perimysium that surrounds the muscle bundles. At the very outer
level, it forms the epimysium that surrounds the entire muscle. Type IV collagen is the most
significant molar component of mammalian muscle BM, accounting for up to 10% of the total
muscle mass. The muscle basement membrane is mostly composed of type 1V collagen. BM
binds several linker molecules to the sarcolemma (muscle fiber membrane) and cells. The most
important of these are the proteoglycans, which help to build the regular collagen network.
Glycoproteins (laminin, integrin, fibronectin, dystroglycan) are also significant factors.
Laminins play a role in muscle cell division, movement, and morphology formation. The
fibronectins help the adhesion of fibroblasts. Integrins have a linking role in facilitating cell
attachment to BM, and they also have many other functions from signal transduction processes
to cell growth and differentiation. The passive strain on muscles is performed by the ECM and
plays an important role in maintaining normal muscle structure. If the major structural
components of the ECM are damaged, the whole muscle system may be affected. Some
examples include but are not limited to. A point mutation in the col4al gene (col4al%4%®V)
causes morphological defects whose characteristics it shares with inherited muscle dystrophy
23 Duchenne's muscular dystrophy is caused by the abnormal function of the dystrophin protein

2425 Congenital muscle dystrophy % may occur in the case of laminin failure.

Diseases associated with type 1V collagen mutations in human

pathology

Alport syndrome

Alport syndrome (AS) is inherited progressive kidney disease 2’. The main
characteristic features of the disease are structural defects of the glomerular basement
membrane leading to end-stage renal failure (ESRD), sensorineural hearing loss, and ocular
abnormalities, hematuria, and proteinuria 2. The proportion of affected patients compared to
healthy patients is approximately 1: 5000. AS is caused by mutations in the type IV collagen
gene in the a3, 04, a5 chains. Based on pathological and genetic characteristics, AS is divided
into three groups. The first and most common group is X-linked Alport syndrome (XLAS) %°,
which occurs in 80% of cases. It got its name from the fact that the affected COL4A5 gene is
located on the X chromosome, so men are more affected than women because of the mosaicism
caused by X chromosome inactivation (XCI). The other two genes, the COL4A3 and COL4A4



12

autosomal genes, are located on chromosome 2. The different two types of AS are Autosomal
Recessive Alport Syndrome (ARAS) *, which occurs in 15% of cases, and the third type is
Autosomal Dominant Alport Syndrome (ADAS), which occurs in 5% of cases. The
pathological background of the disease is that the triple-helical type IV collagen chains in the
GBM ((03) (04) (a5) - (a3) (a4) (a5)) cannot be linked, therefore the damaged filtration barrier
is unable to perform a function that the collagen network ((al) 2 (02) - (al) 2 (a2)) of the
Bowman's capsule cannot counterbalance 3. There is currently no sure long-term treatment for

the disease. Patients may gain some time with dialysis and kidney transplantation.

Goodpasture's syndrome

Goodpasture's syndrome (GS), also known as anti-glomerular basement membrane
disease %, is a rare organ-specific autoimmune disease that affects the kidneys and lungs.
Another characteristic is hemorrhage in the lungs, which can be lied to in life-threatening
conditions. GS incidence is one per million in a year. The disease typically affects white people
and leads to acute renal failure if left untreated. The age distribution is bimodal, it has a double
peak. The first peak occurs in the 20s and 30s and usually affects young men. The second peak
in the 60s and 70s is more pronounced in older women. The etiology of GS is currently
unknown. Regarding its immunopathogenicity, it is a type IV collagen disease in which the
body produces autoantigens (Goodpasture antigens) 2 primarily against the NC1 domain of the
03 chain but also to a lesser extent against the NC1 domain of the a5 chain . An aggravating
environmental factor is smoking and inhaling hydrocarbons. Autoantibodies attack the NC1
domains of the a3 and a5 chains of the triple-helical network of type IV collagen constituting
the basement membrane. This type of triple helix combination (a345) is typically present in the
lungs and GBM. Linking the NC1 domain to another NC1 domain stabilizes the basement
membrane structure. As a result of the immune response, this linkage is broken down, and the
two NC1 domains are separated, causing the destabilized collagen network to be a blockage on
the basement membrane and eventually creating a life-threatening condition. There is currently
no known cure for GS. The therapy to be applied consists of three steps. The first one is
plasmapheresis. This is followed by immunoadsorption, during which the harmful
autoantibodies are removed. This is combined with medication and immunosuppressive therapy

but eventually requires kidney transplantation.
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HANAC syndrome

HANAC syndrome is an acronym for Hereditary Angiopathy with Nephropathy,
Aneurysms, and Muscle Cramps, a basement membrane disease associated with autosomal
dominant COL4A1 gene mutations %. By its very nature, it has a systemic appearance. Genetic
causes include missense mutations in the COL4A1 gene, which mainly affect glycine amino
acids ¢. Amino acid substitutions of the absolutely conserved glycines in the collagenous helix
can alter the steric structure of the protein and prevent the attachment of other proteins by
changing their recognition sequences. This results in a reduced ECM *’. Because of its systemic
nature, it causes pathological conditions throughout the body. Symptoms of HANAC syndrome
are usually associated with complete basement membrane defects, with a variable combination

of small vessel brain disease, Raynaud's phenomenon, and nephropathy %,
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Aims

In my research, | was curious about how mutations in col4al affect the function of
selected organs. For this work, | chose Drosophila melanogaster as the model organism because
it carries only two col4a genes. As a result of our previous work, we have conditional col4al
mutants in which we have also been able to describe its effect on the development of striated

muscles °.

In my thesis, | summarize my observations, which intended to examine how they
changed as a result of col4al mutations:

e To examine changes in the amount of COL4A1 protein in mutant animals to obtain a
more comprehensive picture of the two different phases of development at different

temperatures.

e Immunofluorescent images of the common oviduct of Drosophila melanogaster to

show changes in sarcomere structure due to the col4al mutation.

e Toinvestigate additional extracellular proteins related to COL4A1 protein in the midgut
at different stages of development.

e To confirm the harmful systemic nature of the mutation, we will examine the changes

in the cytoskeletal-extracellular axis proteins of Malpighian tubules.

¢ Finally, we were interested in how the morphology of mitochondria changes as a result

of mutations in the Malpighian tubules.
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Materials and methods

List and maintenance of Drosophila strains

Eight dominant temperature-sensitive (DTS) mutant F strains were available in our lab.
The mutations are on the chromosome 2, and each is a point mutation affecting one glycine in
the helical domain of col4al chain. The strains were maintained using a balancer chromosome
(chromosome 2). There are two markers on the balancer chromosome that can be used to track
our mutations in crosses. One marker is curly (Cy), which produces a curly wing. Another
marker is Rough Eye (Roi), which is a dominant mutation and causes rough eye surface owing

to irregular assembly of the ommatidia.
The col4al mutant strains used in this study (with old and new names)

« Oregon R (wt, wild-type): Red colored and smooth surface with a straight wing.

+ a-30 / CyRoi (new notation: col4a1®%%F): Red-colored and coarse-grained eye, curly
wings. The type 1V collagen protein is mutated in the 233th position of the amino acid
sequence (G / E) of COL4A1 propeptid.

+ w, DTS-L2 / CyRoi (new notation: col4a1%%?P): White color and coarse surface eye,
curly wings. The type 1V collagen protein is mutated at position 552 of the amino acid
sequence (G / D) of COL4AL propeptid.

+ DTS-L3/ CyRoi (new notation: col4a1%°°2P2): Red-colored and coarse-faced eyes, curly
wings. The type IV collagen protein is mutated at position 552 of the amino acid
sequence (G / D) of COL4A1 propeptid.

« DTS-L4/ CyRoi (new notation: col4al1®'%EY): Red-colored and coarse-to-surface eyes,
curly wings. The type IV collagen protein is mutated in the 1025th position (G / E) of
the amino acid sequence.

« DTS-L5 / CyRoi (new notation: col4al1®1%°t2): Red-colored and coarse-grained eye,
curly wings. The type IV collagen protein is mutated in the 1025th position (G / E) of

the amino acid sequence.



16

« DTS-L10 / CyRoi (new notation: col4al1¢94%): Red-colored and coarse-grained eye,
curly wings. The type IV collagen protein is mutated in the amino acid sequence at
position 1043 (G / S).

+ b-9 / CyRoi (new notation: col4al®*"E): Red-colored and coarse-grained eye, curly
wings. The type IV collagen protein is mutated at position 467 of the amino acid
sequence (G / E).

« b-17 / CyRoi (new notation: col4al®'%F): Red-colored and coarse-faced eyes, curly
wings. The type 1V collagen protein is mutated in the amino acid sequence at position
1393 (G / E).

The used mitochondria labelled mutant strain
«  wiw, +/+, P{w*sgh-EYFP-Mito}/ P{w*sgh-EYFP-Mito} *

Wild-type Oregon flies and col4al mutant stocks were maintained at 20 °C and 29 °C
on yeast-cornmeal- sucrose-agar food, consisting of nipagin to prevent fungal infection. The

mutant stocks were kept heterozygous over the CyRoi balancer chromosome.
Tissue dissection

Malpighian tubules, gut and common oviduct were removed under carbon dioxide
anaesthesia from adults that were grown at both the permissive and restrictive temperature for
14 days. Dissected organs were fixed in 4% paraformaldehyde dissolved in phosphate buffered
saline (PBS) for 10 min, washed three times in PBS, permeabilized for 5 min in 0,1% Triton X
dissolved in PBS and washed three times in PBS. Blocking was achieved in 5% BSA dissolved
in PBS for 1 hour and washed three times in PBS.

Staining methods, antibodies

Nuclei in the dissected organs were counter-stained by lug/ml 4’,6-diamino-2-
phenylindole (DAPI) in 20 pl PBS, 12 min in the dark. F-actin was stained by 1 unit Texas
Red™-X Phalloidin (ThermoFisher) in 20 pl PBS for 20 min. We stained a-mannopyranosyl
and a-glucopyranosyl residues as a membrane marker by 2,8 pug/ml Concanavalin A, Alexa
Fluor™ 594 Conjugate (ThermoFisher) in 20 pl PBS for 1 hour. We used 1 pl mouse
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monoclonal Anti-3-Nitrotyrosine [39B6] (Abcam) antibody to 3-nitrotyrosine for 1 hour and
stained 4-hydroxynonenal conjugates by 1ul mouse monoclonal Anti-4-hyroxynonenal
antibody (Abcam) for 1 hour. 1ul F(ab’) 2-Goat Anti-Mouse IgG (H+L) Cross Adsorbed
Secondary Antibody, Alexa Fluor 488 (ThermoFisher) in 20 pl PBS for 1 hour, or 1 ul Goat
Anti-Mouse IgG (H+L) Cross Adsorbed Secondary Antibody, Alexa Fluor 350 in 20 pl PBS
for 1 hour. Integrin alpha PS (mouse) and —kettin (rat) antibodies (Abcam) were used in 20 pl
PBS for 1 hour. Mouse antibody against Drosophila COL4A1 were raised by Creative
Laboratory Ltd., Szeged, Hungary. Primary mouse antibodies were visualized by 1 ul F(ab”) 2-
Goat Anti-Mouse IgG (H+L) Cross Adsorbed Secondary Antibody conjugated with Alexa
Fluor 488 (ThermoFisher) in 20 ul PBS for 1 hour or 1 pl Rabbit anti-Rat 1gG (H+L) Secondary
Antibody, Alexa Fluor® 594 conjugate in 20 ul PBS for 1 hour. All immunostaining was
performed in 20 pl PBS for 1 hour.

Quantitative fluorescence confocal microscopy

Photomicrographs of the Malpighian tubules, intestinal tract and common oviduct were
generated by confocal laser scanning fluorescence microscopy (Olympus Life Science Europa
GmbH, Hamburg, Germany). Microscope configuration was the following: objective lens:
UPLSAPO 60x (oil, NA: 1.35); sampling speed: 8us/pixel; line averaging: 2x; scanning mode:
sequential unidirectional; excitation: 405 nm (DAPI), 543 nm (Texas Red) and 488 nm (Alexa
Fluor 488); laser transmissivity: 7% were used for DAPI, 42% for Alexa Fluor 488 and 52%
for Texas Red.

Quantitative evaluation of the fluorescence light intensities of the 543 nm Texas Red
signals was achieved by the FLUOVIEW FV1000 program of Olympus, system version
4.2.1.20. We generated ~20 independent images for each wild-type control and mutant samples
thus analyzing over 400 photomicrographs. Statistical analysis was carried out by analyzing
raw confocal fluorescent light intensities. Signal amplification was applied in images for

morphologic analysis.

Western blot analysis

Western blotting is one of the most commonly used techniques in molecular biology

and proteomics 4243,
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Sample preparation:lsolation of polypeptides from larvae and adults in the Eppendorf
tube and pass the (2x) Laemmli solution (0.5M Tris-HCI (pH 6.8) 2.5 ml; 10% (w / v) SDS 4.0
ml; 0.1% Bromophenol blue 0.5 ml; Glycerol 2.0 ml; 2-mercaptoethanol 0.5 ml; make up to 10
ml with distilled water), then treat the animals with potter and cook for 10 minutes and
centrifuge for 5 minutes at 14,000 rpm. Concentrations of protein solutions isolated were

measured according to Bradford ** and 10 pg of proteins were loaded in each lane.

Preparation of 6% separating gel (acrylamide gel): H2O 5.3 ml; 30% acrylamide mix
2.0 ml; 1.5M Tris (pH 8.8) 2.5 ml; 10% SDS 0.1 ml; 10% APS (ammonium persulfate) 0.1 ml;
TEMED 0.008 ml.

Making the 6% top gel or collecting gel (stacking gel): H.O 1.4 ml; 30% acrylamide
mix 0.33 ml; 1.0M Tris (pH 6.8) 0.25 ml; 10% SDS 0.02 ml; 10% APS 0.02 ml; TEMED 0.002

ml.

The running buffer has ~ pH 8.3 which is self-priming (Tris base 2.9 g; Glycine 14.4 g;
SDS 1 g; make up to 1 L with distilled water. When the unit is assembled at 100 V, it runs about
1.5 hours.

Blotting: The gel is soaked in the transfer buffer (6.04 g Tris; 28,8 g glycin; 200 ml
methanol; 1,6 L ddH0) for 15 minutes. Pre-sterilization of the Whatmann 3M filter paper was
followed by 15 minutes of soaking in the buffer. PVDF filter was placed in methanol for 1
minute and soaked for 15 minutes in the buffer. Blotted at + 4 degrees to avoid warming up or
on ice (200 mA, 30 minutes, ~55 V). Filter check stain with Ponceau S (Ponceau S 0,1% (w/v)
0.05 g; 5% acetic acid 2.5 ml; make up to 50 ml with distilled water), then washes with water.
Control the gel with Coomassie Blue (50% methanol; 0.05% Coomassie Brilliant Blue R; 10%
acetic acid; 40% H-0) to see how much protein left on the gel. Washing with Destaining Buffer
(5% methanol; 7% acetic acid; 88% H-0O).

Blocking:1x TBS/Tween 20, ratio: 1000:1, 3% fat free milk powder (50 ml TBS, 50 pul
Tween 20, 2,5 g milk powder), or BSA 3%. (10x TBS receipt: 10x TBS; 60.6 g Tris; 116.9 g
NaCl; make up to 1 L with distilled water (pH 7.4). This was kept at 4 Celsius overnight or

shaken for 1 hour at room temperature.
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Applying antibodies for Western blot: The Drosophila polyclonal anti-collagen type IV
al antibody (bleed IV, rabbit), recognising both the N- and C-termini of the Drosophila
COLA4AL protein was a generous gift of Prof. J.H. Fessler (UCLA, USA). Anti-rabbit mouse
monoclonal antibody (Sigma) conjugated with peroxidase served as secondary antibody. As a
protein expression control, alpha-glycogen phosphorylase was detected by polyclonal rabbit
antibody (Santa Cruz Biotechnology); anti-rabbit antibody, conjugated with peroxidase,

allowed detection of the signal.

The exposure: The two-component Luminol reagent is applied at a ratio of 1 to 1
mixture. Shake for 1 minute at room temperature and apply to the membrane. This may be still
in the light. Further operations are carried out in a dark room. Place the film and expose it from
30 mp to 2 hours. Place the film in the developer for 3 minutes, for 1 minute wash with water,
about 1-2 minutes of fixation. Calling and fixing solutions are solutions of TETENAL X-ray

film. Rinse with clean water.
Statistical methods

The statistical calculations were performed with Microsoft Office Excel and free R-
3.5.2 and RStudio-1.1.463.

Elevated Z-disc expressivity in mutants

The basic statistics were first calculated from the kettin and integrin fluorescence

intensity data extracted from the confocal microscope recordings.

T-tests are very robust and therefore powerful than non-parametric probes in the event
of a slight violation of normality. Since the variances are not equal, we have chosen Welch's
two-sample t-test. During the operations, we compared the mutants to the control strain (Oregon
R) at a significance level of p = 0.05. The result of the Welch test (p = 0.003973) showed a

significant difference.

The graph shows averages of strain values and a standard error as an error band.
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Results and Discussion

Decreased amount of COL4A1 protein in DTS-L3 mutant at 29 °C

Protein extracts from Oregon-R and DTS-L3 3rd instar (L3) larvae and adult flies were
prepared for Western blot analysis. The larvae incubated at 20 °C and 29 °C and blotted with
Drosophila polyclonal anti-COL4A1 antibody. At 200 kDa, a single band was detected, which
corresponded to the previously reported size of the COL4A1 monomer *°. Wild-type larvae
showed faint bands at both temperatures but those were not detectable in mutant larvae. The
200 kDa band was present in wild-type adults at both temperatures and in mutants in the 20 °C
samples but showed a reduced intensity at 29 °C (Figure 2). For the next analysis of expression
levels of extracellular matrix and matrix-associated genes, DTS-L3 adult mutant samples were
exposed to 29 °C. Slightly elevated levels of col4al mRNA were found, indicating that the
decrease in COL4AL1 protein level was not caused by a transcriptional change. Altogether, these
results indicate that collagen levels are reduced in the common oviduct of mutant flies incubated

at 29 °C, which is likely due to inadequate assembly and deposition of collagen chains.

Oregon-R DTS-L3
L3 Adult L3 Aduit

20 29 20 29 20 29 20 29 °C
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Figure 2. Upper panel: Western blot analysis of COL4A1 in Oregon-R and DTS-L3 mutant

protein extracts prepared from larva (L) and adult animals incubated at 20 °C and 29 °C using
Drosophila polyclonal anti-collagen 1Val antibody. The 200 kDa COL4A1 band is expressed
at low levels in larvae, it is present in normal adult controls, but in the mutant it is not detectable
in larval extracts. In adult mutants it is present at 20 °C, but diminished at 29 °C. Lower panel:

Protein expression control alpha glycogen phosphorylase.

Col4al/2”"~ mice null mutants die in early embryonic development “°. Recessive null
mutant and semi-dominant temperature-sensitive mutants of Caenorhabditis elegans also die
during embryogenesis and the intracellularly accumulated mutants al (V) and a2 (IV) chains,
indicating defective secretion or assembly of these proteins #’. In particular human cases of
Alport syndrome, type IV collagen has been described, and similar results have been obtained
with mutant protein chains. Probably what happened here was that the triple helices did not
assemble correctly and not built-into the basement membrane 8. In contrast, in Drosophila, the
development of semi-lethal DTS / + heterozygotes at 29 °C lacks a sharply distinct lethal phase,
suggesting that mutant chains are somewhat assembled in the triple helix and
incorporated/deposited in BM. This results in a sub-vital condition, which shows that the

basement membrane collagens are slightly different in Drosophila.

Considering the essential function of the basement membrane in most organs and
tissues, and the pleiotropic phenotype of the mutants, the Drosophila col4al mutants are
remarkably similar to the mammalian COL4A1 and COL4A2 mutations, including myopathy,
occurrence of split muscle fibers and non-peripheral nuclei in Col4al =/ “*’ mice *°. In various
myopathies and muscle dystrophies, the presence of the central nuclei is a constant feature in
the regeneration and degeneration cycles of human and mouse muscle fibers. Mutations in
human  genes myotubularin %!, myotubularin-related  protein 14 %2, amphiphysin %,
and dynamin 2 5% similarly associate with centronuclear myopathies. Drosophila mutants
for myotubularin (CG9115; Construct ID: 14121), amphiphysin >°, and dynamin °” have been
also reported with various degrees of muscle involvement, however, without central nuclei in

myofibers.
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Patients with mutations in COL4A1 with basement membrane defects and pathological
manifestations in various tissues have been reported in numerous clinical genetic studies.
Muscle weakness, cramps, high creatine kinase levels %, bilateral leg muscle contractures >¢°
and dystrophy and atrophy of leg muscles ®° have been noted, strongly supporting muscle
manifestation of COL4Al mutations. However, the study of mutant muscle tissue at
histological depths, cell-based, and biochemical relevant information is still lacking. Therefore,
the essential details of the pathomechanism are unknown. Hence, our Drosophila col4al
mutants may serve as a useful model to elucidate the mechanisms underlying COL4A1 mutation
results in disturbed muscle fiber-basement membrane interactions, which may result in the

manifestation of aberrant muscle function associated with COL4A1-related disorder.

Col4al mutations cause sarcomeric disorders in common oviduct

muscle tissue

The common oviduct is surrounded by a single-layer of striated muscle fibers, which is
thus very easy to examine in each mutant by fluorescent confocal microscopy. In a normal

situation, these muscle fibers present a regular sarcomere structure, as shown in Figure 3.
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Figure 3. Regular sarcomere units within a common oviductal muscle fiber demonstrated at

high resolution by fluorescence confocal microscopy and actin staining by phalloidin.

In the mutants, however, the most well-marked phenotype was the loss of sarcomeres
at the restrictive temperature, 29 °C (Figure 4, B4 through G4), whereas the healthy sarcomere
structure and striation was present at both 20 °C and 29 °C in wild-type control flies (Figure
3, Figure 4, A1, A4). In mutants at 29 °C, parallel ordered heigh intensity actin staining areas
were present within the muscle fibers that widespread over areas further than a single
sarcomere, resembling actin stress fibers or excess actin cross-linking (Figure 4, white
rectangles in B4 through G4). Beyond these areas, amorphous, all-round actin positive
aggregates appeared in the sarcoplasm (Figure 4, white arrows in B4 through G4). One more
conspicuous phenotype of the col4al mutants at 29 °C was the atypical and uneven COL4A1
deposition in the individual muscle fibers (Figure 4, white arrowheads, B5 through G5) while
in wild-type controls homogenous COL4A1 staining was present at 29 °C (Figure 4, A5). In
the isoallelic mutants col4a1%°%2? and col4al®'9%E2| the same COL4A1 staining pattern was
recognized as in the other lines of the allelic series (Figure 4). Muscle fibers of the common
oviduct in wild-type animals harbor morphologic hallmarks of the striated muscles, present the
regular register of 1 and A bands and sarcomeres are bordered by Z-discs (Figure 1, Figure 4,
A1-AB). Therefore, we assume that the compromised sarcoplasmic morphology and irregular

COL4AL staining/localization is a general phenotype of our series of col4al mutations.
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20°C Actin COL4A1 DAPI 29°C

Wild-type

8 coldq16233E

W col4q16967E

col4q 1610435

col4q161393¢

Figure 4. Loss of sarcomeres in col4al®%%E, col4al®*’E, col4al1®®2P, col4alC1025EL
col4a1%%%3 and col4al®**%E mutant lines at 29 °C (B4 through G4) in comparison with wild-
type control (A4). Representative actin bundles (white rectangles in B4 through G4), actin
aggregates (white arrows in B4 through G4), uneven COL4A1 expression (white arrowheads
in B5 through G5). A3 through G3 and A6 through G6: Overlays of actin and COL4A1 staining.

Bars, lower left, 10 micrometers.
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Measured by quantitative fluorescence confocal microscopy, the control flies do not
modify their actin accumulation in the muscle fibers at permissive or restrictive temperatures.
The occurrence of col4al mutation appears to exert a non-consistent influence on the actin
content of the muscle fibers at both permissive or restrictive conditions. Statistically significant
downregulation of actin synthesis, compared to wild-type control flies, was found
in col4al1®2%E col4a1%%%?P! col4al1®'9%%82 mutants at 20 °C, whereas the col4al1®'3%E mutant
synthesized actin at an elevated concentration (Figure 5). Under restrictive conditions, we detect
univocal decrease of actin concentration in col4a1%%?P! col4a]Cl043s,

and col4a1®%E mutants (Figure 5).
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Figure 5. Quantitative measurements of actin content in muscle fibers by fluorescence light
intensities of phalloidin labeled muscle. Significance is labelled by asterisk * p <0.05; *** p <
0.0005.

The col4al®?%% mutant  accumulates actin  at 29 °C, likewise to

the col4al®1925E2 mytant, whereas the actin concentration in the isoallelic col4a1®19%%E! mutant
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remains constant (Figure 4, panel C’). For the other mutants, we recorded higher actin
concentration (Figure 4, panel C”). Up-regulation or down-regulation of actin expression in the
common oviduct is unfavorable because all mutant females are sterile and do not lay eggs at

the restrictive temperature “.

Z-disc confusion, streaming and improper integrin expression in

muscle tissue due to col4al mutations

In wild-type Drosophila melanogaster striated muscle, integrin is expressed at the
muscle attachment sites, showing dotted staining. This is noticeable in the case of Z-discs
connected costameres 1. To determine the exact position of the Z-discs in the fibers of the
common oviduct muscle, we used an antibody against the protein called kettin, which is both a
scaffold protein and a morphological marker. In wild-type controls, kettin staining appears in
parallel lines in the muscle fibers perpendicular to the longitudinal axis. They always accurately
represent the position of sarcomeres at both permissive and restrictive temperatures (Figure 4,
Al, A4). Immunofluorescence using anti-integrin antibodies provided the same staining pattern
in close localization as observed for kettin (Figure 6, A2, A5, and overlays (Figure 6, A3, A6),
intensifying the correct integrin localization to the Z-discs in muscle fibers of the common

oviduct.

20°C kettin integrin 29°C

Wild-type control
20 °C integrin 29°C 20 °C integrin 29°C 20 °C integrin 29°C

colda1623% colda1547t colda165520!
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Figure 6. Staining of muscle fibers of common oviduct by the Z-disc marker kettin and integrin
in wild-type control (A1-A6) at permissive and restrictive temperatures. Note unchanged
integrin expression at 29 °C (A5) and close vicinity of kettin and integrin depositions revealed
by the complementary color orange in overlays (A3, AB).
Panels B, C, D: col4al®%*%, col4al1®%'E, col4a1*°?P! mutants at permissive and restrictive
temperatures. Streaming of the Z-discs (white arrows), integrin expression within the
sarcomeres (yellow arrows), excess integrin expression (red arrows) or deficient integrin
deposition (blue arrows) are noted in the mutants (panels B-D). Bars, lower left, 10

micrometers.

Aberrant integrin expression was observed in epithelial cells of Malpighian tubules of
col4al mutants 2, therefore, we assumed an irregular deposition of integrin in muscle fibers.
In mutant common oviductal muscle fibers the Z-disc structure, delineated by integrin
expression, was disrupted and formed a zig-zag pattern. Z-discs disintegrated in most of the
sarcomere and showed a dotted pattern of integrin staining. Consistent with the muscle
pathology of Z-disc streaming (Figure 6, white arrows, panels B-D), in which Z-disc structure
is disrupted and Z-disc material seems splitted out and deposited within the sarcomere (Figure
6, yellow arrows, panels B-D). After incubation of the mutants at restrictive temperature, the
following phenotypic characteristics were enhanced: Areas expressing excess integrin (Figure
6, panels B-D, red arrows), or depositing integrin barely (Figure 6, panels B-D, blue arrows).
Z-disc streaming, intrasarcomeric integrin deposition and uneven distribution are characteristic
features of col4al mutants, as these phenotypes have been observed in other members of the

allele series.

Recently, additional phenotypic expression of mutants, ectopic assembly of Z-discs, and
their transition from the anisotropic (A) band to the level of the M-discs have been reported,
which is statistically significant in the mutants %. Taken together, these observations suggest
that the appropriate COL4A1 protein is required for regular integrin expression, which, in the
case of failure of the connection, results in female sterility, they do not lay eggs at 29 °C .
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Myopathic disorders related to col4al mutations in the common

oviduct of Drosophila melanogaster

Under restrictive temperatures, the female heterozygotes become progressively more
female-sterile ®*. We choose the common oviduct as a model because it is surrounding the single
layer muscle tissue. This model system allows us to directly examine the thin muscle tissue and
the sarcoplasmic membrane without sectioning “°. Muscle fibers in the col4a1%°?P2 mutant
detached laterally from each other and the thickened type IV collagen-associated label tried to
fill the space. Muscle fibers covered by the basement membrane appear distorted, thinned, or
missing, demonstrating that the mutant COL4A1 protein induced severe common oviductal
myopathy 4%, We observed that at the Z-discs level of muscle fibers, the integrin deposition
showed punctate staining in complete overlap with the signal of the kettin protein, which is a
Z-disc marker. Each of our immunofluorescence preparations depicted the sacomere units °°.
High expressivity of the feature showed at low penetrance, i.e., shifting Z-disc integrin-binding
sites toward the middle of sarcomeres in col4a1%°°?P! mutants at the restrictive condition
(Figure 7).

The regular integrin-kettin staining appears at the level of Z-discs, but we also get
additional signals referring to duplicate Z-discs from the positions of the M-discs (Figure 7, B4,
B5, B6, white arrows). In some parts of the numerous replications, the phenomenon is expressed
with intense expressivity. Integrin staining quantitatively shifted to the level of the M-disc, the

center of the anisotropic band (Figure 7, C1, C2, C3, white arrows).
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Oviduct
20°C Kettin-Integrin 29°C
/ Wild-Type

col4q16552D2

20°C Actin-Integrin-DAPI

Wild-Type col4a1655201

Figure 7. Shifting of Z-discs into the middle of sarcomeres, to the level of M-discs in striated
muscle fibers of common oviduct. The scaffold protein kettin is deposited at the level of the Z-
discs (A1, A4, B1, B4) and overlaps with the integrin label (A2, A5, B2, B5) providing yellow-
orange complementary colors in the overlays (A3, A6, B3, B6). Note the irregular integrin
expression in the mutant at 29 °C, zig-zag pattern and streaming of Z-discs (B5). Additional
kettin-integrin expression appears in the middle of sarcomeres at the level of M-discs (white
arrows, B4, B5, B6). Higher magnification of areas in B4, B5 and B6 are marked by arrows
(B7, B8, B9). The shifting of the integrin expression toward the middle of the sarcomeres is
nearly at full expressivity (C4, C5, C6, white arrows). The area marked by arrows in C6 are at
higher magnification (C7). Integrin expression remains at the sides of sarcomeres in Z-discs in
the wild-type control (C1, C2, C3). Bars, lower left: 10 micrometers. Experiments were carried

out as described 406568,
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The Z-disc shift phenomenon was then analyzed quantitatively in wild-type controls
(Oregon) and col4a1%%5?P! mutants. The level of expressivity is indicated by the Z-disc marker
kettin antibody (Figure 8). The expressivity of the Z-disc shift is higher than 8% in wild-type
controls and greater than 12% in col4a1%°°2P2 mutants (Figure 8). The results were obtained by
counting 6796 kettin-stained structures in the single-layer striated muscle of the common
oviduct. Statistical analysis was performed using Welch's two-sample t-test. The p-value of
significance was 0.003973, indicating a powerful expression of the Z-disc shift in the mutants
(Figure 8).

* %k

Mean of defective Z-discs (%)

Wild-type col4g1655202

Figure 8. Elevated expressivity of Z-disc shifting in mutants. Statistically significant
expressivity of Z-disc shifting in the mutants at p = 0.003973 (**).

Structural changes in the basal membrane components of the
midgut in col4al mutants
We analyzed the expression and distribution of BM components, such as the PSI and

PSII alpha subunits of integrin, laminin gamma 1, and collagen COL4ALl in the midgut by

immunofluorescence (Figure 9). Panels A1-A3 present the visceral muscle cells of the midgut
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in control L3 larvae, A4—6 correspond to mutant midgut stained for integrins (green) and actin
(red) at 20 °C. Punctated integrin staining is seen in the control larvae, which is localized to the
Z-discs, but slightly less integrin expression was detected in the same location in the mutants.
This phenomenon became even more evident in those larvae were incubated at 29 °C, and large
areas in the midgut of the mutant lacked integrin expression. (asterisks, Figure. 9, B1-3 vs B4—
6). The same integrin expression pattern was observed in the midgut of adult mutant animals
(Figure 10). Similarly, levels of Laminin gamma 1 were reduced in the midgut of L3 larvae
(Figure 9, C3 vs C4, red) and in the midgut of adult animals (Figure 9, C7 vs C8, red) at 29 °C
and appeared as diffuse staining in mutants (C4, C8). COL4ALl staining concentrated in the
sarcoplasm in the midgut of the mutant at 20 °C (Figure 9, D3, D4, green) and indicated a
diffuse, irregular staining pattern at 29 °C (Figure 9, D7, D8, green, asterisks). These results
confirmed our earlier data and corroborated a systemic, multi-organ phenotype in col4al

mutants at the restrictive temperature 3%,
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Figure 9. Structural proteins disruption in the midgut of control and mutant larvae (A1-C8)
and adults (D1-D8). Actin (red) and integrin (green) staining of the L3 larval midgut visceral
muscle cells. Al: Actin, A2: Integrin, A3: Merge, wild-type; A4—6, mutant, same order, 20 °C.
B1-3, wild-type, B4—6 mutant, 29 °C. Asterisks refer to areas of lower integrin expression. CI,
C2: Laminin expression (red) in the midgut of L3 control/mutant larvae at 20 °C, C3, C4, at 29
°C. C5, C6: Laminin expression in the midgut of control/mutant adults, 20 °C, C7, C8, 29 °C.
Note decreased laminin expression in C4 and C8. COL4AL1 staining in wild-type at 20 °C (D1),
and at 29 °C (D5), mutant at 20 °C (D3), and mutant at 29 °C (D7). COL4Al staining
concentrated in the sarcoplasm in the midgut of the mutant at 20 °C (D3, D4, green) and
indicated a diffuse, atypical staining pattern at 29 °C (D7, D8, asterisks). Merge with actin
staining (D2, D4, D6, D8).

Figure 10. Staining of actin (red) and integrin PSI and PSII alpha subunits (green) in the
midgut of adult animals. Al: Actin, A2: integrin, A3: Merge in wild-type controls, 20 °C,; A4-
A6, mutant, 20 °C. B1-B3: Wild-type controls, B4-B6 mutant, 29 °C, all in the same order. Note

reduced and irregular integrin staining in the midgut of col4al mutant flies. Scale bar: 10 um.

The basic cellular functions regulated by the microenvironment are provided by the
three-dimensional structure of the ECM and its components. Cell survival and immune system
activation are also affected by ECM structure and aberrant expression of its elements, which
can induce pathological processes and tissue remodeling. Degraded fragments of the BM also
modulate the activities of both resident cells and infiltrating immune cells ©. Type IV
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collagen fragmentation during the BM degradation by metalloproteinases were implicated in
the synthesis of antimicrobial peptides (AMPs) and stimulation of innate immune
responses during insect metamorphosis "*. Endogenously derived danger/alarm signals,
including type IV collagen fragments, also stimulated immune cells in lepidoptera 2.
Modulated genetic elements of the BM components (laminin, nidogen/entactin, perlecan,
integrins, and cross-linking lysyl oxidases) are available in Drosophila "7, the specific role
of aberrant BM and the immune modulatory function of type IV collagen have not yet been

investigated in this model.

We have previously demonstrated that temperature-sensitive coldal Drosophila
mutants have altered BM structure and function, resulting in severe myopathy leading to
degradation of skeletal and visceral muscle cells “°%®. The results of our current studies
confirmed that mutated col4al could also cause degradation of epithelial cells in the gut at
restrictive temperatures. After the continuous incubation of the mutants at 29 °C, they range
from egg-laying to manifesting morphological changes such as shorter larvae, the development
of severe gut pathology, including the shorter gut, enlarged midgut, multiple diverticulae, lead
to intestinal dysfunction and shorter life span.

Based on these data, the question arises as why chronic inflammation does not occur in
mice and human patients bearing the COL4A1 mutation due to the high activity of the immune
system? The Drosophila col4al mutation differs in many aspects from the genetic modification
of mammals. Homologous Drosophila mutations have no effect on viability, fertility, and do
not cause detectable BM-associated cell degradation at the permissive temperature. It is only
when the temperature is severe that the pathological systemic phenotype occurs. A similar
stress-induced phenotype was also observed in Col4al’- mouse embryos. Col4al or Col4a2
null homozygotes were lethal during the developmental phase when the embryonic heart began

to beat, and the blood vessels were pressurized °.

Our results with the Drosophila col4al conditional dominant mutant line support the
applicability of this model to investigate the mechanical elements of human COL4-associated
conditions. Mutant phenotypic characteristics confirm that collagen type IV plays an essential

role in maintaining epithelial integration, gut morphology, and intestinal function. Furthermore,
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it suggests that the aberrant structure and function of the COL4A1 protein may be a significant

factor in the modulation of the immune system.

Disorder of the excretory system of Drosophila melanogaster col4al

mutants

Metabolism produces numerous harmful and redundant substances that are carried out
by the kidneys in mammals and by the Malpighian tubules in insects. As part of the clinical
spectrum, amino acid substitution in some ubiquitous BM components, such as COL4AL, may
cause nephropathy. These changes lead to renal dysfunction and chronic renal failure in the
affected patients, with or without hematuria. In mouse Col4al mutants, the same symptoms
were observed as in humans. The mammalian kidney is functionally identical to the Malpighian
tubule and therefore provides a versatile and tractable model for it is examination 6. Free-
floating tubules are in constant movement within the hemocoel, which is an insect blood-filled
body cavity with an open circulatory system. Mechanical stress of intermittent motility utilizes
and contributes to stress-induced cytoskeletal rearrangement in col4al mutant animals.
Therefore, we investigated the effects of mechanical loading on the col4a1%°52®? mutant and
noted the formation of actin stress fibers and irregular, uneven actin staining in epithelial cells
of the malpighian tubule 2. In another study of ours, we observed the mitochondrial fusion and
co-localization of peroxynitrite-nitrated and 4-hydroxy-2-nonenal alkylated proteins with
abnormal mitochondria %. Mitochondrial fusion in the Malpighian epithelium is expressed in
the col4a1%%°2P1 mutant at the restrictive temperature (Figure 11), as a sign of stress induced by
the mutation. At the same time, the qualitatively estimated level of protein nitration remains
unchanged in wild-type control and mutant strains under both permissive and restrictive

conditions (Figure 11).
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Malpighian tubule

20°C Actin-Mitochondria-Nitrothyrosine  29°C Wild-Type

coldal G552D1

Figure 11. Compromised Malpighian tubules in mutants. Fusion and uneven distribution of
mitochondria as a consequence of mutation-induced stress. Even distribution of mitochondria
in wild-type control (A2, A4) and in the mutant under the permissive condition (B2, B4). The
normal distribution of mitochondria remained at restrictive condition (A6, A8). Large
aggregates of mitochondria appear in the mutant at 29 °C (B6, B8). Actin staining (A1, A5,
B1, B5). Nitrothyrosine staining (A3, A7, B3, B7). Bars, lower left: 10 micrometers.

Changes at the expression level of actin, COL4A1 and integrin in

the Malphigian tubules

Dominant temperature-sensitive mutations were identified in the col4al gene of
Drosophila, being the insect homolog to the mammalian COL4AL gene. Like their mammalian
counterparts, they mutations induce a systemic phenotype including severe myopathy, intestinal
dysfunction, and a robust immune response through overexpression of antimicrobial peptides
and overexpression of oxidants, manifestly in the form of hydrogen peroxide and peroxynitrite
3244 Functionally similar to the mammalian kidneys, the insect excretory organs are the
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Malpighian tubules 7. The tubules float freely within the hemocoel, in the open circulatory
system filled with blood in the cavity of the body. It was hypothesized that the mechanical
impulse of the periodic movement of the insect body would keep the Malpighian tubules in
continuous motion, which may contribute to the stress-induced cytoskeletal reorganization of

mutant animals.

The DTS L3 allele was selected from the mutant lines to determine the phenotype of the
Malpighian tubules associated with the mutant Drosophila col4al gene 32%44 as a model, and
compared to wild-type Oregon R flies. Both lines were incubated at permissive (20 °C) and
restrictive (29 °C) temperatures and evaluated following three and eighteen days of incubation.
In both wild-type and mutant flies, actomyosin accumulated in the cortical periphery of
epithelial cells, irrespective of incubation time at the permissive temperature, whereas COL4A1
protein staining presented a regular distribution (Figure 12). The epithelial cells of the col4al
mutant developed actin stress fibrils, which were visible after 3 days of incubation at restrictive
temperatures (Figure 13, A4, white arrow), which became more abundant in the cytoplasm after
18 days of incubation (Figure 13, A5). The results obtained were similar to those reported for
cytoskeletal rearrangement of the proximal tubules of the kidneys of Col4al%4%8V/C4%Y mytant
homozygous mice . In the mutants, epithelial cells also expressed less COL4A1 protein both
at the third (Figure 13, A5, yellow arrows) and eighteenth day (Figure 13, B5, red arrows) of

incubation at 29 °C.

Type IV collagens, as ligands, bind with high affinity to integrin, which are BM cell
surface receptors and this construct is part of the cytoskeletal-extracellular matrix axis 2.
Dynamic interactions between ECM / BM and the actin cytoskeleton are mediated by trans

membrane integrins, including mechano-transduction.

To evaluate the changes in BM-cytoskeletal effects caused by the altered type IV
collagen network in mutant animals, we determined the distribution and expression of the PSI
alpha and PSII alpha subunits of the integrin. Evenly distributed integrin was detected
immunofluorescently, which showed punctate staining on the surface of epithelial cells of the
Malpighian tubules (Figure 14) and integrin alpha subunits also co-localized with actin staining
as demonstrated by green (integrin) and red (actin) labeling in the merged photomicrographs
(Figure 14, A3, A6, B3, B6, orange) in both mutant and wild-type lines at permissive
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temperature irrespective of the age of the flies or length of incubation. Mutant lines developed
actin stress fibers by day 3 at elevated temperature (Figure 15, A4, white arrow) that persisted
at day 18 (Figure 15, B4, white arrows), a feature that was not observed in wild-type animals
(Figure 15, A1, B1). Integrin staining was uneven with areas of minimal expression at day 18
in mutants (Figure 15, B5, yellow arrows). Additionally, integrin and actin connections
appeared interrupted as these proteins were no longer co-localized, demonstrated by areas with
isolated integrin staining (Figure 15, B6, red arrows). Integrin and actin were in close proximity
to each other in wild-type control, thus supporting the existence of a cytoskeleton-ECM linkage
(Figure 15, B3). Taken together, these data demonstrate that the expression of integrin is
affected by the col4al mutation, induces abnormal integrin accumulation, and increases the
number of stress fibrils in epithelial cells of the Malpighian tubules due to impaired
mechanotransduction. In the Drosophila col4al mutant model, these phenotypic changes
represent cellular markers suitable for the rapid and cost-effective evaluation of targeted

therapeutic interventions.

Figure 12. Malpighian tubules of wild-type (A1-A3 and B1-B3) and mutant (A4—A6 and B4—
B6) flies kept at 20 °C for 3 and 18 days. Red: Actin, blue: DAPI-stained nuclei, green:
COL4AL. Bars equal 50 um.
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Figure 13. COL4AL and stress fiber detection in Malpighian tubules of wild-type (A1-A3 and
B1-B3) and mutant (A4—A6 and B4-B6) flies incubated at 29 °C for 3 and 18 days. Red: Actin,
blue: DAPI-stained nuclei, green: COL4AL. Stress fibers appeared in mutants following three
days incubation at 29 °C (A4, white arrow) and became more abundant by day 18 (B4), mutant
Malpighian tubules express less COL4AL (A5, yellow arrows, B5, red arrows). Bars equal 50

um.

Figure 14. Integrin detection in Malpighian tubules of wild-type (A1-A3 and B1-B3) and
mutant (A4—A6 and B4-B6) flies incubated at 20 °C for 3 and 18 days. Red: Actin, blue: DAPI-
stained nuclei, green: Integrin-staining by anti-PSI alpha and PSII alpha antibodies. Bars

equal 50 um.
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Figure 15. Altered integrin localization and stress fibers in Malpighian tubules of wild-type
(A1-A3 and B1-B3) and mutant (A4—A6 and B4-B6) flies incubated at 29 °C for 3 and 18 days.
Red: Actin, blue: DAPI-stained nuclei, green: Integrin-staining by anti-PSI alpha and PSII
alpha antibodies. Stress fibers appeared following three days of heat shock (A4, whitearrow)
and became more abundant by day 18 (B4, white arrows). Alpha integrins co-localized with
actin (B3) in wild-type controls whereas in mutants, large areas showed reduced staining for
integrins (B5, yellow arrow), furthermore, integrin signals did not co-localize with actin (B6,

red arrows). Bars equal 50 um.

Elevated peroxynitrite levels and mitochondrial fusion in mutant

Malpighian tubules

We have previously demonstrated that, under restrictive conditions, col4al mutant flies
synthesize peroxynitrite at higher concentrations as part of their antimicrobial immune response
67 Peroxynitrite is produced by a diffusion-driven reaction between nitric oxide (NO) and
oxidants such as the radical superoxide anion (O2%) derived from mitochondria. Sources of NO
come from the extramitochondrial side, and the dissolved gas diffuses into the mitochondria. It
reacts with O2 ™ inside the mitochondria and interrupts the protein functions by nitrating the
tyrosines of the proteins 7°. Therefore, it was expected that nitrated proteins would accumulate

in the mitochondria of col4al mutant flies following incubation at 29 °C.

No major changes were observed in the Malpighian tubules of the mutants compared to
control flies. The mitochondria distributed evenly in the cytoplasm, and the fluorescent light
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intensity of the labeled nitrated proteins from the organs of the mutant animals was comparable
to the control animals (Figure 16, a-c) and (Figure 16, g-i) following incubation at the
permissive temperature. However, under restrictive conditions (29 °C), observable differences
were inspected in the Malpighian tubules of the mutant flies. While mitochondria in the
epithelial cells of wild-type Malpighian tubules remained evenly distributed with no shape
alteration at this temperature (Figure 16, d), in mutants, uneven distribution and mitochondrial
fusion were observed (Figure 16, j). The level of nitrated proteins was remarkably higher in
mutants in comparison with the control (Figure 16, k vs e) and these signals localized to the
mitochondria (Figure 16, f, I).

Figure 16. Protein nitration in Malpighian epithelial cells. Color code: mitochondria, green;
nitrated proteins, blue; actin, red. (a) Wild-type flies incubated at 20°C, mitochondria, (b)
nitrated proteins, and (c)merge. Note a stellate cell in (c). (d), (e), (f) Wild-type flies incubated
at 29°C and displayed in the same order. (g)—(i) Mutant flies, incubated at 20°C, and (j)—(I)

mutant flies, incubated at 29°C. Photomicrographs are displayed in the same order as in the
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upper row. Localization of nitrated proteins to mitochondria is shown in (c), (i), (f), and (I).
Uneven distribution and fusion of mitochondria are demonstrated in (j). White arrows in (j),
(k), and (1) define the regions displayed in higher magnification in (m), (n), and (0). Yellow
arrows in (m), (n), and (o) point to areas with no/few mitochondria and the lack of staining,
demonstrating colocalisation of mitochondria with nitrated proteins indirectly.

Elevated levels of alkylated proteins and uneven distribution of

mitochondria in the col4al mutants Malpighian tubules

The level of lipid peroxidation was determined indirectly by the accumulation of HNE-
protein adducts. Under permissive conditions, epithelial cells of wild type and mutant
Malpighian tubules yielded comparable amounts of alkylated protein (Figure 17, b vs h), and
the mutation had effect in the appearance of mitochondria in this condition (Figure 17, a vs g).
Under restrictive conditions (29 °C), uneven distribution and fusion of mitochondria can be
observed in mutants (Figure 17, j vs d), the mutants produced more HNE-protein adducts
(Figure 17, k vs €), and the alkylated proteins localized to mitochondria (Figure 17, f, I).




42

Figure 17. Protein-HNE adducts in Malpighian epithelium. Color code: mitochondria, green;
protein-HNE adducts, blue; actin, red. (a) Mitochondria of wild-type flies incubated at 20 ‘C,
(b) protein-HNE adducts, and (c) merge. (d), (e), (f). Wild-type flies incubated at 29°C, shown
in the same order. (g)—(i) Mutant flies, incubated at 20°C, and (j)—(I) mutant flies, incubated at
29 C.The order of photomicrographs is as in upper row. Note mitochondrial fusion in (j) and
actin stress fibers in (I). The white arrow in (j), (k), and (I) showing the portion displayed in
higher magnification in (m), (n), and (0). The white arrow in (m), (n), and (0): point regions
with no/few mitochondria and the lack of staining, demonstrating localization of alkylated

proteins to mitochondria indirectly.

Lipid peroxidation in the cytoplasmatic membrane of mutant

Malpighian tubules

We then examined the role of the cytoplasmic membrane in col4al-associated
pathology. Numerous alkylation sites were observed in the form of punctate staining in
colocalization with the cytoplasmic side of the membrane, and apparent perinuclear
accumulation in mutant Malpighian epithelial cells under permissive conditions. (20 °C)
(Figure 18, e, ). This staining pattern was amplified to raise to the restrictive temperature (29
°C), and HNE conjugated proteins appeared in the cytoplasmic membrane, indicating direct
membrane damage by lipid peroxidation (Figure 18, g, h). In the control flies the cytoplasmic
membrane remained intact, and protein-HNE adducts appeared in the vicinity of the membrane

at both permissive and restrictive conditions (Figure 18, a-d).
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Figure 18. Cytoplasmic membrane-associated HNE-modified proteins in mutants. Color code:
protein-HNE adducts, green; cytoplasmic membrane red; nuclei, blue. (a) Protein-HNE
adducts in wild-type flies incubated at 20 <C. (b) Overlay with membrane staining. (c) Protein-
HNE adducts in wild-type flies incubated at 29 <. (d) Merged with membrane staining. (e), (f),
(9), (h) Representative mutant, incubated at 20 or 29 < presented in the same order as in the
upper row. White arrows in (b), (d), (f), and (h) point to regions displayed in higher
magnification in (i), (j), (k), and (1), respectively. White arrows in (i), (j), (k), and (I) show
association of the cytoplasmic membrane with alkylated proteins. Note the notorious

infiltration of HNE-modified proteins into the membrane in (1), which occurs at a less extent in
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(k). The membrane of wild-type animals is free of alkylated proteins (i), while they associate

closely with the membrane in the mutant (j), incubated at the permissive temperature.

Drosophila models provide useful tools for exploring functional changes,
pathomechanistic details, and genotype-phenotype correlations of some monogenic human
disorders & including mutations associated with inherited nephrotic syndromes and some of the
known human genes involved in renal disease from flies to humans 8. There are nephrotic
manifestations of human COL4A1 mutations of the Hereditary Angiopathy, Nephropathy,
Aneurysms, and Muscle Cramps (HANAC) syndrome 3 and recent research revealed
glomerular hyperpermeability and adult onset glomerulocystic kidney disease in association
with COL4A1 mutations ’’. Some mechanistic elements, such as oxidative stress, have already
been demonstrated in connection with type 1V collagen mutations 8. However, the evidence is
quite limited for chronic inflammation and posttranslational protein modification and has so far

only been detected in Drosophila col4al mutants 8762,

Mitochondrial fusion occurs when the cells are in a state of stress. Damaged
mitochondria can fuse. This should be interpreted as an additional mechanism that rescues
damaged organs and functions 8. Our previous results have shown that the signs of cellular
stress appear in the form of actin stress fibrils in Malpighian epithelial cells of the Drosophila
col4al mutants 2. The results of our current study show that mutation-associated stress is the
key moment, and that triggers mitochondrial hyperfusion under restrictive conditions. Enlarged
organelles are unevenly distributed within the cell, leading to a complete absence of
mitochondria in some areas and a significant increase in others. A further consequence of the
col4al mutation is that nitrated and alkylated proteins accumulate in the mutants and are
localized to both normal and fused mitochondria.

These observations show that peroxynitrite-mediated nitrosative stress in col4al
mutants produces higher concentrations of peroxynitrite ®’. Therefore, we hypothesized that
elevated levels of peroxynitrite are likely to cause excess tyrosine nitration in proteins.
However, this reaction does not consume peroxynitrite in col4al mutants. Furthermore,
residual peroxynitrite in the system may initiate membrane damage by lipid peroxidation
producing HNE, which in turn alkylates proteins by the mechanism of Michael addiction 84,

This theory is supported by the association of alkylated proteins with the epithelial cell
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membrane of Malpighian tubules. In addition, the TUNEL-positivity of nuclei confirms that

mutation-induced stress leads the epithelia to degradation.

The results presented here clearly show that peroxynitrite plays a central role in col4al-
associated defects. In wild-type animals and under physiological conditions, the
nitrosoperoxycarbonate pathway is the preferential reaction of peroxynitrite, as the main decay
products of nitrosoperoxycarbonate, nitrate anion, and carbon dioxide do not exert protein or
membrane modification effects . However, in mutants, elevated levels of peroxynitrite are
above physiological concentrations and predominantly nitrate protein tyrosines, which, by
forming HNE, leads to membrane damage, lipid peroxidation, protein alkylation, epithelial cell

death, aberrant mitochondria, and Malpighian tubule dysfunction.
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Conclusions

As a result of mutagenesis by EMS, in our mutant series, the glycine was replaced with
other amino acids in the COL4A1 protein. Two isoallelic variants col4a1%°°?P!, col4a1%°52P2,
and col4alC9%5E!  col4a1C1925E2 \were identified. The consequence of the Gly552 residue is
considered by the fact that a recent EMS mutagenesis resulted in the isolation of the same,
temperature-sensitive, dominant-negative col4a1®?® allele . Genotype-phenotype
relationships identified in more than one hundred COL4A1 mutants recognized in patients and
murine models have shown that the position of the mutation and non-biochemical properties of
the substitute amino acid have a greater influence on the phenotype and disease severity 2.
However, in our Drosophila mutant series, similar phenotypic errors were observed within the

collagenous domain of the col4al gene, regardless of the site of mutation.

Because the phenotype of the common oviduct and the larval body wall muscle °,
threatened the organization and deposition of actin, loss of sarcomere structure was observed
in all the alleles tested, with features characteristic of myopathic or dystrophic states, with
disintegrating muscle sarcomeres together with disintegration and streaming of Z-discs &'.
These morphological changes affect the function of the common oviduct, as females become
sterilized and do not lay eggs “°. Conditional knockout of genes in Drosophila, genes involved
in integrin-mediated adhesion, including talin, alpha-actinin, integrin-linked kinase, alpha-
PS2, and beta-PS integrins, Z-disc is leading to a common phenotype of streaming %, similar
to our cold4al mutant allele lines, indicating functional interdependence. Similarly, Walker-
Warburg syndrome is diagnosed as a monogenic feature in patients with multiple gene
mutations “°®°. Importantly, in Drosophila mutants deficient in protein O-mannosyl
transferases, symptoms of the Walker-Warburg syndrome have been identified; streaming of
Z-discs, actin filament disorganization and bundle formation have also been reported as part of

the mutant phenotypes .

Human myopathic/dystrophic states characterized by Z-disc streaming and sarcomeric
disorganization include genes that, for genetic reasons, explicitly encode components of
integrin-mediated adhesion. 1Ik’- mouse embryos die during the peri-implantation phase due to

polarization of the impaired epiblast polarisation and accumulation of F-actin at the integrin
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attachment sites *°. Knockout mutants of the integrin beta subunits and most of the alpha
subunits were generated with phenotypes ranging from the complete block in preimplantation,
from developmental defects to perinatal lethality, demonstrating the specificity of each integrin.
Muscular dystrophy has been observed in patients with ITGA5 or ITGA7 mutation %X, However,
Z-disc streaming has not been reported in association with ITGA5 or ITGA7 mutations. Mouse
mutants of talin 1 or talin 2 undergo myopathy and sarcomere disassembly °2. Nevertheless, the
lethal embryonic mutation of the Drosophila rhea gene encoding talin recapitulates the
phenotype of integrin beta PS mutations, illustrating their functional similarities . These
results indicate that genes involved in integrin-mediated adhesion are crucial, and homozygous
recessive or null mutations are often lethal. The conditional lethality of the temperature-
sensitive, heterozygous col4al Drosophila mutant series has allowed for the expression of
phenotypic elements not detectable in humans or mice, such as confused sarcomeric
cytoarchitecture and Z-disc streaming, which support the role of COL4AL in integrin-mediated
adhesion. In conclusion, our Drosophila mutant series can serve as a useful model for exploring
how the COL4Al1 mutations disrupt myofiber-basement membrane interactions and

compromise muscle function and provide biomarkers in therapeutic approaches.

The ancient form of the extracellular matrix may be the basement membrane, in which
type IV collagen molecules played a key role in the transition from uni- to multicellularity .
Type IV collagen network provides BM visco-elasticity. Therefore, any malfunction of type IV
collagen will compromise network elasticity and function. Throughout evolution, type 1V
collagens have been highly conserved, both structurally and functionally, including the
mammalian - Drosophila relationship . The ubiquitous mammalian and human BM contains
(COL4A1),COL4A2 heterotrimers and is distributed throughout the body. Glycine
substitutions are triggers for systemic disease®. Genotype-phenotype relationships were
associated with 93 COL4Al and 12 COL4A2 mutations. All lesions were dominant and
represented approximately equal proportions of males (48%) and females (52%). Hereditary
cases occur in 47% and sporadic cases in 53%. As observed in other types of collagens, triple-
helical Gly substitutions were the most common classes (68 out of 93 in COL4ALl), frequent
substitutions being charged amino acids; Arg (30), Glu (11) and Asp (10)*3. The expression of
phenotypic elements associated with the COL4A1l mutation often depends on the genetic
conditions of humans, mice, and flies. Key features of HANAC syndrome have been
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demonstrated in French families, with various heterozygous missense mutations in the COL4A1
gene %, Retinal arteries tortuosity and retinal hemorrhage have been identified in a Spanish
family, but the lesion was not associated with muscle spasms, renal or cerebral disorders,
although the p.G510R mutation has previously been detected in a French family with HANAC
syndrome *°. COL4A1 splice site mutant C57BL6 / J mice were crossed with 129 / SVEvTac,
and CAST / EiJ inbred strains and F1 generation offspring showed that they are phenotypically
almost indistinguishable from the wild-type *. Similarly, the survival rates for the isoallelic
mutants p.G552D1 and p.G552D2 differed slightly after heat selection. The p.G552D1 line
survival rate was 26.9% for pupae and 5.3% for adults, whereas the p.G552D2 line survival

rates were 5.7% and 0.50% 4066,

The systemic phenotype of col4al mutations was provided, and evidence of Z-discs
shifting, mitochondrial fusion, and loss of sarcomeres in the intestinal visceral muscle fibers
was obtained. Genetic, genomic, and proteomic data suggest that the fruit fly contains all the
genetic components of BM. Although all of the genetic elements of BM are less than mammals,
thereby increasing the genetic utility of fly mutants for defective BM proteins, which have been
conserved structurally and functionally throughout evolution, including type IV collagens °.
The dominant col4al mutations developed BM-specific phenotypes that are more severe than
those described in human and mouse models. The temperature sensitivity of the dominant
col4al mutations are lethal condition that cannot be maintained in mammals. Furthermore, the
phenotypic elements associated with col4al provide a number of biomarkers that can be
quantitatively measured by screening a large number of drugs in a high-troughput Drosophila

model aimed at alleviating the symptoms of type IV collagenopathy.

The Western blot was performed because our hypothesis was that the expression of
COL4AL1 protein was lower in the mutant flies. In my opinion, the gene carrying the point
mutation adversely affects expression at the permissive temperature. However, no difference
was found between adult wild-type and mutant animals at 20 °C. In mutant adult animals,
however, the amount of COL4A1 protein was apparently reduced at the restrictive temperature
(29 °C). Earlier results from our group indicate that there was no decrease in the transcriptional
level of col4al mRNA. These data suggest that decreasing levels of COL4AL protein in the

mutants at 29 °C are caused by inadequate assembly and deposition.
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Previous Western blot experiments showed a decrease in COL4Al protein in
Drosophila col4al mutants at the restrictive temperature. We wanted to validate and visualize
these results by immunofluorescence and were also interested in whether other proteins
involved in the formation of the cytoskeletal-extracellular axis with COL4A1 exhibit a similar
phenotype. The selected proteins were COL4AL, alpha subunits of integrin PS | and PS 11, and
Laminin gamma 1. We found that integrin staining and reduction in the midgut of mutant L3
larvae were at the permissive temperature. This phenomenon is exacerbated at restrictive
temperatures, its distribution is irregular, and can be observed in adult animals. Laminin
expression was also reduced at restrictive temperature in the midgut of mutant L3 larvae. The
COLA4AL protein accumulates in the midgut of mutant animals and shows a further reduction,

diffuse, and uneven staining at restrictive temperatures.

Following the common oviduct and the midgut, another organ was included in the study,
the Malpighian tubule, which is analogous to the mammalian kidney. According to our
extended hypothesis, the phenotype seen in the organs examined so far is also obtained in the
Malpighian tubules, thus confirming the defective systemic character. Immunofluorescent
staining was performed on the organs of adult animals at different ages (3 and 18 days old) and
at different temperatures. The investigated proteins were the actin, COL4AL1, and integrin alpha
PS I and PSII subunits. Our recordings clearly showed that col4al mutants increase the number
of actin stress fibrils as a result of restrictive temperature, decrease the amount of COL4A1
protein level, and the integrin distribution is uneven. Taken together, these results indicate that
the Drosophila mutant col4al gene has an unfavorable phenotype at restrictive temperature, a

systemic, multi-organ phenomenon.

As part of the stress response, Drosophila col4al mutants synthesize peroxynitrite
above physiological concentrations. Excessive production of peroxynitrite initiates severe
protein tyrosine nitration and protein alkylation, which adversely affects protein function, and
also induces membrane lipid peroxidation and mitochondrial fusion. Wild-type control animals
did not show these posttranslational modifications under physiological conditions because the
nitrosoperoxycarbonate pathway was used to eliminate peroxynitrite. We suggest that in the
mutant col4al Drosophila model, posttranslational protein modifications are an integral part of
the col4al-associated pathology and represent post mechanical details that have not yet been

detected in humans or mice COL4A1 mutants.
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Recent data from clinical and mammalian genetic studies indicate that COL4A1 mutations manifest with base-
ment membrane defects that result in muscle weakness, cramps, contractures, dystrophy and atrophy. In-
depth studies of mutant COL4AI-associated muscle phenotype, however, are lacking and significant details
of the muscle-specific pathomechanisms remain unknown. In this study, we have used a comprehensive
set of Drosophila col4al and col4a2 mutants and a series of genetic and mutational analyses, gene, protein ex-

K ds: . . . . . . . .

T;Jl;‘:?\r, sollagen pression, and immunohistochemistry experiments in order to establish a Drosophila model and address some
Drosophila of these questions. The Drosophila genome contains two type IV collagen genes, col4al and col4a2. Mutant
Myopathy heterozygotes of either gene are viable and fertile, whereas homozygotes are lethal. In complementation

analysis of all known mutants of the locus and a complementation matrix derived from these data we have
identified the dominant lesions within the col4al, but not within the col4a2 gene. Expression of a col4al
transgene partially rescued the dominant and recessive mutant col4al alleles but not the col4a2 mutations
that were all recessive. Partial complementation suggested that col4al gene mutations have strong anti-
morph effect likely due to the incorporation of the mutant protein into the triple helix. In col4al mutants,
morphological changes of the oviduct muscle included severe myopathy with centronuclear myofibers lead-
ing to gradual development of female sterility. In larval body wall muscles ultrastructural changes included
disturbance of A and I bands between persisting Z bands. In the most severely affected DTS-L3 mutant, we
have identified four missense mutations within the coding region of the col4al gene two of which affected
the Y within the Gly-X-Y unit and a 3’ UTR point mutation. In conclusion, our Drosophila mutant series
may serve as an effective model to uncover the mechanisms by which COL4A1 mutations result in compro-
mised myofiber-basement membrane interactions and aberrant muscle function.

© 2011 Elsevier B.V. All rights reserved.

Multiple mutations

1. Introduction

Type IV collagen, along with various other components, is a ubig-
uitous component of the basement membrane (BM). The BM is in-
volved in diverse physiological functions including protection,
absorption, secretion, sensation, and separation of animal tissues
and body compartments. Mammals harbor three pairs of type IV col-
lagen genes, COL4A1 through COL4A6, with each gene pair in head-to-
head arrangement (Sado et al., 1998; Kashtan, 1999; Miosge, 2001).
Mutations in the X-linked COL4A5 gene account for about 80% of pa-
tients with Alport syndrome, the inherited disorder of renal, ocular
and cochlear basement membranes (Alport, 1927; Tryggvason et al.,
1993). Lesions of the autosomal COL4A3 and COL4A4 genes are re-
sponsible for the symptoms of Alport syndrome in the remaining
20% of patients. The available animal models for collagen type IV

* Corresponding author. Tel.: +36 62 544269; fax: + 36 62 544651.
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0945-053X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.matbio.2011.09.004

mutations present phenocopies of the human COL4-associated dis-
eases. Introduction of known human mutations in the X-linked
Col4a5 gene results in sexual dimorphism and symptoms of Alport
syndrome in mice (Kashtan, 1999; Ortega and Werb, 2002; Rheault
et al., 2004). Col4a1/2~/'~ mice, null for the homologous pair of the
collagen 4al and 4a2 genes, demonstrate arrest in early embryonic
development (Poschl et al., 2004). Both mouse Col4al and Col4a2
and human COL4A1 and COL4A2 mutations (Favor et al., 2007) are
phenotypically pleiotropic in their clinical manifestations. Missense
or intron splicing alleles of human COL4A1 are linked to vascular in-
stability, aneurysm formation and intracerebral hemorrhage (Gould
et al., 2005; Van Agtmael et al., 2005; Gould et al., 2006; Vahedi et
al.,, 2007) and affect several other tissues and organs, including kid-
ney, eye and muscles (Plaisier et al., 2007).

In Drosophila, there are two type IV collagen genes, col4al and
col4a2 within the 25C band of the second chromosome. Previous sat-
urating ethyl-methane-sulfonate (EMS) mutagenesis revealed an al-
lelic dominant temperature-sensitive (DTS) mutational hot-spot, the
lethal [(2)25Ca locus, within the 25C band (Suzuki and Procunier,
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A: Intra- and interallelic complementation matrix of Drosophila col4al and col4a2 mutants. Mutant alleles are arranged vertically and horizontally in clusters. Gray area shows inter-
allelic complementation of temperature-sensitive alleles. — none, + partial, ++ full complementation. B: Drosophila strains used in this study; origins of the strains a: Suzuki and
Procunier, 1969; b: Szidonya and Reuter, 1988; c: Bloomington Stock Centre. C: Genomic organization of the col4al and col4a2 genes. The trascriptional start site of col4al on chro-
mosome 2, left arm (2L), is at nucleotide position 5029615, col4a2 transcription starts at 5027412. Both gene sequences refer to RefSeq NM_164615 and NM_057842 entries.
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1969; Suzuki, 1970). Independent EMS mutagenesis data and identifi-
cation of additional DTS alleles within the 25C band further supported
the presence of a mutational hot-spot in this chromosomal location

(Szidonya and Reuter, 1988). Heterozygotes [(2)25Ca DTS/+ or 1(2)
25Ca DCS/+ are sensitive to heat or cold and die at restrictive tempera-
tures. The onset of the heat-sensitive period is in late embryos and
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Table 2

Percentage of offspring of dominant temperature-sensitive mutants at 29 °C relative to
those incubated at 20 °C. Results represent averages of data from three independent
experiments involving 900 embryos.

Table 4

Rescue of col4al and col4a2 recessive lethal alleles by two copies of a col4al transgene.
Alleles of col4a2 could not be complemented. Survival rates are percentages of the
interchromosomal recombinants derived from 50 to 100 animals.

coldal Pupae Adults col4al Pupae Adults col4al allele Two transgenic col4a2 allele Two transgenic
allele 29°C 29°C allele 29°C 29°C col4al copies col4al copies
DTS-L3 5.7% 0.5% a-30 41.7% 7.4% b-9/b-29 45% sz-14/b-35 0%

DTS-14 19.5% 1.8% DTS-L14 37.8% 10.0% b-9/h-13 62% sz-14/b-14 0%

DTS-L10 22.7% 2.9% DTS-L13 40.6% 11.5% b-14/b-35 0%

DTS-L5 32.9% 3.3% DTS-L16 54.7% 16.8%

DTS-12 26.9% 5.3% DTS-L11 73.5% 47.6%

DTS-L12 32.2% 5.5% b-17 79.8% 48.2% combinations in 561 independent crosses (Table 1A, B). The data from
b-9 18.2 5.9%

persists throughout development without a sharp lethal phase, resulting
in gradually decreasing number of survivors. DTS/DTS homozygotes per-
ish under permissive temperatures principally as late embryos, a minor
amount of animals hatch and the emerging adults are extremely weak,
and die prematurely (Suzuki and Procunier, 1969; Szidonya and Reuter,
1988; Szidonya et al.,, 1990). Adult DTS/+ heterozygotes are viable, but
become gradually female-sterile under restrictive temperatures (Suzuki
and Procunier, 1969).

Cell-matrix adhesions in Drosophila are known to involve, in addition
to type IV collagen, all basic constituents of the basement membrane, in-
cluding laminin, nidogen/entactin, perlecan, integrins and cross-linking
lysyl oxidases (Hynes and Zhao, 2000; Molnar et al., 2005). Although the
biochemistry and physiology of Drosophila type IV collagen ac1(IV) chain
has been extensively studied (Blumberg et al., 1987, 1988; Fessler et al.,
1993), only limited information is available on the genetics of this pro-
tein. Importantly, ectopic expression of internally deleted and antisense
col4al has been previously noted to affect muscle attachment and gut
morphology (Borchellini et al., 1996).

Collections of Drosophila, P-element-induced lethal mutations
provide a robust tool to identify genetically interacting loci (Térok
et al., 1993; Deak et al., 1997). This approach has led to the discovery
of the col4a2 gene (Yasothornsrikul et al., 1997), and demonstrated
that both the functional col4al and col4a2 genes are necessary for
viability (Rodriguez et al., 1996).

As a first step toward characterizing dominant temperature-
sensitive alleles, we have analyzed the Drosophila [(2)25Ca locus
using genetic, molecular and cell biology methods and provide evidence
that the dominant temperature-sensitive mutations localize within the
col4al gene. Based on ultrastructural, histology and behavioral data,
we show that missense mutations within the coding region of the
col4al gene result in a severe myopathic phenotype.

2. Results
2.1. Complementation mapping of the 1(2)25Ca locus

The alleles of the [(2)25Ca locus include EMS-induced dominant
heat- and cold-sensitive and recessive point mutations, X-ray generated
lesions, P-element insertions and P-element reversions. We crossed
all known 34 mutants of this locus in a pair-wise fashion in all

Table 3

Rescue of dominant temperature-sensitivity by a col4al transgene integrated in the
second or third chromosome in animals incubated at 29 °C. Survival rates are percent-
ages of interchromosomal recombinants raised without DTS alleles in the same proge-
ny. The number of the interchromosomal recombinants varied between 50 and 100
animals in individual experiments.

col4al allele Chr. 3 integration Chr. 2 integration Without transgene

DTS-L3 14.8% 29.7% 1.6%
DTS-12 13.4% 26.5% 2.9%
a-30 29% 53.8% 5.5%

these experiments enabled us to construct a complementation map
that proved to be sharply divided into two non-overlapping parts. The
results confirmed the presence of two closely linked genes within this
chromosomal location (Table 1C). As one side of the map contained all
the dominant temperature-sensitive alleles it is likely that only one of
the two genes carries this type of mutation.

The cluster of [(2)25Ca alleles, containing the temperature-
sensitive variants, performed intragenic trans complementation in
various combinations at permissive temperature. Adult dominant/
dominant, dominant/recessive, and recessive/recessive allelic trans-
heterozygotes showed low viability, remained stuck in the medium
and died prematurely, whereas homozygotes perished early in devel-
opment. The results of both inter- and intragenic complementation
tests are summarized in a complementation matrix (Table 1A).

We have determined the survival rate for dominant temperature-
sensitive animals reared at 29 °C. The number of adult offspring var-
ied between 0.5% and 50% of those incubated at 20 °C. The results
also showed allele-specific survival rate for the heat-sensitive DTS al-
lelic series. Allele-specific survival was further supported by the ratio
of DTS/+ pupae/adults that varied between 10 and 60% (Table 2).
These results were consistent with the semi-lethality observed in pre-
vious temperature-shift experiments with increasingly reduced number
of survivors during all developmental phases (Szidonya et al., 1990).

2.2. Molecular analysis of the 1(2)25Ca locus

In subsequent experiments we further analyzed the chromosomal
location narrowed down by the dominant mutations. The [(2)
hsneo119 and I(2)hsneo10 P-element insertions induced recessive le-
thal mutations that proved to be allelic with each other and with the
DTS mutations that are clustered in one side of the complementation
matrix (Table 1A). We have isolated genomic DNA from these mu-
tants as an EcoRI fragment that flanked the transposon insertions.
Using DNA sequencing we determined the insertional sites for [(2)
hsneo119 and [(2)hsneo10 transposons and found these to be integra-
tions of 145 and 36 nucleotides upstream from the transcriptional
start site of the col4al gene. DNA sequence data were deposited in
the EMBL database under the accession numbers AJ831378 and
AJ831377. The nucleotide sequence on the opposite side of the geno-
mic insert of the [(2)hsneo119 contained the EcoRI site and corre-
sponded to exons 5 and 6 and intron 5 of the col4al gene. Southern
blot analysis using genomic DNA from these mutants and the EcoRI
genomic fragment as a probe confirmed heterozygosity of the inser-
tional alleles [(2)hsneo119 and [(2)hsneo10. Alleles h-13 and h-30 car-
ried deletions within the coding region of the col4al gene (data not
shown). Our genetic and molecular data were consistent with the
known position and head-to-head genomic organization the of the
two Drosophila type IV collagen genes (Yasothornsrikul et al., 1997).
The close linkage of the two loci was further supported by the lack
of recombinants in various col4al and col4a2 crosses.

Northern blot analyses using embryonic RNA and the EcoRI geno-
mic probe detected a 7 kb mRNA band. Wholemount in situ hybridi-
zation in late embryos confirmed expression of the col4al gene in
haemocytes (data not shown) as reported previously (Monson et
al., 1982; Fessler and Fessler, 1989). We have isolated the genomic
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Fig. 1. Fluorescence confocal microscopy of oviduct myofibers. A: Wild-type Oregon-R controls at 20 °C, and B: at 29 °C with organized basal lamina surrounding the myofibers.
Panels on the right and bottom are optical cross-sections along the yellow lines with nuclei near to the sarcolemma. C: Mutant DTS-L3 incubated at 20 °C; and D: 29 °C. At both
temperatures there is thinning, splitting and irregular structure of the basal lamina, at sites of basal lamina disruptions increased collagen IV deposits are present. Right side and
bottom panels demonstrate optical cross sections along the horizontal and perpendicular yellow lines with centrally positioned nuclei in myofibers at both temperatures and
lack of F-actin staining in the perinuclear space. E: Enlarged section of the upper left part of panel C. White arrow: Lateral splitting of the basement membrane and COL4A2::
GFP deposits within the intercellular space. Blue arrow: Focal splitting of the basement membrane. Green: Basal lamina labeled using COL4A2::GFP fusion protein. Red:
Phalloidin-Texas red conjugate staining of F-actin. Blue: Nuclei, stained with DAPI. F: COL4A2::GFP staining (green) within the oviduct muscle of a DTS-L3 mutant incubated at
29 °C. G: Distribution of laminin gamma 1 (red). H: Merging of F and G shows uneven laminin distributon. I: Enlarged section marked by a white box in panel G with COL4A2::
GFP and J: laminin staining. K: Merging of panels I and J with lack of laminin deposition marked by a white box. L: Enlarged section of panel K. Optical cross-sections along the
yellow lines are displayed at the bottom and right side of the panel. Lack of laminin gamma 1 colocalization with COL4A2::GFP (white arrows) or lack of laminin deposition
(light blue arrows). M: Wild-type control; co-localization of laminin with COL4A2::GFP in yellow. N, O: Optical cross-sectioning of panel M along the perpendicular and horizontal

yellow lines; laminin is co-localized with COL4A2::GFP.

fragment containing the entire col4al gene from a cosmid library and
subcloned it as a 9.7 kbp Stul fragment in the pP{CaSpeR-hs} vector
under the control of the Hsp70 promoter. Using this construct, trans-
genic lines were generated with insertions in the second and third
chromosomes in DTS-L3, DTS-L2 and a-30 animals. The col4al trans-
gene proved to be sufficient for a partial rescue of the dominant tem-
perature sensitivity in all three mutants (Table 3). However, the
transgene in a single copy did not complement the recessive lethality
of col4al compound heterozygotes. For such rescue two copies of the
transgene were required (Table 4). Mutant alleles of the col4a2 gene
were not rescued by either one or two transgenic copies of the
col4al gene. These results demonstrated that the DTS mutant pheno-
type is caused by lesions within the col4al gene.

2.3. Oviductal muscle phenotype of col4al mutant DTS-L3

The Drosophila female reproductive tract includes the ovarioles, ova-
ries, lateral and common oviducts and the uterus. The muscle fibers of
the tract form a single layer and are striated with a clear sarcomeric
structure and provide the necessary mechanical force during egg matu-
ration and deposition (Middleton et al., 2006).

Adult DTS/+ female heterozygotes failed to lay eggs and became
increasingly sterile at 29 °C consistent with the observation that in
myopathic conditions the muscle develops normally, but degenerates
following repeated exposure to stress (Sanes, 2003). This gradual
manifestation of the phenotype, that indicated muscle defects,

prompted us to investigate the structure of the myofiber layer of ovi-
ducts in the severely affected DTS-L(ethal)3 mutant animals using
COL4A2::GFP label and fluorescence confocal microscopy. Oviductal
myofibers in control Oregon-R COL4A2::GFP flies showed regular
shape and striation, peripheral nuclei and tight sarcolemma-base-
ment membrane association at both temperatures (Fig. 1A, B). Muscle
fibers in DTS-L3 mutant detached laterally from each other with focal
splitting of the basement membrane (Fig. 1C, D, E). Between detached
muscle fibers altered and thickened collagen IV-associated label
appeared to fill the gaps (Fig. 1E). Myofibers were partially rounded
up at their otherwise spiky ends, the nuclei were centrally located, and
within the perinuclear space, phalloidin staining for F-actin was dimin-
ished or missing even at permissive temperature (Fig. 1C, E). At restric-
tive temperature, loss of F-actin staining extended to large areas of the
sarcoplasm, myofibers with loose lateral contact were prominently
rounded, and their nuclei were central with condensed chromatin. The
basement membrane surrounding the myofibers appeared distorted,
thinned, or absent (Fig. 1D). These results demonstrated that disruption
of the COL4A1 protein induced a severe oviductal muscle phenotype and
caused a gradually developing female sterility in mutant animals.
Laminin gamma 1 immunostaining in the oviduct of DTS-L3 mutants
incubated at 20 °C showed alterations that became more pronounced at
29 °C (Fig. 1L) and included absence of colocalization with collagen IV,
and missing laminin staining particularly at sites where myofibers sep-
arated from each other (Fig. 1F-K). While in controls laminin staining
was regular and fully overlapped with collagen IV staining (Fig. 1IM-0).
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Fig. 2. The ultrastructure of striated body wall muscles of DTS-L3/+ L3 stage larvae. A:
At 20 °C sarcomeres with precise transverse alignment and comprised dense Z and A
bands and wide I bands. B: At 29 °C the A and I bands are not distinguished, prominent
degeneration of muscle fibers appear as electronlucent areas (*) between persisting Z
bands. Bar equals 1 pm.

2.4. Ultrastructural skeletal muscle changes in DTS-L3 mutants

A prominent phenotypic feature of freshly hatched larvae of the
DTS-L3 heterozygous mutant that carry the most deleterious allele
within this series of mutants, raised at 29 °C, is that they stop active
crawling and eager pursuit of food at larval stage 3 (L3) suggesting
loss of coordinated action of muscle fibers. Electron microscopic anal-
ysis of longitudinal ultrathin sections of striated muscles of the body
wall of L3 larvae even at permissive temperature showed degenera-
tive changes. Sarcomeres of the muscles lacked precise transverse
alignment and comprised dense Z and A bands and wide I bands
(Fig. 2A). At restrictive temperature, only Z bands could be recognized,
the A and I bands were not separated and degradation of muscle fibers
appeared as electron-lucent areas between persisting Z bands
(Fig. 2B). These results correlated with the lack of actin staining we
noted in sarcomeres within large areas of oviductal myofibers in animals
raised at 29 °C and confirmed myopathy in a functionally different mus-
cle type.

2.5. Decreased COL4AT1 protein in DTS-L3 mutants at 29 °C

For Western blot analysis protein extracts isolated from Oregon-R
and DTS-L3 3rd instar (L3) larvae and adults, incubated both at 20 °C
and 29°C, were blotted and immunostained using Drosophila

Oregon-R DTS-L3
L3 Adult L3 Adult
20 29 20 29 20 29 20 29 °C

4—200 kDa

<— 95 kDa

Fig. 3. Upper panel: Western blot analysis of COL4A1 in Oregon-R and DTS-L3 mutant
protein extracts prepared from larva (L) and adult animals incubated at 20 °C and
29 °C using Drosophila polyclonal anti-collagen IVal antibody. The 200 kD COL4A1
band is expressed at low levels in larvae, it is present in normal adult controls, but in
the mutant it is not detectable in larval extracts. In adult mutants it is present at
20 °C, but diminished at 29 °C. Lower panel: Protein expression control alpha glycogen
phosphorylase.

polyclonal anti-collagen IVal antibody. A single band of about
200 kDa was detected consistent with the previously reported size
of the COL4A1 monomer (Fessler et al, 1993). In samples from
wild-type larvae a faint band was present at both temperatures,
while in mutant larvae it was not detected. In wild-type adults the
200 kDa band was present at both temperatures and also in the mu-
tant 20 °C samples, but with reduced intensity in 29 °C samples
(Fig. 3). For protein expression control alpha-glycogen protein was
used.

In subsequent analysis of the expression levels of the extracellular
matrix and matrix-associated genes in adult DTS-L3 mutant samples
exposed to 29 °C, the level of the col4al mRNA was found actually
slightly increased (1.21 fold) indicating that decreased COL4A1 pro-
tein level was not due to transcriptional changes. Collectively these
results, further supported by decreased deposition observed using
GFP label in the mutant oviduct at 29 °C (Fig. 1C, D), suggest that
the decreased level of COL4A1 protein at 29 °C in this mutant likely
results from decreased assembly and deposition.

2.6. DTS-L3 animals carry four missense and a noncoding col4al gene
mutations

Exonic sequences of the col4al gene were amplified from genomic
DNA template isolated from adult DTS-L3/+ animals. We identified
four missense mutations within the coding region and a single nucle-
otide polymorphism in the 3’ UTR of the col4al gene (Fig. 4A-E). Two
of the coding sequence mutations proved to be transitions. G1882A
caused a glycine to asparagine substitution (G552D) and G3468A in-
duced an alanine to threonine change (A1081T). The two other muta-
tions were transversions, G3602T a lysine to asparagine substitution
(K1125N), and G3820C a glycine to alanine substitution (G1198A).
Nucleotide numbers were based on the reference sequence
NM_164615. The fifth mutation was a G to A transition within the 3’
UTR region of the col4al gene. The positions of these mutations are
displayed on the mRNA map of the col4al gene (Fig. 4F). Both the
A1081T and K1125N substitutions affect the Y within the Gly-X-Y
unit. Additionally, the other two mutations, G552D and G1198A, affect
glycine codons that are considered to be deleterious mutations of
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Fig. 4. Col4al gene mutations in DTS-L3 animals. A: 1882 G — A transition causing Gly — Asp substitution (G552D). B: 3602 G — T transversion causing Lys — Asn substitution in Y
position of the Gly-X-Y unit (K1125N). C: 3468 G — A transition causing Ala— Thr substitution in Y position of the Gly-X-Y unit (A1081T). D: 3820 G — C transversion causing
Gly — Ala substitution (G1198A). E: C— T transition within the 3’ UTR region of the col4al gene at 5036897. F: Distribution of mutations within the col4al transcript shown for
isoform RA. Gray: 5’ and 3’ UTR. Beige: Coding region. G: Sequence alignment of the dme-miR-34 and its predicted target site within the 3’ UTR of the col4al mRNA. The C—T/

G — A transition does not appear to influence the pairing of the micro RNA.

collagens. The G to A transition in the 3’ UTR region is localized
within the micro-RNA binding site of dme-miR-34 (Sempere et al.,
2003), although the mutation does not appear to affect the putative
base pairing of dme-miR-34 (Fig. 4G).

3. Discussion

Our intergenic complementation data generated by using thirty-
four mutant alleles of the col4al and col4a2 genes confirmed an initial
report of Rodriguez et al. (1996) that both type IV collagen genes
are needed for viability and their gene products are indispensable in
Drosophila. In our experiments, all alleles of the col4a2 gene performed
full trans complementation, except transposon insertions [(2)hsneo80
and vkg® (Yasothornsrikul et al., 1997) that provided partial comple-
mentation of the col4al alleles. The [(2)hsneo119 and [(2)hsneo10
P-element insertions complemented all col4a2 alleles and also per-
formed interallelic complementation with some of the col4al alleles.
These results indirectly indicated a shared promoter near to the col4a2
gene, and explained the observed hypomorph nature of the col4a2 5’ in-
sertions. The two sharply separated regions of our intergenic comple-
mentation matrix confirmed the previously reported, conserved head-

to-head organization and shared promoter elements of the two type IV
collagen genes (Yasothornsrikul et al,, 1997; Kashtan, 1999).

A characteristic feature of an antimorph, dominant-negative mu-
tation is that the phenotype is partially complemented by an increas-
ing dosage of the wild-type gene, as the dominant-negative effect is
triggered during incorporation of mutant polypeptides that results
in a more severe phenotype than those of null heterozygotes (Bruck-
ner-Tuderman and Bruckner, 1998). Indeed, our data suggested anti-
morph nature for both dominant and recessive phenotypes of the
col4a1 mutations that were partially complemented at different levels
by the col4al transgene depending on the copy number and the
site of integration. Furthermore, exactly the same transgenic dosage
rescued the b-9/h-13 mutant/null compound heterozygote at a higher
efficiency than the mutant/mutant compound heterozygote. These
data clearly showed that the DTS mutations affected the col4al gene.

Two mutant alleles of the same gene may, in some instances, restore
the wild-type function in interallelic complementation and support bio-
chemical conclusions (Clifford and Schiipbach, 1994). In principle, the
two type IV collagen loci in Drosophila allow the homotrimer
[COL4A1]5, [COL4A2]; or heterotrimer [COL4A1],COL4A2, COL4A1
[COL4A2], compositions of the triple helical protomers. Homozygotes of
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both col4al and col4a2 mutations are recessive lethal, therefore, exclude
homotrimers as a possible composition. This hypothesis is further sup-
ported by the fact that triple helices of multiple mammalian type IV col-
lagens in different tissues are always heterotrimers (Boutaud et al., 2000).

We observed interallelic complementation predominantly among
the temperature-sensitive col4al alleles demonstrating that two mu-
tant proteins, in certain combinations, may provide viability in com-
pound heterozygotes. This observation indirectly suggests that two
COL4A1 chains interact in forming the trimer. Regardless of the na-
ture of the mutant col4al alleles, in combination with the wild-type
allele no recessive lethality arose, the progeny was viable and fertile
in our experiments. This result was also supported by viable
crosses carrying the deletion null alleles h-13 and h-30, indicating
that a single wild-type copy was necessary and sufficient for viability
in null/+ heterozygotes. On the other hand, neither mutant col4a1 al-
lele complemented the h-13 and h-30 deletions, demonstrating the
need of COL4A1 chains that are able to assemble with each other,
therefore Drosophila basement membrane likely has a [COL4A1],.
COL4A2 protomer composition.

Col4a1/2~/~ mice null mutants die in early embryonic development
(Péschl et al.,, 2004). Caenorhabditis elegans with recessive null, or with
semi-dominant temperature-sensitive alleles, also die during embryo-
genesis with intracellular accumulation of the mutant a1(IV) and a2
(IV) chains, indicating defective secretion and/or assembly of these pro-
teins (Gupta et al,, 1997). Type IV collagen mutations described in certain
types of human Alport syndrome similarly result in the synthesis of mu-
tant collagen chains, likely without correct assembly of triple helices and
subsequent incorporation into the basement membrane (Kashtan,
2000). In contrast, in Drosophila, semi-lethality of DTS/+ heterozygotes
at 29 °C during development, and the lack of a sharp lethal phase suggest
some degree of assembly of triple helices with integration of the mutant
chains and deposition into the basement membrane resulting in
sub-vital conditions and demonstrate somewhat different features
of Drosophila basement membrane collagens.

Analysis of the mutational sites in DTS-L3 animals revealed four
missense mutations within the coding region of the col4al gene.
The DTS-L3 mutant was induced by EMS, which preferentially alkyl-
ates the guanine base, and the product, O-6-ethylguanosine mispairs
with T in the next replication, causing a G/C to A/T transition, that was
observed as G552D and A1081T amino acid exchanges in the coding
region, and a G to A transition in the 3’ UTR. The two transversion
events (K1125N, G1198A) are likely spontaneous mutations arising
during DNA replication.

Given the essential function of the basement membrane in most
organs and tissues and the pleiotropic phenotype of the mutants, Dro-
sophila col4al mutations closely resemble the effect of mammalian
COL4A1 and COL4A2 mutations including myopathy, that in
Col4a1*/24% mice manifested in split muscle fibers and non-
peripheral nuclei (Labelle-Dumais et al., 2011). The appearance of
central nuclei is a general feature in various myopathies and muscular
dystrophies during cycles of degeneration and regeneration of human
and mouse muscle fibers. Mutations in human genes myotubularin
(Jeannet et al., 2004; Dowling et al., 2009), myotubularin-related protein
14 (Tosch et al., 2006), amphiphysin (Nicot et al., 2007), and dynamin 2
(Bitoun et al.,, 2005) similarly associate with centronuclear myopathies.
Drosophila mutants for myotubularin (CG9115; Construct ID: 14121),
amphiphysin (Leventis et al., 2001; Razzaq et al,, 2001), and dynamin
(Masur et al., 1990) have been also reported with various degrees of mus-
cle involvement, however, without central nuclei in myofibers. Therefore,
our data with col4al mutant oviductal myofibers represents the first
demonstration of central nucleopathy in Drosophila. The morphological
changes of myofibers that we observed also resemble the progressive
muscular dystrophy reported for the major laminin-binding integrin
alpha7-deficient mice (Mayer et al., 1997).

In Col4al*/2¢*4® mice, anti-laminin antibody staining revealed
focal disruption or absence of the hyaloid vasculature from the

inner limiting membrane in transverse eye sections (Labelle-Dumais
et al, 2011). In mouse Col4al*/®® mutants, continuous laminin
staining was reported in the descending aortae, however, closer in-
spection of the images revealed scattered and torturous laminin de-
position with markedly uneven intensities (van Agtmael et al.,
2010). Of these laminin features we noted similarly less intensive, un-
even, or focally absent immunostaining in oviducts of Drosophila
col4al mutants.

Several clinical genetic studies reported patients with COL4A1
mutations with basement membrane defects and pathological man-
ifestation in multiple tissues. Muscle weakness, cramps, high crea-
tine kinase levels (Plaisier et al., 2007), bilateral leg muscle
contractures (Gould et al., 2005, 2006) and dystrophy and atrophy
of leg muscles (Breedveld et al., 2006) have been noted, strongly
supporting muscle manifestation of COL4A1 mutations. However,
in-depth histology, cell-based and biochemical studies of the mu-
tant muscle tissue are lacking and significant details of the underly-
ing pathomechanism remain unknown. Therefore, our Drosophila
col4al mutants may serve as effective models to uncover the mecha-
nisms by which COL4A1 mutations result in compromised myofiber—
basement membrane interactions and manifest in aberrant muscle func-
tion in this emerging COL4A1-associated disorder.

4. Experimental procedures
4.1. Mutant strain maintenance and generation of col4a2::GFP heterozygotes

Stocks were maintained at 20 °C or 29 °C on yeast—cornmeal-agar—
sucrose medium containing propionic acid and hydroxymethylbenzoate
to avoid fungal infections. The mutant stocks were kept heterozygous
over the CyRoi balancer chromosome. Screening of allelic P-insertions
was carried out as described (Torok et al., 1993; Dedk et al., 1997). Sur-
vival rates were determined by incubating 200-300 0-8 h embryos at
20 °C and 29 °C in three subsequent experiments. The basement mem-
brane was visualized using a Viking-GFP protein fusion (GFP in the pro-
tein trap with the COL4A2 from the viking gene) as molecular marker
(Glise et al,, 1995) and by selecting col4al ™~ col4a2/+ col4a2::GFP het-
erozygotes by balancer loss.

4.2. Genetic complementation

Strains (Table 1) were crossed in all pair-wise combinations and
intergenic complementation was established at above 50% progeny
of the expected values in col4al~ col4a2/cold4al col4a2~ diploids.
The threshold level of intragenic complementation in col4al*/
col4a1¥ heteroallelic combinations was 30% of the expected progeny.
Partial complementation occurred under the threshold levels. Both
threshold levels were established by the loss of the balancer chromo-
some, CyRoi. This balancer chromosome carries two dominant mutations
causing curly wings and rough eyes and its intrachromosomal inversion
prevents recombination of the non-sister chromatids.

4.3. Nucleic acid analysis

Genomic DNA extraction and plasmid rescue from P-element-
bearing strains were performed as described previously (Burmester
et al., 2000). Electrophoresis and blotting of nucleic acids, RNA purifi-
cation and polyA* selection, non-radioactive- or radiolabelling,
Southern and Northern analyses, PCR amplification of col4al exon se-
quences and DNA sequencing were carried out according to standard
methods (Sambrook et al., 1989). BLAST programs developed for ho-
mology searches at nucleotide or amino acid levels were applied
(Altschul et al., 1990). In situ hybridization to late (18-24 h) Drosoph-
ila wholemount embryos was done as described by Komonyi et al.
(1998). MicroRNA binding sites were predicted by Microcosm
(http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/).


http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/

36 1. Kelemen-Valkony et al. / Matrix Biology 31 (2012) 29-37

4.4. Analysis of the oviducts

Oviducts were removed under carbon dioxide anesthesia from fe-
male adults that were grown at permissive temperature and kept for
10 days at 29 °C. Dissected oviducts were fixed in 3.7% formaldehyde
dissolved in phosphate buffered saline (PBS) for 10 min, washed
three times with PBS, permeabilized in 0.1% Triton X dissolved in
PBS, washed in PBS and stained with 1 unit Phalloidin-Texas red
(Invitrogen), dissolved in 0.2 ml PBS, and the nuclei with 10 pg/ml
DAPIL. Optical sectioning of the oviducts was achieved by confocal
fluorescence microscopy (Olympus FV 1000). Rabbit polyclonal anti-
body to Drosophila laminin gamma 1 (Abcam) was used for immuno-
histochemistry to label basement membrane laminin that was
detected by anti-rabbit secondary antibody conjugated by Alexa 564
(red).

4.5. Western analysis

Isolation of polypeptides from larvae and adults, followed by
immunostaining, was performed according to Fessler et al. (1993).
Concentrations of protein solutions isolated was measured according
to Bradford (1976) and 10 pg of proteins was loaded in each lane. The
Drosophila polyclonal anti-collagen type IV a1 antibody (bleed IV, rab-
bit), recognizing both the N- and C-termini of the Drosophila COL4A1
protein was a generous gift of Prof. J.H. Fessler (UCLA, USA). Anti-
rabbit mouse monoclonal antibody (Sigma) conjugated with peroxi-
dase served as secondary antibody. As a protein expression control,
alpha-glycogen phosphorylase was detected by polyclonal rabbit an-
tibody; anti-rabbit antibody, conjugated with peroxidase, allowed de-
tection of the signal.

4.6. Transmission electron microscopy

Body wall muscles from freshly hatched L3 stage DTS-L3/+ animals
were dissected and fixed in 0.1 N pH 7.4 Na-cacodylate (Sigma) buffer
containing 3.2% paraformaldehyde (TAAB), 0.5% glutaraldehyde
(TAAB), 1% sucrose (Sigma) and 40 mM CaCl, (Reanal) overnight at
4°C and embedded in Araldyte (Fluka). Ultrathin sections (80 nm)
were post-contrasted by immersing the grids in lead citrate (Reanal).
Images were taken in a JEOL CM-II 100 transmission electron micro-
scope. Samples from three different animals were evaluated.

4.7. Microarray experiment

RNA was extracted from 24 DTS-L3/+ heterozygous flies (12 fe-
males, 12 males). 24 h following their emerging from the pupae, the
control and heat-shocked flies were kept either at 18 or 29 °C for
3 days. Trizol reagent (Invitrogen) was used according to the manu-
facturer's recommendations. We eliminated the DNA contamination
of the samples by the Ambion DNA-free kit (#AM1906), followed by
RNeasy mini kit (Qiagen) chromatography to obtain high purity
RNA. The labeling of RNA was carried out by two-color Quick-Amp label-
ing kit (Agilent) and hybridized to Agilent 4x44k Drosophila specific
array (Design ID: 18972). Feature extraction was achieved by an Agilent
Technologies Scanner G2505B. Data analysis was done by Agilent Gene-
Spring GX version 11.0.
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Abstract

The basal lamina (BM) contains numerous components with a predominance of type IV collagens. Clinical
manifestations associated with mutations of the human COL4A1 gene include perinatal cerebral hemorrhage
and porencephaly, hereditary angiopathy, nephropathy, aneurysms and muscle cramps (HANAC), ocular
dysgenesis, myopathy, Walker—Warburg syndrome and systemic tissue degeneration. In Drosophila, the
phenotype associated with dominant temperature sensitive mutations of col4at include severe myopathy
resulting from massive degradation of striated muscle fibers, and in the gut, degeneration of circular visceral
muscle cells and epithelial cells following detachment from the BM. In order to determine the consequences
of altered BM functions due to aberrant COL4A1 protein, we have carried out a series of tests using Drosophila
DTS-L3 mutants from our allelic series of col4a1 mutations with confirmed degeneration of various cell types
and lowest survival rate among the col4a1 mutant lines at restrictive temperature. Results demonstrated
epithelial cell degeneration in the gut, shortened gut, enlarged midgut with multiple diverticulae, intestinal
dysfunction and shortened life span. Midgut immunohistochemistry analyses confirmed altered expression
and distribution of BM components integrin PSI and PSII alpha subunits, laminin gamma 1, and COL4A1 both
in larvae and adults. Global gene expression analysis revealed activation of the effector AMP genes of the
primary innate immune system including Metchnikowin, Diptericin, Diptericin B, and edin that preceded
morphological changes. Attacin::GFP midgut expression pattern further supported these changes. An
increase in ROS production and changes in gut bacterial flora were also noted and may have further
enhanced an immune response. The phenotypic features of Drosophila col4al mutants confirmed an
essential role for type IV collagen in maintaining epithelial integrity, gut morphology and intestinal function
and suggest that aberrant structure and function of the COL4A1 protein may also be a significant factor in
modulating immunity.

© 2015 Published by Elsevier B.V.

Introduction

The polarization and function of the epithelia
including mucosal epithelia is determined and sup-
ported by a specialized form of the extracellular matrix
(ECM), the basal lamina or basement membrane
(BM). In various tissues and body compartments, the
BM also fulfills diverse functions including separation,
absorption, sensation and secretion [1]. The BM is

0022-2836/© 2015 Published by Elsevier B.V.

made of numerous components with a predominance
of type IV collagens. Mammals, including humans,
harbor three pairs of type IV collagen genes
(COL4A1-6). The inherited disorder of renal, ocular
and cochlear basement membranes associates with
mutations of the X-linked COL4A5 gene in the majority
of patients with Alport syndrome, whereas mutations
in the autosomal COL4A3 and COL4A4 genes are
responsible for the symptoms of Alport syndrome in

Matrix Biol. (2016) 49, 120-131
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about 20% of patients [2,3]. In the mammalian BM, and porencephaly [4], hereditary angiopathy, ne-
the dominant type IV collagen units are trimers with phropathy, aneurysms, and muscle cramps
(COL4A1),COL4A2 composition. (HANAC) [5], ocular dysgenesis, myopathy and

Clinical manifestations associated with mutations ~ Walker—Warburg syndrome [6]. The latest reports
of COL4A1 include perinatal cerebral hemorrhage  also demonstrated systemic tissue degeneration

Fig. 1 (legend on next page).



122 Activated immunity and intestinal dysfunction in Drosophila COL4A1 mutant

and pleiotropy associated with COL4A1 mutations
and confirmed that the phenotypes of COL4A2
mutations are phenocopies of COL4A1 gene muta-
tions [7].

We have recently reported an allelic series of
conditional, dominant, temperature-sensitive (DTS)
mutations within the type IV collagen gene (col4af)
in Drosophila. The col4a1 mutant heterozygotes are
viable and fertile at permissive temperature (20 °C),
but perish at restrictive temperature (29 °C). The
phenotype associated with mutations of col4at
include severe myopathy resulting from massive
degradation of striated muscle fibers [8], degenera-
tion of the circular visceral muscle cells and the
epithelial cells of the gut that occur following
detachment from the BM [9]. While there are signs
of repair, the capacity of the scavenger system, and/
or the kinetics of cell renewal and regeneration fail to
keep up with the ongoing cell degeneration in these
mutants [8,9].

The mucosal epithelia of the gastrointestinal tract
are constantly challenged by the microbiome result-
ing in various types of interactions including com-
mensalism, symbiosis and pathogenicity [10].
Drosophila is one of few animal models in which
host-microbe interactions in the gut have been
studied [11]. The gut-associated bacterial community
in Drosophila is scarce, harboring 5-10 bacterial
phylotypes [12] and among these five dominant
commensal species: Lactobacillus plantarum, Lacto-
bacillus brevis, Acetobacter pomorum, Gluconobacter
morbifer and Commensalibacter intestini [13,14]. Dro-
sophila antimicrobial defense is facilitated by the
phagocytosis of pathogenic microorganisms and
by the synthesis of antimicrobial peptides (AMPS).
Epithelial defense also relies on the generation of
reactive oxygen species (ROS) [15—17].

Activation of the immune system by overexpression
of AMPs, including Diptericin, Cecropin, Drosomycin,
Defensin, Attacin and Metchnikowin, as demonstrated
in caudal hypomorphic RNAi mutants, results in
restructuring of the commensal bacterial population
with the dominance of the pathogenic Gluconobacter
morbifer accompanied by degradation of gut epithelial
cells and high mortality of the host [13,14] suggesting a
role for deregulated expression of AMPs in epithelial
cell degeneration and gut pathogenesis. Overexpres-
sion of AMPs was similarly linked in aging flies to
dysfunction of the intestinal barrier that normally
permits the absorption of nutrients and solutes and

hampers host contact with harmful entities [18,19].
Compromised intestinal barrier function was also noted
in big bang (bbg) null Drosophila mutants that in the
absence of the BBG protein that is localized in gut
epithelial septate junctions, demonstrated reduced
lifespan and chronic inflammation of the anterior midgut
epithelium [20]. While some of the col4a1 mutation-as-
sociated phenotypic features were consistent with
chronic inflammation, inflammatory and immune-acti-
vation mechanisms have not been explored either in
Drosophila cold4a1 or in association with mouse or
human COL4A1 mutations [5,6,7,13,14].

In order to determine if mutated col4at1 and the
resulting aberrant BM induced cell degeneration,
compromised gut mucosal epithelial functions and
activated the immune system, we have carried out a
series of tests in mutant animals including evaluation
of larval development, gut morphology, integrity of
epithelial and visceral muscle cells of the gut, degree
of cell death, immunohistochemistry of BM proteins in
the midgut, global gene expression changes, expres-
sion values of the activated AMP effector genes of the
primary innate immune system, changes in AMP
protein Attacin::GFP levels in the midgut, and ROS
production. We have also analyzed changes in the
composition of the gut bacterial flora and the tolerance
of bacterial load as indicators of modified immune
functions, and recorded changes in life-span. From
our allelic series of col4al mutations, we have
selected for these analyses the DTS-L3 mutant
based on the confirmed degeneration of various cell
types and lowest survival rate among the coldat
mutant lines at restrictive temperature of 29 °C [8,9].

Results

Aberrant gut morphology, cell degeneration and
altered expression of BM components in the
midgut of col4al mutants

Massive cell degeneration that we have described
earlier [8,9] was confirmed at restrictive temperature
(29 °C) in the midgut of colda1 adult mutant flies
carrying the dominant temperature-sensitive DTS-L3
allele. Additionally, the following phenotype changes
were noted: L3-stage DTS-L3 mutant larvae were
shorter in length (4.9+/-0.3 mm) at 29 °C compared to
values (5.5+/-0.4 mm) (p = 0.032) at 20 °C and to
wild-type larvae at either temperatures. Gut alterations

Fig. 1. A. Fluorescence micrographs demonstrating TUNEL positivity in larval midgut. A: TUNEL-positive midgut of a
DTS-L3 L3-larva incubated at 29 °C; arrows point to diverticulae and to protruding peritrophic matrix. B: DAPI, C. Merge.
D, E, F: Midgut of a DTS-L3 L3-larva incubated at 20 °C appears TUNEL-negative. Scale bars: 50 pym. B. Actin (red) and
integrin (green) staining of the L3 larval midgut visceral muscle cells. A1: Actin, A2: Integrin, A3: Merge, wild-type; A4-6,
mutant, same order, 20 °C. B1-3, wild type, B4-6 mutant, 29 °C. Asterisks refer to areas of lower integrin expression. C1,
C2: Laminin expression (red) in the midgut of L3 control/mutant larvae, 20 °C, C3, C4, at 29 °C. C5, C6: Laminin
expression in the midgut of control/mutant adults, 20 °C, C7, C8, 29 °C. Note decreased laminin expression in C4 and C8.
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included shorter gut (1.5+/-0.4 arbitrary units) com-
pared to those of wild-type larvae (1.9+/-0.3 arbitrary
units) irrespective of the incubation temperature. In
the transparent larvae, pathological gut morphology
included enlarged midgut with diverticulae at several
sites (Fig. 1A), whereas the midgut of the control
larvae had a flat surface at 29 °C (Fig. 1D).
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Fluorescent light microscopic inspection revealed
additional protruding sites/diverticulae along the
midgut. The nuclei within areas of the diverticulae
proved TUNEL-positive involving nearly all nuclei
(Fig. 1A-C). Areas of the diverticulae, furthermore,
lacked cellular organization and presented a protruding
peritrophic matrix (Fig. 1A-C) while the midgut of the
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Fig. 2. A. QRT-PCR validation of the expressional data of selected AMP genes. Metchnikowin (Mtk), Diptericin (Dpf),
Diptericin B (DptB) and edinin DTS-L3 mutants, following a three-day shift to restrictive temperature *p < 0.05; **p < 0.01.
Expression values of the ribosomal protein 49 gene (Rp49) served as an internal control. ATT::GFP expressions in control
(Fig. 2B) and mutant (Fig. 2C) flies at permissive temperature and at 29 °C (Fig. 2B, D, respectively). Scale bars: 100 pm.
Note the opposite expressional levels in the wild-type and mutant animals.
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mutant larvae reared at 20 °C did not show these
features (Fig. 1D—F).

The expression and distribution of BM compo-
nents integrin PSI and PSII alpha subunits, laminin
gamma 1 and collagen COL4A1 were analyzed in
the midgut using immonohistochemistry (Fig. 1B).
Panels A1-3 present the visceral muscle cells of the
midgut in control L3 larvae, A4—6 correspond to
mutant midgut stained for integrins (green) and actin
(red) at 20 °C. In control larvae, punctate integrin
staining localized to the Z-disks while in mutants
slightly less integrin expression was detected at this
location. This tendency was more apparent in larvae
reared at 29 °C where large areas in the midgut of
the mutant lacked integrin expression (asterisks,
Fig. 1 B1-3 vs. B4—6). The same integrin expression
pattern was observed in the midgut of adult mutant
animals (Supplementary Fig. S1). Laminin gamma 1
was similarly reduced in the midgut of mutant L3
larvae (Fig. 1B, C3 vs. C4, red) and in the midgut
of adult animals (Fig. 1B, C7 vs. C8, red) at 29 °C
and appeared as a diffuse staining in mutants
(C4, C9). COL4A1 staining accumulated in the
sarcoplasm in the midgut of the mutant at 20 °C
(Fig. 2B, D3, D4, green) and indicated a diffuse,
irregular staining pattern at 29 °C (Fig. 2B, D7, D8,
green, asterisks). These results corroborated our
earlier data and confirmed a systemic, multi-organ
phenotype in col4a1 mutants at restrictive temper-
ature [8,9].

Overexpression of AMP genes of the primary
innate immune system and elevated oxidant
production in col4a1 DTS-L3 mutants

DNA-array experiments were carried out to detect
col4a1 mutation-associated gene expressional alter-
ations in DTS-L3mutant animals compared to wild-type
control flies at both permissive and restrictive temper-
atures [8]. Most of the upregulated genes in the mutants
at restrictive temperature were related to immunolog-
ical functions including host defense response, anti-
bacterial humoral response, and innate immune
response (Supplementary Table 1). The expression
of certain peritrophic matrix constituents (CG 10154 and
CG10725), as well as genes for digestive tract
enzymes (CG17234 and CG31091) and a transmem-
brane transport protein (CG9825) were also elevated in
the mutants. In wild type Oregon files, the expression
patterns for all of these genes followed an opposite
tendency and were downregulated at elevated tem-
perature. We have also found a gene, CG13043 that
was significantly downregulated in the mutant but was
upregulated in wild type flies. The CG13043 gene
encodes a Retinin domain protein (pfam04527),
considered to be a cuticle protein with yet unknown
function that is expressed in the trachea and the testis.

Genes His3 and Hsp22 were upregulated and one
of the peritropic matrix protein genes, obst-B, was

downregulated in both mutant and control samples
likely as part of an orchestrated response to elevated
temperature. BobA and Dup99B were also found
underexpressed in both mutants and controls. BobA
is responsible for Notch signaling, while Dup99B
plays a role in oviposition. Both genes seemed to
be temperature-regulated regardless of mutational
status.

In col4al mutants, AMP genes of the primary
innate immune system Metchnikowin, Diptericin,
Diptericin B, Attacin A, Attacin C and edin (elevated
during infection) showed upregulation in the mutants
whereas downregulation in controls at restrictive
condition at statistically significant (p < 0.01) levels.
Results of the DNA-array experiments are summa-
rized in Supplementary Table 1 and gene expression
data were deposited in the GEO-Database under
accession number GSE52579.

DNA-array expression values for the AMP genes
were validated by QRT-PCR. The data corroborated
values of the DNA-array results and confirmed low
levels of expression at 20 °C and significantly
increased expression of Metchnikowin (Mtk), Dipter-
icin (Dpt), Diptericin B (DptB) and edin in mutants
following a three-day shift to restrictive temperature,
while in control animals, these genes showed
significant downregulation at 29 °C (Fig. 2A).

Expression changes at protein level were estab-
lished utilizing the Drosophila transgenic line carrying
the Attacin::Green Fluorescent Protein (GFP) fusion
under the control of the Att promoter [39]. Aff mRNA
expression was downregulated log2 = —2,29-fold in
wild-type control animals, whereas upregulated in
mutants log2 = 3,19-fold following a shift to 29 °C
(Supplementary Table 1). Protein levels followed the
pattern of transcriptional alterations. In controls,
reduced amount of ATT::GFP (Fig. 2B, D), whereas
in mutant animals increased amount of fusion protein
was detected at 29 °C (Fig. 2C, E).

In order to evaluate whether an increase in oxidant
production also occurred in mutants, we have mea-
sured the concentrations of two oxidants peroxynitrite
and hydrogen peroxide at both 20 °C and 29 °C. In
mutants, peroxynitrite production was detected at
higher concentrations compared to controls regardless
of the temperature (Fig. 3). Hydrogen peroxide
concentrations increased statistically significantly
(p < 0.05) in the mutant and were slightly elevated in
control animals at 29 °C (Fig. 3).

Bacterial species and counts are reduced in the
col4a1l mutant gut niche

In order to determine if altered expression of the
primary/innate immune system had functional con-
sequences in mutant animals, we have analyzed the
gut microbial flora and compared to normal controls.
Amplification and sequencing of the 16S ribosomal
RNA genes of the commensal bacteria from both
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Fig. 3. Measurements of ONOO™ and H,O, concentrations in nmol/mg protein units in control and mutant animals at both
permissive and restrictive temperatures. All values are presented as means + S.D. *p < 0.05, **p < 0.005, ***p < 0.001.

mutants and controls kept at elevated temperature for
3 days was carried out. BLAST searches of the
nucleotide sequences of the amplified fragments
identified two common bacterial phylotypes, Acet-
obacter cerevisiae and Lactobacillus plantarum in
both lines. As the composition of the intestinal
microbiome changes dynamically and is dependent
on environmental factors, we also cultivated both
mutant and wild-type flies on starch-based medium.
Under these conditions, beyond Acetobacter and
Lactobacillus a third cultivable member of the
gut-associated microbial community appeared in
form of red colonies that, upon morphologic evalu-
ation and ITS sequence analysis, proved to be yeast
Rhodothorula species. Following a shift to sucro-
se-based food, Rhodothorula disappeared from the
gut niche. The titers of the microbial community
were also determined in the gut of mutant and
wild-type flies. The number of colony-forming units

(CFU) was ~10° per gut both in mutants and
controls at 20 °C. At 29 °C, statistically significant
reduction (p = 0.015) in CFU values was recorded in
wild-type flies and while not statistically significant,
a decrease of CFU was also noted in mutants. The
elevated oxidant concentration (Fig. 3) and in-
creased rate of oxidative reactions at 29 °C were
consistent with the observed decrease in CFU
values of the intestinal microbiome (Fig. 4).

Importantly, in mutants, the Acetobacter/Lactoba-
cillus ratios revealed a statistically significant shift
toward Acetobacter, a feature that was already present
at permissive temperature (Fig. 4).

Increasing the bacterial dose is lethal at 29 °C
The lifespan of the wild-type control and mutant

flies is 105 days that does not differ significantly at
permissive temperature. Rearing both lines at 29 °C
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Fig. 4. CFU values of Acetobacter cerevisiae and Lactobacillus plantarum in DTS-L3 and wild-type flies incubated at
20 °C and 29 °C. Left y axis: colony count/gut; right y axis: A. cerevisiaelL. plantarum (AC/LP) ratios.
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reduced longevity of the wild-type flies to 32 days,
whereas to 25 days of mutants (Fig. 5A).

To test the hypothesis that increased levels of
the normal gut-associated bacteria may affect
the lifespan, isolated microbiotes were orally fed
to both mutant and wild-type flies. The survival rates
of the orally infected flies revealed that neither
Lactobacillus plantarum nor Acetobacter cerevisiae
influenced the life span of either mutant or wild-type
flies at 20 °C (Fig. 4C, D), and the CFU values in the
gut remained in the range observed in the uninfected
population ~ 10° CFU/gut (not shown). In contrast,
at 29 °C, both mutant and wild-type flies succumbed
following ten days of oral infection (Fig. 4C, D)
irrespective the bacteria used with dramatically
increased intestinal CFU values, exceeding 1-
4 x 10° CFU/gut (not shown). These results showed
that a young population of both mutant and wild-type
flies maintain relatively constant intestinal CFU
values at 29 °C and suggested that the composition
and titer of the intestinal microbial community does
not contribute remarkably to the pathology of the
young DTS-L3 mutants, and that their reduced
lifespan (25 versus 32 days) may be due to other
factors.

In aging flies, in contrast, increased bacterial loads
have been demonstrated by several laboratories and
were suggested to contribute to the death of the
animals [19,21-23]. Premature aging and death of
the colda1 mutant flies might be caused by earlier
onset of increased bacterial load, therefore we
anticipated extended life span of the mutants by
rearing them on antibiotics at restrictive temperature.
Indeed, lifelong clearing of bacteria increased the life
expectancy of both mutant and control lines up to
38 days at 29 °C (Fig. 5B). These results were
consistent with previous experimental evidence
[19,21-23] and confirmed that elevated bacterial
load is malign in aging flies but did not explain why
col4a1 mutantflies still succumbed significantly earlier
on antibiotics-free medium.

Premature loss of intestinal integrity in col4a1
mutants

Detachment and TUNEL-positive staining of the
gut epithelial and visceral muscle cells in the DTS-L3
mutants at restrictive condition (Fig. 1), [9] indicated
loss of intestinal integrity. Therefore, we tested
barrier function of the alimentary tract by monitoring
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the onset of the SMURF phenotype, i.e. penetrance
of non-absorbable blue food dye into the hemolymph
in both mutants and controls. At 20 °C, intestinal
dysfunction did not occur until 57 days of incubation
in either mutants or controls with no significant
differences between the two lines (Fig. 6A). Incuba-
tion at 29 °C, however, resulted in an abrupt onset of
the SMURF phenotype in DTS-L3 mutants (Fig. 6B)
between 20 and 22 days followed by immediate
death of the animals (Fig. 6A). Intestinal dysfunction
in wild-type flies did not occur within this time-frame
(Fig. 5C, D). These results suggested that premature
aging of the DTS-L3 mutants was due to dysfunction
of the intestinal barrier that also explained their short
lifespan.

Discussion

The components and three-dimensional structure of
the ECM provide a microenvironment that regulates
basic cellular functions. Aberrant expression and
structure of the ECM during tissue remodeling or
pathological processes activate the immune system
and influence cell survival. Degraded fragments of the

BM also modulate the activities of both resident cells
and infiltrating immune cells [24]. Collagen type IV
fragments resulting from BM degradation by metallo-
proteinases were implicated in the synthesis of
antimicrobial peptides (AMPs) and stimulation of
innate immune responses during insect metamorpho-
sis [25]. Endogenously derived danger/alarm signals,
including collagen type IV fragments, also stimulated
immune cells in lepidoptera [26]. While modulated
genetic elements for components of the BM (laminin,
nidogen/entactin, perlecan, integrins and cross-
linking lysyl oxidases) are available in Drosophila
[27—29], the specific role of aberrant BM and mutated
collagen type IV in modulating immune functions has
not been explored in this model.

We have demonstrated earlier that in temperature-
sensitive col4al Drosophila mutants altered BM
structure and function cause degradation of skeletal
and visceral muscle cells resulting in severe myopa-
thy [8,9]. Results of the current study confirmed that
mutated col4a1 also causes degeneration of epithelial
cells of the gut at restrictive temperature. Following
continuous incubation of mutants at 29 °C from egg
deposition, morphological changes manifested in
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shorter larvae and the development of severe gut
pathology including shorter gut, enlarged midgut, and
multiple diverticulae collectively leading to intestinal
dysfunction and shortened life span.

In adult animals, three days of temperature chal-
lenge and the resulting massive cell degradation as
part of an early response, was sufficient to activate the
immune system manifested in the overexpression
of AMP genes Metchnikowin, Diptericin, Diptericin B,
and edin. In contrast to mutants, wild-type control flies
downregulated AMP synthesis at 29 °C in agreement
with the reported downregulation of Metchnikowin in
flies kept at 29 °C [30].

Multiple lines of evidence suggest a direct rela-
tionship between AMP overexpression, apoptosis of
gut epithelial cells, and mortality reported for both
caudal Drosophila mutants and aging animals
[18,18,19]. In col4a1 mutants, temperature-induced
initiation of epithelial cell detachment from the BM,
activation of the immune system, and subsequent
intestinal dysfunction appeared to be the primary
causes of their abrupt and premature death. Elevated
oxidant concentrations may have additionally promot-
ed epithelial damage and intestinal dysfunction.

A shift in gut bacterial species and decrease of the
CFU values were temperature-dependent responses
irrespective of col4a1 mutation. Immune deficiency
pathway-mutants have a contrasting higher gut CFU
values, indicating that the basal level of antimicrobial
peptides effectively regulate bacterial density [31].
Reduced bacterial count observed in controls with
reduced AMPs and in DTS-L3 mutants with over-
expressed AMPs suggested that factors other than
AMPs contributed to the maintenance of gut homeo-
stasis at elevated temperature.

Already present at permissive temperature, in
mutants the Acetobacter/Lactobacillus ratios revealed
a statistically significant shift toward Acetobacter. The
acetic acid produced by Acetobacter effectively
modulates insulin/insulin-like growth factor signaling
in Drosophila that regulates developmental rate, body
size, energy metabolism, and intestinal stem cell
activity [32]. Thus the predominance of Acetobacter
in the gut flora of col4al mutants may modify
additional regulatory mechanisms that contribute to
the phenotype.

In DTS-L3 col4a1 mutants, visceral muscle cell
degeneration [9] has at least two severe conse-
quences. First, during regeneration of the gut
epithelium by the intestinal stem cells, visceral
muscle cells that surround the epithelium produce
epidermal growth factor Vein [31] a process that
may be severely compromised in mutants. Second,
compromised visceral muscle cells may cause
motility-associated disorders, including life-threa-
tening chronic intestinal pseudo-obstruction (CIPO)
[33]. Therefore, Vein deficiency and CIPO may also
be contributing factors to premature aging and death
of mutants.

Considering the present data a question arises:
Why human patients and mice with COL4A1
mutations do not develop chronic inflammation and
prominent activation of the immune system? The
mammalian genetic alteration differs from the colda1
Drosophila mutation in several aspects. The homol-
ogous Drosophila mutations do not affect viability,
fertility or cause detectable BM-associated cell
degeneration at permissive temperature. Strong
systemic phenotype occurs only following tempera-
ture stress. Stress-induced phenotype was similarly
observed in Col4a™~ mouse embryos. Coldal or
Col4a2 null homozygotes were lethal at a develop-
mental phase when the embryonic heart started to
beat and put the blood vessels under pressure [34].

Our results with a Drosophila col4a1 conditional
dominant mutant line support the suitability of this
model to study mechanistic elements of the human
COL4-associated condition, mutant phenotypic fea-
tures confirm an essential role for type IV collagen in
maintaining epithelial integrity, gut morphology, and
intestinal function, and suggest that aberrant struc-
ture and function of the COL4A1 protein may be a
significant factor in modulating immunity.

Experimental procedures

Drosophila maintenance, RNA isolation, labeling,
and DNA-array experiments

Wild-type Oregonflies and col4a1 mutant stock with
the DTS-L3 allele were maintained at 20 °C or 29 °C
on yeast-cornmeal- sucrose-agar medium supple-
mented with propionic acid and hydroxymethylbenzo-
ate to avoid fungal infections. In the starch-based
food, sucrose was replaced by wheat flour. To test
the effect of antibiotics we used a combination of
ampicillin and tetracycline, dissolved in 50% ethanol,
mixed into the medium to a final concentration of
500 pg/ml and 50 pg/ml, respectively. The vials were
prepared a day before use and were changed in every
6 days. Intestinal barrier dysfunction was monitored
by mixing 30-fold diluted stock solution of the blue food
dye Patent Blue V/E131 in the liquid medium and
recording the onset of the diffusion of the dye from the
gut into the surrounding tissues (SMURF phenotype).

The col4a1 mutant stock was kept heterozygous
over the CyRoi balancer chromosome. Prior to RNA
isolation the dominant temperature-sensitive DTS-L3
mutant and wild-type Oregon flies were incubated
at 18 °C and 29 °C for three days. 24 flies were
homogenized following CO,-anesthesy in 500 pl of
TRIzol® Reagent (Invitrogen) according to the man-
ufacturer's instructions. To remove residual genomic
DNA, RNA samples (5 pg aliquots) were incubated
for 30 min at 37 °C with 1 unit of DNase (Ambion
DNA-free), inactivated at room temperature for two
minutes by adding the inactivation reagent. RNeasy
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columns (Qiagen) were applied for further purification.
260/280 and 260/230 ratios in all samples were
above 2. Agilent microarray analysis was performed
using the commercially available 4 x 44 k Drosophila
platform (Agilent ID: 018,972). 5 ug of total RNA was
reverse transcribed and used for each condition
according to the Agilent Two-color Quick Amp Kit
protocol. A technical duplicate was made by dye-swap
resulting in eight samples in the following combinations:

Array 1_1 Array 1_2 Array 1_3 Array 1_4
Ore 20 °C/Cy5 Ore 29 °C/Cy5 Ore 20 °C/Cy3 Ore 29 °C/Cy3
DTS-L3 DTS-L3 DTS-L3 DTS-L3

20 °C/Cy3 29 °C/Cy3 20 °C/Cy5 29 °C/Cy5

Labeled samples were hybridized in 2x GEx
Hybridization buffer HI-RPM to the array at 65 °C, 10
RPM, for 17 h. The slides were washed sequentially
with GE Wash Buffer 1 and 2 and scanned by Agilent
G2505B scanner. Microarray data were processed
from raw data image files and were quantified with
Feature Extraction Software 8.5 (Agilent Technolo-
gies). The raw processed signal intensities were
normalized to total intensity for comparison between
subarrays achieved by Cy5 and Cy3 dyes. Data were
filtered by four features: “green is positive and
significant”, “red is positive and significant’, “green is
well above background” and “red is well above
background”. Log2 transformation of normalized
values, two sample t-test with equal variances, filtering
for p < 0,01 and averaging of repeated log2 values
were calculated. Processed data were subsequently
imported and evaluated by the GeneSpring GX and
Microsoft Excel. AMIGO gene ontology database was
used to find corresponding GO terms; GO annotations
were translated by www.sigenae.org.

Validating of the microarray data was achieved using
the same templates by QRT-PCR. RevertAid reverse
transcriptase (Fermentas) with Random primers (Invi-
trogen) that were applied for cDNA synthesis and
RNaseOut (Invitrogen) was added to avoid RNA
degradation. KAPA Sybr Fast Universal gPCR mas-
termix was used and the reactions were run on an
Applied Biosystems 7500 Real-Time PCR System.
Expression values in samples of wild-type control flies
incubated at 20 °C served as references. Ct values
were corrected with reaction efficiencies and cDNA
quantity. Student's t-test was used to calculate
statistical significance.

Genotyping of gut bacteria

Mutant and wild-type flies were incubated for three
days at 20 °C or 29 °C, surfaces were sterilized in
70% EtOH, guts were dissected from a group of five
anesthetized flies and homogenized in 100 pl sterile
SB broth. 80 pl 100-fold dilutions of the suspensions
were plated on mannitol-agar (2.5% n-mannitol,

0.5% yeast extract, 0.3% peptone, 2% agar, w/v), on
SB-agar plates (3.2% peptone, 2% yeast extract,
0.5% NaCl, 2% agar) and on MRS agar (Scharlau; g/I:
Peptone proteose 10.00, Meat extract 8.00, Yeast
extract 4.00, D(+)-Glucose 20.00, Sodium acetate
5.00, Triammonium citrate 2.00, Magnesium sulfate
0.20, Manganese sulfate 0.05, Dipotassium phosphate
2.00, Polysorbate 80 1.00, Agar 14.0) incubated at
25 °C. MRS agar is used to grow Lactobacilli;
Acetobacter can also grow on this medium but forms
smaller colonies. The opposite size distribution can be
observed on mannitol plates which is used mainly to
grow Acetobacter species. Feeding of bacteria to flies
was achieved in both lines kept either at 29 °C or
at 20 °C by adding 0.1 ml of the formerly isolated
Lactobacillus or Acetobacter species at an optical
density of 1 at 600 nm directly to the surface of the
food. Clearly distinct bacterial colonies from mannito-
l-agar plates were pinched and suspended in the
PCR-premix for colony PCR. The primers specific for
16S rRNA were 8FE (5'-AGA GTT TGA TCM TGG
CTC AG-3) and 1492R (5-GGM TAC CTT GTT ACG
ACT T-3) [13]. ITS1 (TCCGTAGGTGAACCTGCGG)
and ITS4 (TCCTCCGCTTATTGATATGC) primers
were used for fungal DNA amplification [35]. The
products were checked on agarose gel and outsourced
for sequencing by Macrogen (Seoul, R. Korea) or to
Eurofins MWG Operon (Ebersberg, F.R. Germany).

TUNEL-labeling, ATT::GFP expression, immuno-
histochemistry

Terminal deoxiribonucleotide transferase-mediated
dUTP-fluoresceine conjugate nick end labeling
(TUNEL) was achieved by in situ cell death detection
kit (Roche) as recommended. Embryos of mutant and
control flies were incubated at 20 °C or 29 °C and
L3-stage larvae collected. Nuclei in the dissected
guts were counter-stained by 1 pg/ml 4',6-diamidino-2-
phenylindole (DAPI).

Equimolar mixture of anti-integrin PS | alpha and
PSII alpha monoclonal antibodies (mouse, Develop-
mental Studies Hybridoma Bank) were utilized for
integrin staining. Mouse monoclonal anti-COL4A1
antibody was raised against the peptide ATGAG-
SIQDS (29-38) by Creative Ltd., Szeged, Hungary.
Primary mouse antibodies were visualized by anti-
mouse Alexa Fluor 488-conjugated secondary anti-
body (Invitrogen, Life Technology). Laminin gamma
1 polyclonal antibody (rabbit, Abcam) treatment was
followed AlexaFluor 568-conjugated anti-rabbit sec-
ondary antibody. Experimental procedures described
[8] were followed.

Freshly hatched control and mutant adults ex-
pressing the Att: GFP transgene were incubated at
permissive and restrictive temperatures for three
days, guts were dissected. Labellings were visual-
ized by fluorescence microscopy using GFP, FITC
or DAPI filters.
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Determination of oxidant concentrations

Fifty adult flies were homogenized in 450 pl volume
of ice-cold phosphate buffered saline solution by
means of a plastic homogenizer immersed in an ice
water bath, centrifuged at 17,000 g for 15 min at 4 °C,
and the clear supernatants were used for H,O,,
ONOO™ and protein analysis. The quantity of proteins
was determined with Folin—Ciocalteu reagent, using
bovine serum albumin as standard [36]. Spectropho-
tometric measurements were carried out with
GENESYS 10S UV-Vis spectrophotometers (Thermo
Scientific). For the assay of H>O,, 0.05 mg/mL
horseradish peroxidase and 0.1 mg/mL o-dianisidine
in sodium phosphate buffer (100 mM, pH 6.5) was
used. The H,O, concentration was determined spec-
trophotometrically at 400 nm and was calculated in
nmol/mg protein units [37]. ONOO™ was assayed by
diluting samples in 1 M NaOH (60:1) and measuring
the increase in absorbance at 302 nm. As a control,
samples were added to 100 mM potassium phosphate
(pH 7.4) (60:1). The decrease in absorbance was
measured at neutral pH as ONOO™ decomposes [38].
ONOO™ concentration was expressed in nmol/mg
protein units.

Supplementary data to this article can be found
online at http://dx.doi.org/10.1016/j.matbio.2015.09.
002.
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Basement membranes (BMs) are highly specialized extracellular
matrices (ECMs) that provide support and polarization cues for
epithelial cells. Proper adhesion to the BM is pivotal in epithelial
cell function and survival. Type IV collagens are the predominant
components of all types of BMs, that form an irregular, polygonal
lattice and serve as a scaffold for numerous other BM components
and BM-associated cells. Mutations in the ubiquitous human BM
components COL4A1 and COL4A2 cause a multisystem disorder
involving nephropathy. Affected patients develop renal dysfunc-
tion and chronic kidney failure with or without hematuria. Mouse
Col4al and Col4a2 mutants recapitulate the human symptoms. In
vertebrates, excretion is accomplished by the kidneys and by the
Malpighian tubules in insects, including the fruit fly Drosophila.
Our present results with dominant, temperature-sensitive muta-
tion of the Drosophila col4al gene demonstrate altered integrin
expression and amplified effects of mechanical stress on the Mal-
pighian epithelial cytoskeleton.
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Specifications Table

Subject area Biology

More specific subject area Genotype-phenotype relationship in Drosophila type IV collagen mutants
Type of data Microscopic images, text file

How data was acquired  Microscope

Data format Raw

Experimental factors Immunohistochemistry

Experimental features Confocal fluorescence pictures

Data source location N.a.

Data accessibility N.a.

Value of the data

e Mutations in the ubiquitous human basement membrane component COL4A1 cause a systemic
disease affecting the brain, muscle, blood vessels, kidneys and eyes.

e While mouse models of these mutations recapture the human phenotype, inherent limitations
argue for a versatile and more easily tractable model.

e Mutations within the homologous type IV collagen gene in Drosophila recapitulate pathological
elements of the human disease and provide suitable phenotypic markers for therapeutic
evaluations.

1. Data

We have identified dominant, temperature-sensitive mutations within the Drosophila type IV
collagen gene col4al, the insect homologue of mammalian COL4A1. Similar to their mammalian
counterparts, the mutations trigger a systemic phenotype, including severe myopathy, intestinal
dysfunction and a robust immune response manifested by overexpression of antimicrobial peptides
and excess synthesis of the oxidants hydrogen peroxide and peroxynitrite [1-3]. The Malpighian
tubules, the excretory organ of insects, are functionally similar to the mammalian kidneys [4]. The
tubules are freely floating within the hemocoel, the openly circulating blood-filled body cavity. We
surmised that the mechanical impetus of periodic movements of the insect body that keeps the
Malpighian tubules in continuous movement, may also contribute to stress-induced cytoskeletal
reorganization in mutant animals.

Fig. 1. Malpighan tubules of wild-type (A1-A3 and B1-B3) and mutant (A4-A6 and B4-B6) flies kept at 20 °C for 3 and 18 days.
Red: Actin, blue: DAPI-stained nuclei, green: COL4A1. A1, A4, B1, B4: Actin stained by phalloidin; A2, A5, B2, B5: COL4A1
antibody staining; A3, A6, B3, B6: Merge. Bars equal 50 pm.
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In order to explore the phenotype of Malpighian tubules associated with mutated Drosophila
col4al gene, we have chosen a mutant line with the DTS-L3 allele [1-3] as a model, together wild-type
OregonR flies. Both lines were incubated at permissive (20 °C) and restrictive (29 °C) temperatures
and evaluated following three and eighteen days of incubation. At permissive temperature, both in
wild-type and mutant flies actomyosin accumulated in the cortical periphery of epithelial cells
irrespective of the incubation times while COL4A1 protein staining showed regular distribution
(Fig. 1). At restrictive temperature, epithelial cells of col4al mutant developed actin stress fibers
visible already at three days of incubation (Fig. 2, A4, white arrow) that became abundant within the
cytoplasm by day 18 (Fig. 2, A5). Results were similar to cytoskeletal rearrangement reported for the
proximal tubule cells in kidneys of Col4a1%#98V/¢498V homozygous mouse mutants [5]. In the mutants,
epithelial cells also expressed less COL4A1 protein both at the third (Fig. 2, A5, yellow arrows) and
eighteenth day (Fig. 2, B5, red arrows) of incubation at 29 °C.

Type IV collagens of the BM bind cell-surface integrin receptors as ligands with high affinity and
are parts of the cytoskeleton-extracellular matrix axis [6]. The trans-membrane integrins mediate
dynamic interactions, including mechano-transduction, between the ECM/BM and the actin
cytoskeleton.

To evaluate the effect of altered type IV collagen network on the BM-cytoskeletal axis in mutant
animals, we examined the expression and distribution of integrin PS I alpha and PS II alpha subunits.

Immunohistochemistry detected integrins as evenly distributed punctate staining at the surfaces
of epithelial cells of Malpighian tubules (Fig. 3) and integrin alpha subunits also co-localized with
actin staining as demonstrated by red (actin) and green (integrin) labeling in the merged photo-
micrographs (Fig. 3, A3, A6, B3, B6, orange) in both mutant and wild-type lines at permissive

Fig. 2. COL4A1 and stress fiber detection in Malpighan tubules of wild-type (A1-A3 and B1-B3) and mutant (A4-A6 and B4-
B6) flies incubated at 29 °C for 3 and 18 days. Red: Actin, blue: DAPI-stained nuclei, green: COL4A1. A1, A4, B1, B4: Actin stained
by phalloidin; A2, A5, B2, B5: COL4A1 antibody staining; A3, A6, B3, B6: Merge. Stress fibers appear in mutants following three
days incubation at 29 °C (A4, white arrow) and became more abundant by day 18 (B4); mutant Malpighian tubules express less
COL4A1 (A5, yellow arrows, B5, red arrows). Bars equal 50 pm.

Fig. 3. Integrin detection in Malpighan tubules of wild-type (A1-A3 and B1-B3) and mutant (A4-A6 and B4-B6) flies incubated
at 20 °C for 3 and 18 days. Red: Actin, blue: DAPI-stained nuclei, green: Integrin-staining by anti-PS I alpha and PS II alpha
antibodies. Bars equal 50 pm.
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Fig. 4. Altered integrin localization and stress fibers in Malpighan tubules of wild-type (A1-A3 and B1-B3) and mutant (A4-A6
and B4-B6) flies incubated at 29 °C for 3 and 18 days. Red: Actin, blue: DAPI-stained nuclei, green: Integrin-staining by anti-PS I
alpha and PS II alpha antibodies. Stress fibers appeared following three days heat shock (A4, white arrow) and became more
abundant by day 18 (B4, white arrows). Alpha integrins co-localized with actin (B3) in wild-type controls whereas in mutants,
large areas showed reduced staining for integrins (B5, yellow arrow), furthermore, integrin signals did not co-localize with
actin (B6, red arrows). Bars equal 50 pm.

temperature irrespective of the age of the flies or length of incubation. At elevated temperature,
mutant lines developed actin stress fibers by day 3 (Fig. 4, A4, white arrow) that persisted at day 18
(Fig. 4, B4, white arrows) a feature that was not observed in wild-type animals (Fig. 4, A1, B1). In
mutants, integrin staining was uneven with areas of minimal expression at day 18 (Fig. 4, B5, yellow
arrows). Additionally, integrin and actin connections appeared disrupted as these proteins were no
longer co-localized, demonstrated by areas with isolated integrin staining (Fig. 4, B6, red arrows). In
wild-type controls, integrin and actin appeared in close proximity supporting the existence of proper
cytoskeleton-ECM linkage (Fig. 4, B3). The data collectively demonstrate that col4al mutation affects
integrin expression, causes irregular accumulation of integrins and an increase in stress fibers within
the epithelial cells of Malpighian tubules due to impaired mechano-transduction. These phenotypic
changes in Drosophila col4al mutant model represent cellular markers suitable for rapid and cost-
effective evaluations of targeted therapeutical interventions.

2. Experimental design, materials and methods

Mutant and control flies were propagated on yeast-cornmeal-agar medium consisting of nipagine
to prevent fungal infections. Malpighian tubules were dissected from carbon-dioxide-anesthetized
wild-type and mutant flies, fixed and processed as described [1]. Mouse monoclonal antibody against
Drosophila COL4A1 protein was generated using the peptide ATGAGSIQDS (29-38, Creative Ltd,
Szeged, Hungary). To visualize integrin dimers consisting of either PS I alpha or PS II alpha subunits,
an equimolar mixture of both anti-integrin monoclonal antibodies (mouse, Developmental Studies
Hybridoma Bank) were utilized. Primary mouse antibodies were visualized by anti-mouse Alexa Fluor
488-conjugated secondary antibody (Invitrogen, Life Technology). Photomicrographs were taken by
an Olympus Fluoview FV1000 confocal laser scanning microscope (Olympus Life Science Europa
GmbH, Hamburg, Germany).
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Background. Human type IV collagenopathy is associated with mutations within the COL4AI and to aless extent the COL4A2 genes.
The proteins encoded by these genes form heterotrimers and are the highest molar ratio components of the ubiquitous basement
membrane. The clinical manifestations of the COL4A1/A2 mutations are systemic affecting many tissues and organs among these
kidneys. In order to uncover the cellular and biochemical alterations associated with aberrant type IV collagen, we have explored the
phenotype of the Malpighian tubules, the secretory organ and insect kidney model, in col4al collagen gene mutants of the fruit fly
Drosophila melanogaster. In Malpighian epithelial cells of col4al mutants, robust mitochondrial fusion indicated mutation-induced
stress. Immunohistochemistry detected proteins nitrated by peroxynitrite that localized to the enlarged mitochondria and increased
level of membrane peroxidation, assessed by the amount of proteins alkylated by 4-hydroxy-2-nonenal that similarly localized
to the fused mitochondria. Nuclei within the Malpighian epithelium showed TUNEL-positivity suggesting cell degradation. The
results demonstrated that col4al mutations affect the epithelia and, consequently, secretory function of the Malpighian tubules and
provide mechanistic insight into col4al mutation-associated functional impairments not yet reported in human patients and in

mouse models with mutant COL4A1.

1. Introduction

Basement membranes (BMs) are nanoscale sheets of extra-
cellular matrices that play essential roles in multiple organs
including muscle homeostasis, structures, and integrity of
the dermal and ocular system, neuromuscular junctions,
and blood filtration in the kidneys. The most abundant
structural components of BMs include laminins, collagen
IV, nidogens, perlecan, and agrin [1]. The ubiquitous mam-
malian BMs consist of heterotrimeric type IV collagens with
(COL4A1),COL4A1 composition. The clinical presentation
of patients with COL4AI mutation is systemic with numerous
affected organs and tissues including the eyes, brain, the

vascular system, skeletal muscles, and kidneys [2, 3]. A dis-
tinct form of type IV collagenopathy, Hereditary Angiopathy,
Nephropathy, Aneurysms, and Muscle Cramps (HANAC)
syndrome, is caused by N-terminal mutations within the
COL4A1 gene. The renal manifestation of the same mutations
in mouse models includes albuminuria, hematuria, glomeru-
lar cysts, and delays in glomerulogenesis and podocyte
differentiation [4].

We have identified an allelic series of dominant,
temperature-sensitive, antimorph mutations in the cognate
col4al gene of the fruit fly, Drosophila melanogaster. The
col4al"”™ heterozygotes are viable and fertile at permissive
temperature of 20°C but die at 29°C. In these mutants, we
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have reported severe myopathy [5], tortuous BM, detachment
of the gut epithelial and visceral muscle cells from the BM
[6], intestinal dysfunction, overexpression of antimicrobial
peptides, and excess synthesis of the oxidants hydrogen
peroxide and peroxynitrite [7]. Peroxynitrite, by substituting
the hydrogen atom by a nitro (-NO,) group adjacent to the
hydroxyl group on the aromatic ring of tyrosine, adversely
impacts protein functions and can be detected as a species-
independent antigene [8]. Peroxynitrite can also remove a
hydrogen atom from polyunsaturated fatty acids resulting in
the formation of aldehydes, conjugated dienes, and hydrop-
eroxyradicals that trigger a free radical chain reaction and
membrane lipid damage by lipoperoxidation [9].

The main product of membranous polyunsaturated fatty
acid peroxidation is the reactive 4-hydroxy-2-nonenal, HNE
[10]. The reactivity of HNE with proteins relies on Michael
addiction and, by modifying histidine residues, generates
alkyl-conjugated polypeptides also detectable as species-
independent antigens [11]. As there is no direct laboratory test
to estimate lipid peroxidation, measurements of HNE-conju-
gated protein levels currently serve as surrogates [12]. The
bulk of peroxynitrite reacts rapidly with carbon dioxide,
present at ~ImM in cells, forming the unstable product
nitrosoperoxycarbonate (ONOOCO, "), one-third of which
decomposes into carbonate (CO3™") and NO," radicals and
two-thirds into the neutral NO, ™ and CO, [13].

Insect Malpighian tubules serve as secretory organs.
These renal tubules lack a vascular blood system and float
freely in the hemocoel (blood-filled body cavity). The tubules
are surrounded by BM and consist of two epithelial cell
types, the metabolically active principal and the intercalated
stellate cells [14]. The insect renal system is aglomerular, and
urine is formed by active transport rather than by selective
reabsorption of ultrafiltrate as in vertebrates. While the
insect tubule system represents an intermediate towards the
glomerular kidney, it fulfills the same basic functions of
transport, excretion, and osmoregulation [15].

We have recently shown that the col4al Drosophila
mutants develop stress fibers in their Malpighian cells and
aberrantly express cell-surface integrin receptors [16]. In the
present study, we have extended our research to address
altered posttranslational protein modifications by peroxyni-
trite and 4-hydroxy-2-nonenal in the Malpighian tubules.
The col4al mutants demonstrated heavy protein tyrosine
nitration and protein-histidine alkylation that localized to the
enlarged and fused mitochondria as signs of mitochondrial
stress. HNE-protein adducts colocalized with the cytoplasmic
membrane that was accompanied by cell degeneration in the
tubules performing TUNEL-positivity, collectively suggest-
ing that these aberrant processes are integral parts of col4al-
associated pathology.

2. Materials and Methods

2.1. Maintenance of Drosophila Strains. Wild-type Oregon
flies and col4al mutant stock with the DTS-L3 allele were
maintained at 20°C and 29°C on yeast-cornmeal-sucrose-
agar food, consisting of nipagin to prevent fungal infection.

BioMed Research International

The mutant stocks were kept heterozygous over the CyRoi bal-
ancer chromosome. Malpighian tubules were removed under
carbon dioxide anesthesia from adults that were grown at
both permissive and restrictive temperature for 14 days.
Dissected Malpighian tubules were fixed in 4% paraformalde-
hyde dissolved in phosphate buffered saline (PBS) for 10 min,
washed three times in PBS, permeabilized for 5 min in 0,1%
Triton X, dissolved in PBS, and washed three times in PBS.
Blocking was achieved in 5% BSA dissolved in PBS for 1 hour
and washed three times in PBS.

2.2. Immunostaining and Antibodies. Nuclei in the dissected
Malpighian tubules were counterstained by 1ug/ml 4',6-
diamino-2-phenylindole (DAPI) in 20 ¢l PBS, 12 min in dark.
F-actin was stained by 1 unit Texas Red™-X Phalloidin
(ThermoFisher) in 20 ul PBS for 20 min. A-Mannopyranosyl
and a-glucopyranosyl residues as membrane markers were
stained by Concanavalin A, Alexa Fluor™ 594 Conjugate
(ThermoFisher) in 20 ul PBS for 1 hour. We used 14l mouse
monoclonal anti-3-nitrotyrosine [39B6] (Abcam) in 20 ul
PBS for 1 hour and stained 4-hydroxynonenal conjugate
by 1ul mouse monoclonal anti-4-hydroxynonenal antibody
(Abcam) in 20 ul PBS for 1 hour. Primary mouse antibodies
were visualized by 1ul F(ab') 2-Goat Anti-Mouse IgG (H
+ L) Cross Adsorbed Secondary Antibody conjugated with
Alexa Fluor 488 (ThermoFisher) in 20 ul PBS for 1 hour and
1 ul Goat Anti-Mouse IgG (H + L) Cross Adsorbed Secondary
Antibody, Alexa Fluor 350, in 20 ul PBS for 1 hour. Mitochon-
dria were visualized by the mitochondrially targeted EYFP
(mito-GFP) following appropriate crosses [17].

2.3. Confocal Microscopy. Photomicrographs of the Mal-
pighian tubules were generated by confocal laser scanning
fluorescence microscopy (Olympus Life Science Europa
GmbH, Hamburg, Germany). Microscope configuration was
the following: objective lens: UPLSAPO 60x (oil, NA: 1.35);
sampling speed: 8 us/pixel; line averaging: 2x; scanning
mode: sequential unidirectional; excitation: 405 nm (DAPI),
543 nm (Texas Red), and 488 nm (Alexa Fluor 488); laser
transmissivity: 7% were used for DAPI, 42% for Alexa Fluor
488 and 52% for Texas Red.

2.4. TUNEL-Labelling. Terminal deoxyribonucleotide trans-
ferase-mediated dUTP-fluorescein conjugate nick end la-
belling (TUNEL) was carried out by using the in situ cell
death detection kit (Roche) as recommended. Embryos of
mutant and control flies were incubated at 20°C or 29°C
and L3-stage larvae collected. Nuclei in the Malpighian
tubules were counterstained by 1ug/ml 4',6-diamidino-2-
phenylindole (DAPI). Labellings were visualized by a Hund-
Wetzlar fluorescence microscope by using FITC or DAPI
filters.

3. Results

3.1. Heavy Protein Nitration in col4al Mutants. We have pre-
viously demonstrated that the col4al mutant flies synthesize
peroxynitrite at higher concentration as part of their antimi-
crobial immune response under restrictive conditions [7].



BioMed Research International

(8 (h)

(m) (n) (o)

FIGURE I: Protein nitration in Malpighian epithelial cells. Color code: mitochondria, green; nitrated proteins, blue; actin, red. (a) Wild-type
flies incubated at 20°C, mitochondria, (b) nitrated proteins, and (c) merge. Note a stellate cell in (c). ((d), (e), (f)) Wild-type flies incubated at
29°Cand displayed in the same order. ((g)-(i)) Mutant flies, incubated at 20°C, and ((j)-(1)) mutant flies, incubated at 29°C. Photomicrographs
are displayed in the same order as in the upper row. Localization of nitrated proteins to mitochondria is shown in (c), (i), (f), and (1). Uneven
distribution and fusion of mitochondria are demonstrated in (j). White arrows in (j), (k), and (1) pointing the region displayed in higher
magnification in (m), (n), and (o). White arrows in (m), (n), and (o) showing regions with no/few mitochondria and the lack of staining,
demonstrating localization to mitochondria with nitrated proteins indirectly.

Peroxynitrite is produced by the diffusion-driven reaction of
nitric oxide (NO) in the presence of oxidants such as the
mitochondrial-derived radical superoxide anion, O, . The
sources of NO are at extramitochondrial sites and the dis-
solved gas diffuses into mitochondria, reacts with 02", and
disrupts protein functions by protein tyrosine nitration [18].
We therefore expected accumulation nitrated proteins in the
mitochondria of col4al mutant flies following incubation at
29°C.

We did not observe gross alterations in the Malpighian
tubules of the mutants compared to control flies; mito-
chondria were distributed evenly in the cytoplasm and the
fluorescent light intensities used to record nitrated proteins
in the mutants were comparable to the control animals
(Figures 1(a)-1(c) and Figures 1(g)-1(i)), following incubation
at permissive condition. However, under restrictive condi-
tions (29°C), we noted marked differences in the Malpighian
tubules of mutant flies. While mitochondria in the epithe-
lial cells of wild-type Malpighian tubules remained evenly
distributed with no shape alteration at this temperature
(Figure 1(d)), in mutants, mitochondrial fusion and uneven
distribution were observed (Figure 1(j)). The level of nitrated
proteins was remarkably higher in mutants in comparison

with the control (Figure 1(k) versus Figure 1(e)) and these
signals localized to the mitochondria (Figures 1(f) and 1(1)).

3.2. High Levels of Alkylated Proteins in the Mutants. The
level of lipid peroxidation was determined indirectly by
the accumulation of HNE-protein adducts. Results showed
comparable amounts of alkylated proteins in the epithelial
cells of mutant Malpighian tubules at permissive condition
(Figure 2(b) versus Figure 2(h)), and the appearance of
mitochondria remained unaffected in both mutants and
controls under these conditions (Figure 2(a) versus Fig-
ure 2(g)). In mutants under restrictive conditions (29°C),
uneven distribution and fusion of mitochondria occurred
(Figure 2(j) versus Figure 2(d)), the mutants produced more
HNE-protein adducts (Figure 2(k) versus Figure 2(e)), and
the alkylated proteins localized to mitochondria (Figures 2(f)
and 2(1)).

3.3. Protein-HNE Adducts Associate with Cytoplasmic Mem-
brane. We next explored the involvement of the cytoplas-
mic membrane in col4al-associated pathology. We recorded
numerous alkylation sites in form of punctate staining in
colocalization with the cytoplasmic side of the membrane
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FIGURE 2: Protein-HNE adducts in Malpighian epithelium. Color code: mitochondria, green; protein-HNE adducts, blue; actin, red. (a)
Mitochondria of wild-type flies incubated at 20°C, (b) protein-HNE adducts, and (c) merge. ((d), (e), (f)) Wild-type flies incubated at 29°C,
shown in the same order. ((g)-(i)) Mutant flies, incubated at 20°C, and ((j)-(1)) mutant flies, incubated at 29°C. The order of photomicrographs
is as in upper row. Note mitochondrial fusion in (j) and actin stress fibers in (I). White arrow in (j), (k), and (1) showing the portion displayed
in higher magnification in (m), (n), and (o). White arrow in (m), (n), and (0): point regions with no/few mitochondria and the lack of staining,
demonstrating localization of alkylated proteins to mitochondria indirectly.

and apparent perinuclear accumulation in the Malpighian
epithelial cells in the mutants at permissive conditions (20°C)
(Figures 3(e) and 3(f)). This staining pattern was ampli-
fied upon shift to restrictive temperature (29°C) and the
HNE-conjugated proteins appeared within the cytoplasmic
membrane indicating direct membrane damage by lipid
peroxidation (Figures 3(g) and 3(h)). In the control flies the
cytoplasmic membrane remained intact and protein-HNE
adducts appeared in the vicinity of the membrane at both
permissive and restrictive conditions (Figures 3(a)-3(d)).

3.4. Cell Degeneration Detected by TUNEL-Positivity. The
epithelial cells of the Malpighian tubules proved to be
TUNEL-positive in mutants at 29°C (Figures 4(d)-4(f)), but
not at 20°C (Figures 4(a)-4(c)). These observations further
supported our earlier observations of cell death affecting
multiple tissues in col4al mutants.

4. Discussion

Drosophila models provide useful tools for determining the
pathomechanistic details, functional alterations, and some of
the genotype-phenotype correlations of human monogenic
disorders [19] including mutations associated with disorders

of the kidneys as some of the human genes known to be asso-
ciated with inherited nephrotic syndromes play conserved
roles in renal functions from flies to humans [20]. There
are nephrotic manifestations of human COL4AI mutations of
the Hereditary Angiopathy, Nephropathy, Aneurysms, and
Muscle Cramps (HANAC) syndrome [21] and recent research
revealed glomerular hyperpermeability and adult onset
glomerulocystic kidney disease in association with COL4Al
mutations [4]. Some of the mechanistic elements in context
of type IV collagen mutations, such as oxidative stress, have
also been demonstrated [22]. However, evidence for chronic
inflammation and posttranslational protein modifications are
scarce and so far demonstrated only in Drosophila col4al
mutants [7, 16].

Mitochondrial fusion occurs under situations of cellular
stress. Merging of the contents of partially damaged mito-
chondria is interpreted as a complementation mechanism
rescuing impaired organelles and function [23]. Our prior
results demonstrated signs of cellular stress in the form of
actin stress fibers in the Malpighian epithelial cells of col4al
mutant Drosophila [16]. Results of the current study show that
mutation-associated stress induced mitochondrial hyperfu-
sion also occurs under restrictive condition with the enlarged
organelles unevenly distributed within cells resulting either
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FIGURE 3: Cytoplasmic membrane-associated HNE-modified proteins in mutants. Color code: protein-HNE adducts, green; cytoplasmic
membrane red; nuclei, blue. (a) Protein-HNE adducts in wild-type flies incubated at 20°C. (b) Overlay with membrane staining. (c) Protein-
HNE adducts in wild-type flies incubated at 29°C. (d) Merged with membrane staining. ((e), (f), (g), (h)) Representative mutant, incubated
at 20 or 29°C presented in the same order as in upper row. White arrows in (b), (d), (f), and (h). Regions presented in higher magnification
in (i), (j), (k), and (1), respectively. White arrows in (i), (j), (k), and (1) show association of the cytoplasmic membrane with alkylated proteins.
Note the notorious infiltration of HNE-modified proteins into the membrane in (1), which occurs at a less extent in (k). The membrane of
wild-type animals is free of alkylated proteins (i), while they associate closely with the membrane in the mutant (j), incubated at permissive
temperature.
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FIGURE 4: Fluorescence micrographs demonstrating TUNEL-positivity in Malpighian tubules. (a) TUNEL-staining of a Malpighian tubule
of col4al™™ L3-larva incubated at 20°C; (b) DAPI-staining; (c) merge, tubules appearing TUNEL-negative. (d) TUNEL-positive Malpighian
tubule of a col4al*/~ L3-larva incubated at 29°C; (d) DAPI; (e) merge. Scale bars: (a)-(c) 50 ym, (d)-(f) 100 ym.

in areas apparently lacking mitochondria or in organelle-
enriched areas. A further consequence of col4al mutation is
the accumulation of nitrated and alkylated proteins in the
mutants that localize to both normal and fused mitochondria.

This observation indicates a peroxynitrite-mediated
nitrosative stress in col4al mutants that produce peroxynitrite
at higher concentration [7]. We thus suggest that the elevated
peroxynitrite level likely causes excess protein tyrosine nitra-
tion; however, this reaction does not deplete peroxynitrite in
col4al mutants. Indeed, the still available peroxynitrite can
initiate membrane damage by lipid peroxidation producing
HNE, which in turn alkylates proteins by the mechanism of
Michael addiction [8]. Direct association of alkylated proteins
with the epithelial cell membrane of mutant Malpighian
tubules supports this scenario. Furthermore, the mutation-
induced stress directs the epithelia towards degeneration as
demonstrated by the TUNEL-positivity of the nuclei.

The data presented here strongly suggest a central role for
peroxynitrite in col4al-associate defects. In wild-type animals
and under physiological conditions, the nitrosoperoxycar-
bonate pathway is the preferential reaction of peroxynitrite, as
the main decay products of nitrosoperoxycarbonate, nitrate
anion, and carbon dioxide do not exert protein or membrane
modification effects (Figure 5) [13]. In mutants, however,
peroxynitrite is present above physiological concentrations,
and it produces excess protein tyrosine nitration and forms

HNE leading to protein alkylation, lipid peroxidation, mem-
brane damage, aberrant mitochondria, epithelial cell death,
and Malpighian tubule dysfunction.

5. Conclusions

Drosophila with col4al mutation synthesize peroxynitrite as
a part of their stress response above physiological concentra-
tions. The excess peroxynitrite triggers heavy protein tyrosine
nitration and protein alkylation adversely affecting protein
function; it also initiates membrane lipid peroxidation and
mitochondrial fusion. In control animals, these posttransla-
tional protein modifications remain at physiological levels by
utilizing the nitrosoperoxycarbonate pathway to neutralize
peroxynitrite. We suggest that the posttranslational protein
modifications detected in the col4al mutant Drosophila
model are integral parts of col4al-associated pathology and
represent pathomechanistic details that have not yet been
addressed in human or mouse COL4AI mutants.
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FIGURE 5: Schematic representation of peroxynitrite effects in wild-type flies shifting towards the neutralizing nitrosoperoxycarbonate
pathway and in col4al mutants towards protein nitration and alkylation involving membrane peroxidation.
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Featured Application: A great number of drugs can be screened with the aid of the high-throughput
Drosophila system to combat type IV collagenopathy.

Abstract: Type IV collagen is proposed to be a key molecule in the evolvement of multicellular animals
by forming the architectural unit basement membrane, a specialized form of the extracellular matrix.
Functions of the basement membrane include guiding organ regeneration, tissue repair, modulation
of cell differentiation, apical-basal polarity identification, cell migration and adhesion, regulation
of growth factor signaling gradients, maintenance of tissue architecture and compartmentalization.
Type IV collagenopathy is a devastating systemic disease affecting the circulatory, renal and visual
systems and the skeletal muscles. It is observed in patients carrying mutations in the COL4A1 gene,
which codes for the ubiquitous basement membrane component. Col4al mouse mutants display
the human symptoms of type IV collagenopathy. We chose the Drosophila melanogaster model as we
recorded dominant, temperature-sensitive mutations in the cognate col4al gene of the fruit fly and
demonstrated phenotypic elements which have not yet been explored in humans or in mouse models.
In this paper we show a transition of the Z-discs, normally bordering each sarcomere, to the level
of M-discs significantly penetrant in the mutants, uneven distribution of fused mitochondria in the
Malpighian tubules of the excretory organ and a loss of sarcomere structure in the visceral muscles in
the gut of mutants. Our observations demonstrate the systemic nature of the col4a1 mutations in the
fruit fly. However, these traits are elements of the type IV collagen-associated pathology and may
provide insights into approaches that can alleviate symptoms of the disease.

Keywords: type IV collagen; mutation; multisystem disease; Drosophila model

1. Introduction

The highly differentiated form of the extracellular matrix is the planar-organized basement
membrane (BM) found at the basal side of epithelial and endothelial cells in neural, vascular and
adipose tissues, surrounding each individual striated muscle fiber.

Major proteins of BMs are type IV collagen, laminin, nidogen or entactin, perlecan and integrins [1].
Nidogens and perlecan are required perinatally but not at earlier phases of development [2]. The BM is
anchored to the cell-surface integrin and to the dystroglycan receptors and provides a BM—cytoskeleton
linkage [3]. The family of laminins consists of five alpha, four beta and three gamma chains in mammals.
They harbor three pairs of type IV collagen genes, COL4A1 through to COL4A6, with each gene pair
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in head-to-head genomic organization [4-6]. Defects in BM components are often linked to human
genetic diseases. An example of a laminin disorder is Lma2, merosin-deficient congenital muscular
dystrophy (MDC1A and limb-girdle type) arising from lesions in the LAMA? gene, it affects skeletal
muscles and the neural system [7,8]. Mutations of the LAMB2 gene cause Pierson syndrome, a form of
focal segmental glomerulosclerosis [9].

Nearly 100 years ago, A.C. Alport reported about “hereditary familial congenital hemorrhagic
nephritis” predominantly affecting men [10]. Type IV collagen genes were isolated many decades
later, starting with COL4A1 [11], which was placed at the tip of the long arm of chromosome 13 [12].
Discovery of the rest of the five type IV collagen genes soon followed [13-17]. Association of the
COL4A5 gene mutations was demonstrated in patients with X-chromosomal Alport syndrome [18,19].
Alport syndrome has a digenic inheritance. Only 80% of the patients carried mutations in the
X-chromosomal COL4A5 gene, whereas the rest had lesions in the autosomal COL4A3 locus at
2g36.3 [20,21]. The glomerular capillaries filter plasma through the glomerular basement membrane
consisting of COL4A3, COL4A4 and COL4AS5 heterotrimers. This isoform is absent from the glomeruli
in patients with X-linked Alport syndrome and that harbor the fetal (COL4A1),COL4A2 trimers, with
increased susceptibility to proteolytic attack by collagenases and cathepsins [22,23].

We identified dominant, temperature-sensitive mutations in the Drosophila type IV collagen gene
coldal exclusively. The col4al *~ heterozygotes are viable and fertile at 20 °C, the permissive temperature;
however, they perish under the restrictive condition, 29 °C. The dominant-negative, antimorphic
phenotype suggests the incorporation of mutant COL4A1 monomers into the planar-organized
triple helices. The genome of the fruit fly consists of a pair of type IV collagen genes, col4al and
col4a2 in a head-to-head orientation, similar to mammals [24]. The mutant phenotype is systemic,
affecting the gut [25,26], the excretory organ Malpighian tubules [27,28] and the muscles manifested
in muscular dystrophy [29]. The recessive phenotype of the col4al 7~ homozygotes leads to lethality
in the late embryonic to early larval phases at the permissive temperature [24]. Type IV collagen in
Drosophila appears to fulfill a similar function as in mammals by providing BM stiffness and elasticity.
Beyond conserved genomic organization, both genes and proteins share a high level of identity and
similarity [24].

The clinical spectrum of COL4AI-associated defects is wide. Pedigrees of families in the
Netherlands were identified as presenting cerebral porencephaly [30]. Mapping placed autosomal
dominant type 1 porencephaly at the tip of chromosome arm 13q [31]. These families were assessed
for mutations in the COL4A1 gene and missense Gly substitutions were demonstrated within the
gly-X-Y repeats in the (COL4A1),COL4A2 triple helical domain [32]. Three families were diagnosed
with autosomal dominant hereditary angiopathy with nephropathy, aneurysms and muscle cramps
(HANAC) [33]. Sequencing revealed three close glycine mutations in the highly conserved exons 24
and 25 of the COL4A1 gene, affecting the integrin-binding site within the COL4A1 protein. Within
the three families recapitulating the key features of HANAC, three different heterozygous missense
mutations in the COL4A1 gene were demonstrated [34]. In a Spanish family with tortuosity of the
retinal arteries, retinal hemorrhage was identified [35]. Interestingly, the lesion was not associated with
muscle cramps, renal or brain anomalies, although the p.G510R mutation was previously detected in
a French family with HANAC syndrome [34]. The different apparent expressivity of the associated
trait was explained by environmental factors or genetic modifiers that may influence the phenotypic
manifestation and the extent of organ involvement in COL4A1-related disease. In a study on the
susceptibility to intracerebral hemorrhage, in two of 96 unrelated patients with adult-onset hemorrhagic
stroke, the p.P352L substitution at the highly conserved Y-position of a gly-X-Y repeat and the p.R538G
replacement were identified within the COL4A1 gene [36]. Heterozygosity for a missense mutation
in the COL4A1 gene was identified in a boy with schizencephaly, renovascular hypertension, retinal
arteriosclerosis and alveolar hemorrhage [37,38]. In 183 mostly pediatric patients with cerebral
hemorrhage or porencephaly, 21 COL4A1 and three COL4A2 mutations were identified at a 40%
sporadic mutation rate [39]. Diagnosis in some patients with COL4A1 mutations were consistent
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with Walker-Warburg Syndrome or muscle—eye-brain disease, a distinct form of congenital muscular
dystrophy [40].

Mouse Col4al mutants recapitulate human disease. An allelic series of induced dominant mouse
mutants was identified and showed ocular anterior segment defects or Axenfeld—Rieger anomaly;,
vacuolar cataracts, corneal opacities, iris defects, iris or corneal adhesions, buphthalmos, optic nerve
cupping, retinal detachment and developed renal glomerulopathy [41]. Similar ophthalmic defects
were noted in the Col4al splice site of mutant C57BL6/] mice. When C57BL6/J] mice were crossed with
129/SvEvTac and CAST/Ei] inbred strains, the F1 progeny were phenotypically almost indistinguishable
from the wild-type. Genetic mapping identified a co-segregating dominant locus on chromosome 1,
that likely contains the suppressor and modifier genes [42]. Col4a1¢#98V/64%8V homozygous mice
showed severe muscular dystrophy, including muscle mass decrease, fiber atrophy, centronuclear
fibers, fibrosis, focal perivascular inflammation and intramuscular hemorrhaging [43]. Variants closer
to the C-terminus tended to result in increased intracellular levels of the Col4al protein, whereas
those closer to the N-terminus tended to accumulate lower amounts of intracellular proteins with
unchanged clinical severity [44]. The renal manifestation in mouse models of HANAC syndrome
include albuminuria, hematuria, glomerular cysts and delays in glomerulogenesis and podocyte
differentiation [45].

In col4al fly mutants, we recorded severe myopathy, reduced concentration of COL4A1 protein [24],
chronic inflammation, intestinal dysfunction [25], detachment of the cells from the BM by electron
microscopy [26], compromised excretory system [27], heavy membrane peroxidation in epithelial cells of
the Malpighian tubules [28] and the onset of muscular dystrophy in all mutants [29]. Temperature-sensitive
col4al alleles in Drosophila were generated by ethyl-methanesulfonate mutagenesis, resulting in G to A
transitions in all alleles, in turn leading to glycine substitutions by Glu, Asp and Ser [29]. The phenotypic
changes appeared in adult flies following 14 days of incubation at 29 °C and were not reversible, the flies
did not recover at 20 °C following a shift in heat. We established the complementation map of the
col4al-col4a2 locus with the aid of 34 mutants in all combinations in 561 independent crosses. The map
was sharply divided into two non-overlapping parts with the dominant, temperature-sensitive alleles on
one side, suggesting that only one of the two genes carries a temperature-sensitive mutation. Two mutant
alleles of the same gene may restore the wild-type function in interallelic complementation [46].
We observed interallelic complementation among the temperature-sensitive col4al alleles. This genetic
observation indirectly suggests that at least two COL4A1 chains interact in forming the trimeric protomer,
allowing the homotrimer [COL4A1]3, [COL4A2];5 or heterotrimer [COL4A1],COL4A2 composition of
the triple helices [24]. In this paper, we present further phenotypic elements of the col4al mutations,
including Z-disc shifting to the level of M-discs, aberrant mitochondria in the epithelial cells of the
Malpighian tubules and loss of sarcomere structure in the visceral muscles, providing further data of
a BM-linked systemic condition.

2. Myopathic Defects in Drosophila col4al Mutants

Under restrictive temperatures, the female heterozygotes become progressively more female-sterile [47].
We therefore chose the single-layer muscle fibers that encircle the common oviduct as a model. The system
allowed the direct study of single muscle fibers and their sarcoplasmic membrane, without sectioning [24].
Muscle fibers in the col4a1%%°?P? mutant detached laterally from each other and a thickened collagen
IV-associated label appeared to fill the gap. The basement membrane covering the myofibers appeared
distorted, thinned or absent, demonstrating that the mutant COL4A1 protein induced severe oviductal
myopathy [24,26]. Integrin deposition in muscle fibers was recorded by punctate staining at the level of
Z-discs, overlapping with the signals provided by the Z-disc protein kettin and bordering each sarcomeric
unit in immunohistochemical preparation [29]. High expressivity of the trait occurred at low penetrance,
i.e., shifting Z-disc integrin-binding sites toward the middle of sarcomeres in col4a1*>?P! mutants at the
restrictive condition (Figure 1). The normal integrin-kettin staining still persisted at the level of the Z-discs and
duplication of the Z-discs occurred at the level of M-discs (Figure 1, B4, B5, B6, white arrows). In some of the
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replications this phenomenon occurred at nearly full expressivity; integrin staining was shifted quantitatively
up to the level of M-discs, into the middle of the anisotropic band (Figure 1, C1, C2, C3, white arrows).

Oviductus
20°C Kettin-Integrin 29°C

Wild-Type

col4a16%52b2

20°C

col4a16552b1

Figure 1. Shifting of Z-discs into the middle of sarcomeres, to the level of M-discs in striated muscle
fibers of oviducts. The scaffold protein kettin is deposited at the level of the Z-discs (A1, A4, B1, B4)
and overlaps with the integrin label (A2, A5, B2, B5) providing yellow-orange complementary colors
in the overlays (A3, A6, B3, B6). Note the irregular integrin expression in the mutant at 29 °C, zig-zag
pattern and streaming of Z-discs (B5). Additional kettin-integrin expression appears in the middle
of sarcomeres at the level of M-discs (white arrows, B4, B5, B6). Higher magnification of areas in B4,
B5 and B6 are marked by arrows (B7, B8, B9). The shifting of the integrin expression toward the middle
of the sarcomeres is nearly at full expressivity (C4, C5, C6, white arrows). The area marked by arrows
in C6 are at higher magnification (C7). Integrin expression remains at the sides of sarcomeres in Z-discs
in the wild-type control (C1, C2, C3). Bars, lower left: 10 micrometers. Experiments were carried out as
described [24-26,28,29].

Next, we quantitatively analyzed the phenomenon of Z-disc shifting in the wild-type control
(Oregon) and col4a1%>>?P1 mutants and we labeled the level of expressivity by the Z-disc marker, kettin
(Figure 2). The expressivity of Z-disc shifting occurred at over 8% in the wild-type control and over 12%
in col4a1%°52P? mutants (Figure 2). We obtained the results by counting 6796 kettin-staining structures
within the single-layer striated muscle of the common oviduct. Statistical analysis with the aid of the
Welch two-sample t-test revealed significance at a value of p = 0.003973, indicating higher expressivity
of the Z-disc shifting in the mutants (Figure 2).
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Figure 2. Elevated expressivity of Z-disc shifting in mutants. Statistically significant expressivity of
Z-disc shifting in the mutants at p = 0.003973 (**).

3. Compromised Excretory System in the Mutants

Excretion is accomplished by the kidneys in vertebrates and by the Malpighian tubules in insects.
As part of the clinical spectrum amino acid substitutions in the ubiquitous human BM component, COL4A1
can cause nephropathy. Affected patients develop renal dysfunction and chronic kidney failure with or
without hematuria. Mouse Col4a1 mutants present the same symptoms as humans. The Malpighian
tubules are functionally similar to the mammalian kidneys and offer a versatile and tractable model [48].
The freely floating tubules are in continuous movement within the hemocoel, the blood-filled body
cavity with open circulation. The mechanical load of periodic movements contributes to stress-induced
cytoskeletal reorganization in col4a1 mutant animals. We therefore tested the effects of mechanical load
in the col4a1%%%?P? mutant and recorded the development of actin stress fibers and irregular, uneven actin
staining in epithelial cells of the Malpighian tubules [27]. In a separate study, we noted mitochondrial
fusion and co-localization of peroxynitrite-nitrated and 4-hydroxy-2-nonenal alkylated proteins with
abnormal mitochondria [28]. Mitochondrial fusion in Malpighian epithelium is pronounced in the
c0l4a15%5?PT mutant at the restrictive temperature (Figure 3), as a sign of the mutation-induced stress,
whereas the level of protein nitration assessed qualitatively remain unchanged in the wild-type control
and mutant strains under both the permissive and restrictive conditions (Figure 3).
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Malpighian tubule

20°C Actin-Mitochondria-Nitrothyrosine  29°C Wild-Type

col4qa1535201

Figure 3. Compromised Malpighian tubules in mutants. Fusion and uneven distribution of mitochondria
as a consequence of mutation-induced stress. Even distribution of mitochondria in wild-type control (A1,
A2, A3, A4) and in the mutant under the permissive condition (B1, B2, B3, B4). The normal distribution
of mitochondria remained at restrictive condition (A5, A6, A7, A8). Large aggregates of mitochondria
appear in the mutant at 29 °C (B5, B6, B7, B8). Bars, lower left: 10 micrometers. Experiments were
carried out as described [24-26,28,29].

4. Intestinal Manifestation of col4al Mutations in Drosophila

The skeletal and cardiac muscles appeared 700 million years ago in a common ancestor prior to
the evolutionary divergence of vertebrates and arthropods. The smooth muscle of vertebrates is likely
to have evolved later, independent of the skeletal and cardiac muscle types [49]. Accordingly, the
visceral muscles of Drosophila are striated. We studied the larval midgut through ultrathin sectioning
and electron microscopy and observed that both epithelial and visceral muscle cells were severely
degenerated at the restrictive temperature in col4a1%°°?P? mutant animals [26]. Both cell types detached
from the distorted and thick BM, while epithelial cells accumulated lipid droplets, autophagic vacuoles
and membrane ghosts. Membrane whorls practically filled the cell and the cytoplasm and muscle
fibers were rarely observed. The space between the epithelial cell and the muscle cell was enlarged [26].

Functional damage of the alimentary tract in the col4al%%>2D?

mutant was reflected by intestinal
dysfunction, degeneration of the gut epithelial cells recorded by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) in the nuclei and the abrupt onset of leakiness of the gut (SMURF
phenotype), demonstrated by blue food dye leaking out from the gut [25]. Intestinal dysfunction, a
motility-associated disorder including chronic intestinal pseudo-obstruction, is a direct, life-threatening
and frequent complication of muscular dystrophies, requiring immediate surgical intervention [50].
Notwithstanding, complications arising from intestinal dysfunction reported in Drosophila col4al
mutants in conjunction with COL4A1 mutations have not yet been noted in humans and mice. We
suggest that intestinal dysfunction in the col4a1%°°?P? mutant is a consequence of disrupted visceral
muscle BM junction in the gut, without apparent sarcomere structure and amorphous, uneven actin
deposition (Figure 4).
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20°C Actin-COL4A1

Wild-Type

col4a16532b2

Figure 4. Loss of sarcomere structure in visceral muscle fibers. Regular sarcomere structure in the
wild-type control at both temperatures (A1, A2, A3 and A4, A5, A6) and loss of sarcomeres in the
mutant that deposits actin in an irregular fashion (B1, B2, B3 and B4, B5, B6). Bars, lower left: 10
micrometers. Experiments were carried out as described [24-26,28,29].

5. Materials and Methods

Wild-type Oregon flies and col4al mutant lines were maintained at 20 °C and 29 °C on yeast-cornmeal-
sucrose-agar food, consisting of nipagin to prevent fungal infection. The mutant stocks were kept
heterozygous over the recombination—preventing CyRoi balancer chromosome. Malpighian tubules,
common oviducts and the gut were dissected under carbon dioxide anesthesia from adults that were
grown at either the permissive or the restrictive temperature for 14 days. Dissected organs were fixed in
a previously prepared 4% paraformaldehyde dissolved in phosphate buffered saline (PBS) solution for
10 min, washed three times in PBS, permeabilized for 5 min in 0.1% Triton-X dissolved in PBS solution
and washed three times in PBS. Blocking was achieved in a 5% bovine serum albumin dissolved in PBS
solution for 1 h, and washed three times in PBS.

Complementation tests were performed by ethyl-methanesulfonate-induced point mutants,
P-element insertional mutants and X-ray-generated deletion (null) alleles [24]. The mutation sites
in eight temperature-sensitive lines were sequenced. All mutations were G to A transitions and
replaced glycine with glutamate, aspartate and serine. The a-30 allele carried the p.G233E amino acid
substitution; the b-9 carried the p.G467E substitution. The isoallelic lines DTS-L2 and DTS-L3 carried
the p.G552D1 and p.G552D2 substitutions, respectively. The second isoallelic pair DTS-L4 and DTS-L5
carried the p.G1205E1 and p.G1205E2 substitutions, respectively, and the DTS-L10 carried the p.G1043S
substitution, whereas the b-17 carried the p.G1393E substitution. Importantly, the lesions covered the
collagenous domain of the COL4A1 protein [29].

Nuclei in the dissected organs were counter-stained by 1 ug/mL 4’,6-diamino-2-phenylindol
(DAPI) in 20 pL PBS for 12 min in the dark. F-actin was stained by 1 unit Texas Red™-X Phalloidin
(ThermoFisher) in 20 puL PBS for 20 min. Next, 1 uL mouse monoclonal anti-3-Nitrothyrosine,
anti-integrin alpha PS and anti-kettin antibodies (Abcam) were used in 20 puL PBS for 1 h. Mouse
anti-COL4A1 antibodies were raised by Creative Laboratory Ltd., Szeged, Hungary. Primary mouse
antibodies were visualized by 1 uL F(ab’) 2-Goat Anti-Mouse IgG (H+L) Cross Adsorbed Secondary
Antibody conjugated with Alexa Fluor 488 (ThermoFisher) in 20 uL PBS for 1 h and 1 pL Goat
Anti-Mouse IgG (H+L) Cross Adsorbed Secondary Antibody, Alexa Fluor 350, in 20 uL PBS for 1 h.
Mitochondria were visualized by the mitochondrially targeted enhanced yellow fluorescent protein
(mito-GFP) following appropriate crosses.

Photomicrographs were generated by confocal laser scanning fluorescence microscopy (Olympus
Life Science Europa GmbH, Hamburg, Germany). The microscope configuration is described as follows.
Objective lens: UPLSAPO 60x (oil, NA: 1.35); sampling speed: 8 ps/pixel; line averaging: 2X; scanning
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mode: sequential unidirectional; excitation: 405 nm (DAPI), 543 nm (Texas Red) and 488 nm (Alexa
Fluor 488); laser transmissivity: 7% was used for DAPI, 42% for Alexa Fluor 488 and 52% for Texas Red.

6. Conclusions

The basement membrane is likely to be the primordial form of the extracellular matrix and type
IV collagen the key molecule in the transition from uni- to multicellularity [51]. The visco-elasticity of
the BM is provided by the type IV collagen network, with defects in this component compromising the
network’s elasticity and function. Type IV collagen proteins are highly conserved structurally and
functionally during evolution, including the mammalian—Drosophila relationship [51]. The ubiquitous
human and mammalian BM consists of (COL4A1), COL4A2 heterotrimers and is distributed throughout
the body. Glycine substitutions trigger systemic disease [1]. The genotype-phenotype relationship
was established through 93 COL4A1 and 12 COL4A2 mutations. All of the lesions were dominant with
nearly equal representation in males (48%) and females (52%). Inherited incidences were recorded
at 47% and sporadic incidences at 53%. As observed in other types of collagens, triple helical Gly
substitutions were the most prevalent class of mutations (68 out of 93 in COL4A1) and frequent
substitutions were charged amino acids; Arg (30), Glu (11) and Asp (10) [52].

Expressivity of the COL4A1 mutation-associated phenotypic elements often depends on genetic
context in humans, mice and flies. In French families recapitulating key features of HANAC, different
heterozygous missense mutations in the COL4A1 gene were demonstrated [34]. In a Spanish family,
tortuosity of the retinal arteries and retinal hemorrhage were identified, but the lesion was not associated
with muscle cramps, renal or brain anomalies, although the p.G510R mutation was previously detected
in a French family with HANAC syndrome [35]. Crossing of the Col4al splice site mutant C57BL6/] mice
with the 129/SvEvTac and CAST/Ei] inbred strains showed that the F1 progeny were phenotypically
almost indistinguishable from the wild-type [42]. Similarly, in the isoallelic p.G552D1 and p.G552D2
mutants, the survival rates upon heat selection differed slightly. The line with the p.G552D1 lesion
presented survival rates of 26.9% for pupae and 5.3% for adults, whereas the survival rates for the
p-G552D2 line were 5.7% and 0.50%, respectively [24,29].

Here, we provided data on the systemic phenotype of the col4a1 mutations and demonstrated
the shifting of Z-discs, mitochondrial fusion and loss of sarcomeres in intestinal visceral muscle fibers.
Genetic, genomic and proteomic data suggest that the fruit fly harbors all of the genetic elements of the
BM, although the number of genes coding for BM components is apparently reduced in comparison with
mammals, increasing the genetic tractability of the fly mutants” defective genes coding for proteins of the
BM that are structurally and functionally conserved during evolution, including type IV collagens [53].
The dominant col/4a1 mutations therefore develop BM-specific phenotypes which are more severe than
those observed in human and mouse models. Dominant temperature-sensitivity of the col4al alleles
is a lethal condition, which cannot be maintained in mammals. Nevertheless, the col4al-associated
phenotypic elements provide numerous biomarkers that can be measured quantitatively during the
screening of large numbers of drugs in high-throughput Drosophila screens, aimed at alleviating symptoms
of type IV collagenopathy.
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Abstract: Congenital muscular dystrophy (CMD), a subgroup of myopathies is a genetically and
clinically heterogeneous group of inherited muscle disorders and is characterized by progressive
muscle weakness, fiber size variability, fibrosis, clustered necrotic fibers, and central myonuclei
present in regenerating muscle. Type IV collagen (COL4A1) mutations have recently been identified
in patients with intracerebral, vascular, renal, ophthalmologic pathologies and congenital muscular
dystrophy, consistent with diagnoses of Walker-Warburg Syndrome or Muscle-Eye—Brain disease.
Morphological characteristics of muscular dystrophy have also been demonstrated Col4a1 mutant
mice. Yet, several aspects of the pathomechanism of COL4A1-associated muscle defects remained
largely uncharacterized. Based on the results of genetic, histological, molecular, and biochemical
analyses in an allelic series of Drosophila col4al mutants, we provide evidence that col4al mutations
arise by transitions in glycine triplets, associate with severely compromised muscle fibers within the
single-layer striated muscle of the common oviduct, characterized by loss of sarcomere structure,
disintegration and streaming of Z-discs, indicating an essential role for the COL4A1 protein. Features
of altered cytoskeletal phenotype include actin bundles traversing over sarcomere units, amorphous
actin aggregates, atrophy, and aberrant fiber size. The mutant COL4A1l-associated defects appear
to recapitulate integrin-mediated adhesion phenotypes observed in RNA-inhibitory Drosophila.
Our results provide insight into the mechanistic details of COL4A1l-associated muscle disorders and
suggest a role for integrin-collagen interaction in the maintenance of sarcomeres.

Keywords: Type IV collagen; basement membrane; mutation; myopathy; dystrophy

1. Introduction

Basement membranes (BMs) are 80-100 nm thick, sheet-like extracellular matrices underlying
epithelial and endothelial cells in muscular, neural, vascular and adipose tissues. BMs contain major
and minor proteins, including type IV collagen, laminin, nidogen/entactin, perlecan, and integrins [1].
Integrity of the BM is a prerequisite for skeletal muscle stability. Research revealed that several
muscular dystrophy types may develop as the result of the loss of cell-BM anchorage [2]. Causative
gene mutations were reported in the laminin-A2 (LAMAZ2) gene [3,4]. Mutations in the collagen VI genes
were linked to Ullrich CMD, to the milder Bethlem myopathy and to autosomal recessive myosclerosis
myopathy [5], while integrin A7 (ITGA7) and A5 (ITGA5) mutations were shown to be associated to a
rare form of CMD [6-8].
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Mammals harbor three pairs of head-to-head oriented type IV collagen genes, whereas Drosophila
has one, the col4al and col4a2 loci in the same genomic organization [9]. Mutations in the COL4A3, A4
and A5 genes associate with Alport Syndrome, [10,11]. Deletions within the COL4A5 and COL4A6
genes are also reported to cause diffuse leiomyomatosis [12]. Heterotrimers with [COL4A1],COL4A2
composition constitute stochiometrically the most abundant mammalian basement membranes. Col4al
or Col4a2 mouse mutants develop complex, systemic phenotypes affecting the central nervous, ocular,
renal, pulmonary, vascular, reproductive and muscular systems [13-15], as in humans [16]. Severe
muscular phenotypes were reported in patients with certain COL4A1 mutations as part of a multi-system
disorder referred to as hereditary angiopathy with nephropathy, aneurysms, and muscle cramps
(HANAC) [17,18]. Some patients with COL4A1 mutations were also diagnosed with Walker—Warburg
Syndrome or Muscle-Eye—Brain disease, a distinct form of CMD [19]. Col4a1%4%8V/64%8V homozygous
mice are severely affected by muscular dystrophy including muscle mass decrease, fiber atrophy,
centronuclear fibers, fibrosis, focal perivascular inflammation, and intramuscular hemorrhages [20].

In HANAC Syndrome, mutations proved to affect multiple putative integrin binding sites
within the COL4Al protein [21,22]. Proper integrin concentration/function was shown to be
required for maintenance of the sarcomere structure [23]. Drosophila integrin null mutants loose
sarcomeres completely [24], where the ubiquitous integrin dimer is composed of one of the alpha PS
subunits combined with the beta PS protein [25]. Conditional RNAi knockdown of talin, alpha-actinin,
integrin-linked kinase, alpha PS2 and beta PS integrins revealed a spectrum of phenotypes affecting Z-disc
proteins that were dislocated and deposited across the sarcomere, and Z-disc streaming characteristic
of myopathic/dystrophic conditions [26].

We have identified an allelic series of conditional, temperature-sensitive col4a1 mutations in
Drosophila. The col4al™~ homozygotes are embryonic lethal while col4a1*/~ heterozygotes are viable
and fertile at permissive temperature of 20 °C, but perish at restrictive condition of 29 °C. In these
mutants we have demonstrated severe myopathy [9], irregular and thickened BM, detachment of the
gut epithelial and visceral muscle cells from the BM [27], intestinal dysfunction, overexpression of
antimicrobial peptides, excess synthesis of hydrogen peroxide and peroxynitrite [28]. In epithelial cells
of Malpighian tubules we demonstrated fused mitochondria, membrane peroxidation [29], actin stress
fibers and irregular integrin expression [30]. Our results indicated that muscular dystrophy may also
be present in col4al mutant Drosophila [31].

In order to characterize muscle phenotype in the col4al allelic mutant series we have determined
the mutation sites, in immunohistochemistry experiments focused on the striated oviduct muscle we
noted aberrant sarcomeres, altered integrin expression and localization, Z-disc disorganization and
streaming, fiber size disproportion and atrophy. Results collectively indicate that in mutants dystrophic
muscle phenotype appears to originate from compromised integrin interactions with aberrant COL4A1,
and supports a role for type IV collagen as part of integrin-mediated muscle cell adhesion.

2. Results and Discussion

2.1. Characterization of col4al Mutation Sites

We analyzed the DNA sequence of PCR products of the col4al gene using genomic DNA
isolated from our series of col4al*/~ heterozygotes. Consistent with the ethyl-methane-sulfonate (EMS)
mutagenesis used to generate these mutants [9], by which the product, O-6-ethylguanosine, mispairs
with T in the next round of replication, causing a G/C to A/T transition, we identified transition in
all mutant loci (Supplementary Figure S1). Resulting from these transitions glycine substitutions
by aspartic acid, glutamic acid or serine were identified in the mutants; hereafter we refer to the
mutations as displayed in Table 1. In our prior study we reported five mutations in the col4al gene
using the DTS-L3 allele; the G552D and the A1081T amino acid substitutions arose by transitions,
similarly to the G to A transition within the 3’ UTR region of the gene. The K1125N, G1198A amino
acid substitutions are results of transversions [9]. The A1081T, the 3’ UTR transitions and the K1125N,
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G1198A transversions occurred in all sequenced mutants. We therefore concluded that these mutations
are carried by the balancer chromosome, CyRoi. These balancer chromosome mutations do not
contribute to the phenotype, given the most robust phenotypical feature of the mutants, the dominant
temperature sensitivity is not influenced by exchange of the CyRoi chromosome into the chromosome
carrying the col4a2::GFP transgene [9].

Table 1. The mutation sites, former and present designation of the mutant loci.

Former

. . a-30 b-9 DTS-L2 DTS-L3
Designation
Present desienation col4a1G233E col4a1G467E col4a16552D1 col4a16552D2
Matato p.G233E p.G467E p.G552D1 p.G225D2
GGA->GAA GGA->GAA GGC->GAC GGC->GAC
Former designation DTS-L4 DTS-L5 DTS-L10 b-17
. . col4a1G1025E1 COZ4IZIG1025E2 col4a1G10435 col4a1G1393E
Pre;;ﬂ:a‘iie;g;‘;‘:"“ p.G1205E1 p.G1025E2 p.G10435 p.G1393E
GGA->GAA GGA->GAA GGG->GAG GGA->GAA

Two pairs of alleles were found to carry the same mutation. The DTS-L2 and DTS-L3 lines harbor the
same G552D substitution and we refer to these as col4a1%>*?P! and c0l4a1%°5?P2. Similarly, the DTS-L4
and DTS-L5 lines both carry the G1025E substitution and were designated as col4a16192%E1 and
c0l4a161925E2 alleles. These data confirmed our previous genetic results, for example: The col4a1%%22D1
and col4a1°>?P? lines did not complement each other, but complemented the other variants by
interallelic complementation [9]. The distribution of the mutant sites at protein level is demonstrated
in Figure 1.

7S domain Triple helix domain NC1 domain

I I I l

Al

Type IV Collagen
Heterotrimer

A2

>

G467E G10438
| L1 Ll ion si
. } —1 H = . 1779 aa Al Mutation sites
G233E 9::21" G1025E1 G1393E
G552D2 G1025E2

Figure 1. Triple-helical model of type IV collagen trimer with [COL4A1]2COL4A1 composition and
distribution of the mutation sites on the COL4A1 protein.

The series of mutations proved to cover the collagenous region of the col4al gene that corresponds
to amino acid 233 up to 1393 within the 170 kDa COL4A1 protein. The col4a15?3F allele is within
the peptide GFPG/EEKGERGD (the G to E substitution in bold), a putative integrin binding site in
the COL4A1 protein [21]. The mutation sites in the c0l4a15°52P1 and c0l4a15%52D2 Jines localize in the
immediate proximity of the peptide GLPGEKGLRGD, that resembles the integrin binding site in the
COL4A2 protein in the triple helical model made up of [COL4A1],COL4A2 protomers in Drosophila,
as proposed by us [9] and presented graphically in Figure 1.
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2.2. Loss of Sarcomere Structure in coldal Mutants

The single-layer striated muscle fibers circumventing the common oviduct were analyzed in all
mutants by confocal fluorescence microscopy. Normally, these muscle fibers present regular sarcomere
structure as demonstrated in Figure 2.

<«— Sarcomere — «— Sarcomere —

I-band A-band I-band A-band I-band

Figure 2. Regular sarcomere units within an oviductal muscle fiber demonstrated at high resolution by
fluorescence confocal microscopy and actin staining by phalloidin.

In the mutants, however, the most conspicuous phenotype was the loss of sarcomeres at restrictive
temperature, 29 °C (Figure 3, B4 through G4, Supplementary Figure 52, A4, B4), whereas in wild-type
control flies normal sarcomere structure and striation was present at both 20 °C and 29 °C (Figure 2,
Figure 3, Al, A4). In mutants at 29 °C, parallel ordered enhanced actin staining intensity areas
were present within the muscle fibers that extended over areas larger than a single sarcomere,
resembling actin stress fibers or excess actin cross-linking (Figure 3, white rectangles in B4 through G4,
Supplementary Figure S2, A4, B4). Beyond these areas, amorphous, intensive actin staining aggregates
appeared in the sarcoplasm (Figure 3, white arrows in B4 through G4, Supplementary Figure 52, A4, B4).
An additional prominent phenotype of the col4a1 mutants at 29 °C was the irregular and uneven
COL4A1 deposition in the individual muscle fibers (Figure 3, white arrowheads, B5 through G5,
Supplementary Figure S2, A5, B5), while in wild-type controls homogenous COL4A1 staining was
present at 29 °C (Figure 3, A5). In the isoallelic mutants col4a1%°°?P? and col4a1619?°E2 the same COL4A1
staining pattern was observed (Supplementary Figure S2) as in the other lines of the allelic series
(Figure 3). Muscle fibers of the common oviduct in wild-type animals harbor morphologic features of the
striated muscles, present the regular register of I and A bands and sarcomeres are bordered by Z-discs
(Figure 1, Figure 3, A1-A6). We therefore conclude that the compromised sarcoplasmic morphology
and uneven COL4A1 staining/localization is a general phenotype of our series of col4a1 mutations.

The control flies do not alter their actin accumulation in the muscle fibers at permissive or
restrictive temperatures, as measured by quantitative fluorescence confocal microscopy. The presence
of col4al mutation seems to exert a non-consequent influence on the actin content of the muscle fibers
at both permissive or restrictive conditions. Statistically significant downregulation of actin synthesis,
compared to wild-type control flies occurred in col4a15?33E, colda15%92P1, col4a1G1925E2 mutants at 20 °C,
whereas mutant col4a1G13%E synthesized actin at higher concentration (Figure 4). Under restrictive
conditions we observed univocal decrease of actin concentration in col4a16°2P1 | 01421610435 and
col4a1G1393E mutants (Figure 4).
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20°C Actin COL4A1 DAPI 29 °C
A3 - “

Wild-type

col4q16233¢
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1G233E’ COZ4LZ1G467E, COZ4L11G552D1, COZ4L11G1025E1, COZ4L11G1043S

Figure 3. Loss of sarcomeres in col4a

and col4a1G1393E

mutant lines at 29 °C (B4 through G4) in comparison with wild-type control (A4).
Representative actin bundles (white rectangles in B4 through G4), actin aggregates (white arrows in B4
through G4), uneven COL4A1 expression (white arrowheads in B5 through G5). A3 through G3 and

A6 through G6: Overlays of actin and COL4A1 staining. Bars, lower left, 10 micrometers.

The mutant col4a1%233E accumulates actin at 29 °C, similarly to the col4a1G1025E2 3lele, whereas
the actin concentration in the isoallelic col4a151%2°F mutant remains unchanged (Figure 1, panel C’).
In the rest of the mutants we recorded elevated actin concentration (Figure 1, panel C’). Either up- or
downregulation of actin expression in common oviducts seems disadvantageous given all mutants are
female sterile and do not lay eggs at restrictive temperature [9].



Int. J. Mol. Sci. 2019, 20, 5124 60of 13

Mean of Actin Fluorescence Intensity

Measurements (Units)
=
*
I
*
—
*
I«
* *
B I
*
>, I
~
I .
*
G
*
_—
—_— *
¥ *
*
[.]
— ]
*

o o o > & & o 5
& > o° 840 (;,19 & & & R
o > > G & > > O ©
3 3 o Y 2° & o Y
O O & & ¥ d’\h o N
Control and col4al alleles
W 20°C m 29°C

Figure 4. Quantitative measurements of actin content in muscle fibers by fluorescence light intensities
of phalloidin labeled muscle. Significance is labelled by asterisk * p < 0.05; *** p < 0.0005.

2.3. The Myopathic Phenotype Co-Segregates with the Mutation-Carrying Chromosome

The head-to-head pair of col4al and col4a2 genes localize to the 25C band of the second chromosome
in Drosophila. If two different dominant temperature-sensitive (DTS) mutations are present in trans
configuration the compound heterozygotes provide viability by interallelic complementation [9]. In order to
determine to what extent compound heterozygotes can recapitulate the dominant temperature-sensitive
phenotype affecting sarcoplasmic actin morphology, we have generated the col4a1%233HG1025EL double
mutant and its reciprocal pair colda1G1022E/G233E Tn both compound heterozygotes, the sarcomere structure
was lost, actin bundles developed (Figure 2 A,D, white rectangles), intensively staining actin aggregates
were deposited (Figure 5 A,D, white arrows), and the COL4A1 protein was detected in uneven and
irregular pattern (Figure 5 B,E, white arrowheads). These results indicate that in col4al */~heterozygotes,
compromised sarcoplasmic actin morphology and aberrant COL4A1 expression and localization are
linked to col4al mutations, are independent from the genetic context, and are not a secondary effect of
increased temperature.

actin COL4A1 DAPI

coldal G233E/G1025E1

e coldq16102561/G233E

Figure 5. Sarcomeric loss (A, D), actin bundles (A, D, white rectangles), intensively staining actin
aggregates (A, D, white arrows), COL4A1 protein in uneven and irregularly deposited fashion
(B, E, white arrowheads) in compound heterozygote col4a1C?33F/G1025E1 (A_C) and in reciprocal
col4a1G1025E1/G233E (D_F) double mutants. C, F: Overlays of actin and COL4A1 stainings. The experiment
was performed at 20 °C. Wild-type control provided in Figure 3, upper row A. Bars, lower left,
10 micrometers.
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2.4. Z-disc Disintegration, Streaming and Aberrant Integrin Expression in col4al Mutants

In muscles of wild-type Drosophila, integrin is expressed at the muscle attachment sites and
appears as punctate staining at the costameres aligned with Z-discs [23]. In order to determine
the exact position of the Z-discs in the muscle fibers of the oviduct, we used antibodies against the
scaffold protein kettin as a morphological marker. In wild-type controls kettin staining appeared as
parallel-ordered lines in each fiber perpendicular to the long axis delineating the sarcomeres and proper
striation at both permissive and restrictive temperatures (Figure 3 A1,A4). Immunohistochemistry
using anti-integrin antibodies provided the same staining pattern in close localization as observed for
kettin (Figure 6 A2,A5, and overlays (Figure 6 A3,A6), confirming integrin localization to the Z-discs
in muscle fibers of the oviduct.

In col4al mutant, we observed aberrant integrin expression in the epithelial cells of the Malpighian
tubules [30], and also surmised irregular integrin deposition in muscle fibers. In mutant oviductal
muscle fibers the Z-disc structure, delineated by integrin expression, was disrupted and formed a
zig-zag pattern, Z-disc material appeared torn across a large part of sarcomere, and integrin staining
was deposited randomly within the sarcomere as dots, consistent with the muscle pathology of Z-disc
streaming (Figure 6, white arrows, panels B-D), in which Z-disc structure is disrupted and Z-disc
material appears ripped out and deposited within the sarcomere (Figure 6, yellow arrows, panels B-D).
These phenotypic features were enhanced by incubating the mutants at restrictive temperature:
Areas expressing excess integrin (Figure 6, panels B-D, red arrows), or depositing integrin scarcely
(Figure 6, panels B-D, blue arrows). Z-disc streaming, intrasarcomeric integrin deposition and uneven
expression seems to be a general feature of col4al mutants, as the same phenotype was observed in the
rest of the members of the allelic series (Supplementary Figure S3).

We have recently reported a further phenotypic manifestation of the mutants, the ectopic assembly
and transition of Z-discs the anisotropic (A) band at the level of M-discs at statistical significance in the
mutants [32]. These observations collectively suggest the requirement of proper COL4A1 protein in
regular integrin expression and explain female sterility of the mutants that do not lay eggs at 29 °C [9].

20 °C kettin i?‘\fn_ grin

Al

Wild-type control
20 °C integrin 29°C
BY,) /) B21+ )\

col4a16233¢ col4a16467€ colda1655201

Figure 6. Staining of muscle fibers of common oviduct by the Z-disc marker kettin and integrin in
wild-type control (A1-A6) at permissive and restrictive temperatures. Note unchanged integrin
expression at 29 °C (A5) and close vicinity of kettin and integrin depositions revealed by the
complementary color orange in overlays (A3, A6). Panels B, C, D: col4a1C6233E | 0ol4q1G467E | 914416552D1
mutants at permissive and restrictive temperatures. Streaming of the Z-discs (white arrows), integrin
expression within the sarcomeres (yellow arrows), excess integrin expression (red arrows) or deficient
integrin deposition (blue arrows) are noted in the mutants (panels B-D). Bars, lower left, 10 micrometers.
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2.5. Fiber Atrophy and Fiber Size Diversity

We measured the diameter of the individual muscle fibers and the most frequent value was found
to correspond to 8 um both in mutant col4a1%%33F line and wild-type (Oregon) controls, incubated at
permissive temperature (Figure 7). Incubation of mutant animals at 29 °C shifted the diameters of the
muscle fibers toward smaller values. We observed the same phenomenon in the rest of the lines of the
allelic series (Supplementary Figure 54). The ratio of the muscle fibers with diameters below 8 pm up
to 4 um increased two-threefold, by 12%-34% in the mutants, whereas the same ratio in control flies
remained 30% at both temperatures with the majority of fiber diameters in the range of 7-8 um and
only 4%—6% of 6 um as the smallest value (Figure 7, Supplementary Figure 54, Table 2). These data
showed size heterogeneity, wasting and atrophy of muscle fibers, characteristic features of dystrophic
muscle in the col4a1 mutant lines.

Oregon 20°C Oregon 29°C col4a15%52P2 20°C col4a15%52P2 29°C

80 80 80 80

60 60 60 60

20 .II 20 20 20
. _Hil. ; _Hm_

34567 8910111213 34567 8910111213 34567 8910111213 345678 910111213

Hm pum pum pum
Figure 7. Muscle fiber atrophy measured by the reduced diameter of the fibers in the mutants at 29 °C.

Table 2. Summary of the phenotypes of the col4al mutants.

Allele col4a1C?33E ¢ol4a1G47E ¢014a16552D1  014a16552D2  (0l4a1G1025EL (0]4q1G1025E2 (0]4q1G1043S  (014q1C139E  OreR, wt

Sarcomere loss + + + + + + + + _

Z-disc
streaming

+ + + + + + + + -

Irregular
integrin + + + + + + + +
expression

Actin bundles + + + + + + + + -

Amorphic actin
deposition

Atrophy,
fibers with D<8
micrometer at
20°C
Atrophy,
fibers with D<8
micrometer at
29°C
Fiber size
disproportion

10% 10% 14% 14% 14% 18% 16% 8% 30%

28% 22% 48% 36% 26% 42% 36% 20% 30%

Uneven
COL4A1 + + + + + + + +
expression

3. Conclusions

In our mutant series, glycine substitutions by large, charged or polar amino acids, glutamate,
aspartate and serine, occurred within the col4al gene by transition of the second guanine nucleotide
to adenine consistent with the mutagen EMS. Two isoallelic variants col4a1%%>?P1, col4a14%5?P2, and
colda1G1025E1 | ¢014a1G1025E2 a]leles were identified. The importance of the Gly552 residue is reflected by
the fact that a recent EMS mutagenesis resulted in the isolation of the same, temperature-sensitive,
dominant-negative col4a1%°>?P allele [33]. Genotype-phenotype relationships explored in over hundred
COL4A1 mutants identified in patients and in murine models revealed that the position of the mutation
and not the biochemical properties of the substituting amino acid seems to have a greater impact
on the phenotype and disease severity [34]. In our Drosophila mutant series, however, regardless of
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the position of the mutation within the collagenous domain of the col4a1 gene, we observed similar
phenotypic defects.

Asthe oviduct, and also the larval body wall muscle phenotype [9], compromised actin organization
and deposition, loss of sarcomere structure were noted in all alleles studied, features that are common in
myopathic or dystrophic conditions, with disintegrating muscle sarcomeres together with disintegration
and streaming of Z-discs [35]. These morphologic changes impact the function of the common oviduct as
females become sterile and do not lay eggs [9]. Conditional knockdown of genes in Drosophila, involved
genes in integrin mediated adhesion, including talin, alpha-actinin, integrin-linked kinase, alpha PS2 and
beta PS integrins result in the common phenotype of Z-disc streaming [26], similar to our col4a1 mutant
series, indicating functional interdependence. Similarly, Walker-Warburg Syndrome is diagnosed as
a monogenic trait in patients carrying mutations in several genes [19,36]. Importantly, in Drosophila
mutants defective in protein O-mannosyltransferases the symptoms of the Walker-Warburg Syndrome
were identified; as part of the mutant phenotypes Z-disc streaming, actin filament disorganization and
bundle formation were reported also [36].

The human myopathic/dystrophyc conditions marked by Z-disc streaming and sarcomeric
disorganization involves genes that encode components of integrin-mediated adhesion markedly
by genetic reasons. The Ik~ mouse embryos die during peri-implantation stage due to impaired
epiblast polarization and F-actin accumulation at integrin attachment sites [37]. Knockout mutants
for the integrin beta subunits and for majority of the alpha subunits have been constructed with
phenotypes ranging from a complete block in preimplantation, through developmental defects to
perinatal lethality, demonstrating the specificity of each integrin. Muscular dystrophy was observed
in patients with ITGA5 or ITGA7 mutations [8]. Z-disc streaming, however, was not reported in
association of ITGA5 or ITGA7 mutations. Mouse mutants of talin 1 or talin 2 perform myopathy and
disassembly of the sarcomeres [38]. However, the embryonic lethal mutation in the Drosophila rhea
gene encoding talin recapitulate the phenotype of the integrin beta PS mutations, demonstrating their
functional similarities [25]. These results indicate that genes involved in integrin-mediated adhesion
are essential, their homozygous recessive or null mutations are often lethal. The conditional lethality
of the temperature-sensitive, heterozygous col4al Drosophila mutant series allowed manifestation of
phenotypic elements that would be non-explorable in humans or mice, such as the disrupted sarcomeric
cytoarchitecture and Z-disc streaming that support a role for COL4A1 in integrin mediated adhesion.
In conclusion, our Drosophila mutant series may serve as an effective model to uncover the mechanisms
by which COL4A1 mutations result in disrupted myofiber-basement membrane interactions and
compromised muscle function and provide biomarkers to explore during therapeutic approaches.

4. Materials and Methods

4.1. PCR Amplification and Sequencing

The algorithm of Primerfox was used to design sequence specific primers for the col4al gene
(Table 3). The amplification reaction was carried out with the aid of KAPA Taq polymerase and
Fermentas dANTP mix (Thermo Scientific, Vilnius, Lithuania) guided by a touchdown PCR protocol.
The initial denaturation at 94 °C lasted for 150 s, followed by 30 cycles of 93 °C for 15 s, then 65 °C
(=0.6 °C/cycle) for 15 s and 72 °C for 45 s. The final elongation step at 72 °C was allowed to run
for 180 sec. The lengths of the products were checked on 1% agarose gel, followed by cleanup on
silica columns (ZenonBio, Szeged, Hungary). The DNA samples containing the appropriate primers
were sent to Eurofins Genomics for sequencing. The same PCR fragments originating from different
reactions were read multiple times in both directions to ensure reliability of the results. The received
sequence information was aligned to the database of NCBI with the Blast algorithm.
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Table 3. List of PCR primers used for sequencing the col4al gene.

Name Sequence

Fla CACGGATAGTGTACATGAGC
F2a GCCTTTAGCAAACTCTCTTG
F3 TCCTCGTTTCCCGTCAAACC
F4 TTCAAGGGCAATGCTGGTGC
F5 GGTCTCAATGGTCTGCAAGG
F6 TCCCGGAATGGATGGTTTGC
F7 GAAGGGTGAACCAGGAATGC
F8 TCTGTTGGATACTGCGTAGC
R1 CATAGCTCTCTTCGATTGGC
R2 CTCCCTTCTGTCCCATATCG
R3 CCTTGATACCCATGTCTCCC
R4 AAACCAATGGGTCCGGTTGG
R5 TCACCAGGATAGCCAACAGC
R6 TCTCCCTTAGGTCCATTGCG
R7 CGGCAGTGTGCTATTATAGG
R8 GCATTGTTTCGCATTTAATCGG

4.2. Maintenance of Drosophila Strains

Wild-type Oregon flies and col4al mutant stocks were maintained at 20 °C and 29 °C on
yeast—cornmeal-sucrose—agar food, completed with the antifungal nipagin. The mutant stocks
were kept heterozygous over the CyRoi balancer chromosome that prevents recombination with the
mutation-carrying homolog, thus the genotype of the mutants presented here is: col4al™ +/col4al* CyRoi.

Common oviducts were removed under carbon dioxide anesthesia from adults that were grown
at both permissive and restrictive temperature for 14 days. Dissected common oviducts were fixed
in 4% paraformaldehyde dissolved in phosphate buffered saline (PBS) for 10 min, washed tree times
in PBS, permeabilized for 5 min in 0.1% (w/v) Triton X dissolved in PBS and washed tree times in
PBS. Blocking was achieved for in 5% BSA dissolved in PBS for 1 h, and washed tree times in PBS.
Trans-heterozygous strains were generated by crossing two col4al*/~ heterozygotes selecting for the
loss of the balancer chromosome CyRoi.

4.3. Immunostaining and Antibodies

Nuclei in the dissected common oviducts were counter-stained by 1 pg/mL 4’ ,6-diamino-2-phenylindol
(DAPI) in 20 uL PBS, 12 min in dark. F-actin was stained by 1 unit Texas Red ™-X Phalloidin (ThermoFisher)
in 20 uL PBS for 20 min. Integrin dimer staining was achieved by an equimolar mixture consisting of both
anti-integrin monoclonal antibodies (mouse, Developmental Studies Hybridoma Bank) that recognize alpha
PSIor alpha PS II subunits. Mouse antibody against Drosophila COL4A1 protein was generated by Creative
Ltd, Szeged, Hungary. Primary mouse antibodies were visualized by 1 uL F(ab’) 2-Goat Anti-Mouse IgG
(H+L) Cross Adsorbed Secondary Antibody conjugated with Alexa Fluor 488 (ThermoFisher) in 20 uL
PBS for 1 h or 1 uL Goat Anti-Mouse IgG (H+L) Cross Adsorbed Secondary Antibody, Alexa Fluor 350,
in 20 uL. PBS for 1 h.

4.4. Confocal Microscopy

Photomicrographs of the common oviducts were generated by confocal laser scanning fluorescence
microscopy (Olympus Life Science Europa GmbH, Hamburg, Germany). Microscope configurations
were set up as described [29]. Briefly, objective lens: UPLSAPO 60x (water, NA: 0.90); sampling speed:
8 us/pixel; line averaging: 2x; scanning mode: sequential unidirectional; excitation: 405 nm (DAPI),
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543 nm (Texas Red) and 488 nm (Alexa Fluor 488); laser transmissivity: 7% were used for DAPI, 15%
for Alexa Fluor 488 and 20% for Texas Red.

Quantitative evaluation of the fluorescence light intensities of the 543 nm Texas Red signals was
achieved by the FLUOVIEW FV1000 program of Olympus, system version 4.2.1.20. We generated
~20 independent images for each wild-type control and mutant samples thus analyzing over
400 photomicrographs. Statistical analysis was carried out by analyzing raw confocal fluorescent light
intensities. Signal amplification was applied in images for morphologic analysis.

4.5. Size Determination of the Muscle Fibers

Confocal photomicrographs displaying oviducts were stained by Texas Red™-X Phalloidin and
anti-COL4A1 antibody, taken from all mutants and wild-type controls at 20 and 29 °C. Diameters of
hundred randomly chosen muscle fibers were measured generating altogether 9000 values. Diameters
were calculated as distances between the lateral sides of the individual muscle fibers, perpendicular to
the long axis, in areas with unchanged diameters. Bins of diameter intervals differing by one pm were
displayed in histograms showing the numbers of the corresponding diameters.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/20/
5124/s1.
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Supplementary Figure S1. Nucleotide sequence of the heterozygous lesions in col4al alleles. Note the
isoallelic mutations G552D and G1025E. For a better resolution of the heterozygous site the sequence

of the complementary strand is displayed in the b-17 mutant.
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Supplementary Figure S2. Loss of sarcomeres (A4, B4) actin bundle development (white rectangles,
A4, B4), actin aggregates (white arrows, A4, B4), irregular COL4A1 deposition (white arrowheads,
A5, B5) in the isoallelic lines col4a16%2P2 and col4a119%5E2, A3, B3, A6, B6: Overlays. Bars, lower left, 10

micrometers.
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Supplementary Figure S3. Integrin expression in wild-type control (A) and in col4a]l mutant animals
(B-F) at permissive and restrictive temperatures. Streaming of the Z-discs (white arrows), integrin
expression within the sarcomeres (yellow arrows), excess integrin expression (red arrows) or deficient
integrin deposition (blue arrows) are noted in the mutants (panels B-D). Bars, lower left, 10

micometers.



G233E
Oregon 20°C Oregon 29°C colda1%233€ 20°C col4al 29°C
100 100 100 100
90 90
80 80 80 80
70 70
60 60 60 60
® 50 ® 50 R ES
40 40 40 40
30 30
20 20 20 20
10 I I 10 l
0 o m_ 0 0 — = N - 0
34567 8 910111213 3456 7 8 910111213 34567 8910111213 34567 8910111213
um Hm Hm um
col4a1%%7E 20°C col4a15%67E 29°C col4a1%%52P1 20°C col4q1655201 29°C
100 100 100 100
80 80 80 80
60 60 60 60
ES =® ES ®
40 40 40 40
20 I 20 20 I 20
o R | ™9 o 0 ——. _ 0
34567 8 910111213 34567 8 910111213 34567 8910111213 34567 8910111213
pum pum pm pum
col4a161025E1 20°C col4a161025e1 39°C col4a15192562 20°C col4a161925e2 29°C
100 100 100 100
80 80 80 80
60 60 60 60
ES £ ES R
40 40 40 40
20 20 20 I 20
o _ M I._ o 0 . | -, 0
345678 910111213 345678 910111213 3456 78910111213 345678 910111213
pm pm pm pm
col4a151943s 20°C col4a151943s 29°C col4a113%3 20°C col4a1%13%3 29°C
100 100 100 100
80 80 80 80
60 60 60 60
® ES ES ES
40 40 40 40
20 II 20 20 20
0 | | . . o ——m [ 0
345678 910111213

Supplementary Figure S4. Size distribution of muscle fibers in col4al mutants.
fibers are shifted toward reduced values (yellow columns) in mutants at 29 °C.
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Muscle dystrophy is triggered by type IV collagen alleles affecting integrin binding sites

directly or indirectly in Drosophila

Marton Kiss?, Ildiko Kelemen-Valkony!, Andrias Kiss! Brigitta Kiss?, Katalin Csiszar®,
Matyas Mink!

1 University of Szeged, Department of Genetics, Szeged, Hungary
2 Biological Research Centre, Institute of Genetics, Szeged, Hungary

3 University of Hawaii, John A. Burns School of Medicine, Honolulu, HI, USA e-mail:

Matyas Mink <mink@bio.u-szeged.hu>

Congenital muscular dystrophy (CMD), a clinically and genetically heterogeneous group of
inherited muscle disorders, is characterized by progressive muscle weakness, fiber size
variability, fibrosis, necrotic fibers seen in clusters or grouped necrosis, and by central
myonuclei observed normally in regenerating muscle. Regeneration may fail to keep up with
ongoing necrosis and muscle fibers are gradually replaced by adipose and fibrous connective
tissue, followed by atrophy. Causative mutations in multiple genes have been identified,
including the myofibrillar basement membrane components laminin alpha-2, integrin alpha-7
and collagen type VI. Type IV collagen mutations in humans and mammals may manifest with
muscle cramps, weakness and dystrophy, but the underlying pathomechanisms remain
unknown. In this study we performed immunohistochemistry experiments, mutational and
myofibrillar protein analyses and demonstrated that some members of the Drosophila col4al
mutant series show the onset of CMD. Morphologic alterations of the myofibers meet the
requirements of muscular dystrophy. Allele-specific hydrolysis of myofibrillar proteins was
observed in these mutants. Myosin heavy chain and tropomyosin were degraded, muscle
myosin was devoid of the N-terminal methionine and actin was cleaved by furin. In the
proteolytically active col4al alleles glycine substitution affected integrin binding site of the
COLA4AL protein, whereas a downstream glycine substitution disrupted the integrin binding site
of the opposite COL4A2 chain in the triple helix, judged by uneven integrin expression.
Myofibrillar proteolysis was not recorded in those mutants that carried different glycine
substitutions. These results collectively demonstrate the broad phenotypical spectrum and
pleiotropy of type IV collagen mutations. Proteolytic cleavage of the myofibrillar proteins by
furin seems to be a new, yet unknown phenomenon associated with type IV collagen mutations
and muscle dystrophy.
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