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an ultrafilter in mammalian kidneys
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The collagen IV®* (Col-IV***®) scaffold, the major con-
stituent of the glomerular basement membrane (GBM), is a
critical component of the kidney glomerular filtration barrier.
In Alport syndrome, affecting millions of people worldwide,
over two thousand genetic variants occur in the COL4A3,
COL4A4, and COL4A5 genes that encode the Col-IV***® scaf-
fold. Variants cause loss of scaffold, a suprastructure that
tethers macromolecules, from the GBM or assembly of a
defective scaffold, causing hematuria in nearly all cases, pro-
teinuria, and often progressive kidney failure. How these vari-
ants cause proteinuria remains an enigma. In a companion
paper, we found that the evolutionary emergence of the
COL4A3, COL4A4, COL4AS5, and COL4A6 genes coincided
with kidney emergence in hagfish and shark and that the
COL4A3 and COL4A4 were lost in amphibians. These findings
opened an experimental window to gain insights into func-
tionality of the Col-IV**** scaffold. Here, using tissue staining,
biochemical analysis and TEM, we characterized the scaffold
chain arrangements and the morphology of the GBM of hag-
fish, shark, frog, and salamander. We found that a4 and a5
chains in shark GBM and a1 and a5 chains in amphibian GBM
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are spatially separated. Scaffolds are distinct from one another
and from the mammalian Col-IV**** scaffold, and the GBM
morphologies are distinct. Our findings revealed that the
evolutionary emergence of the Col-IV**** scaffold enabled the
genesis of a compact GBM that functions as an ultrafilter.
Findings shed light on the conundrum, defined decades ago,
whether the GBM or slit diaphragm is the primary filter.

Chronic kidney disease (CKD), including acquired and ge-
netic forms, affects more than 10% of the world’s population
(2—-6). The diagnosis is made based on one of the criteria: low
glomerular filtration rate and persistent proteinuria (7). In
many cases, the glomerular filtration barrier becomes
dysfunctional, which leads to leakage of protein across the
barrier into the filtrate. A suggested mechanism is that
excessive leaked protein is then reabsorbed by the proximal
tubules causing tubulointerstitial inflammation and scarring,
resulting in progressive kidney failure (8, 9). Proteinuria is the
hallmark feature of CKD (10-12). The pathologies include
diabetic nephropathy (13, 14), Alport syndrome (5, 15), Pier-
son syndrome (16—18), minimal change disease (19), mem-
branous nephropathy (20), lupus nephritis (21, 22), focal
segmental glomerulosclerosis (23), and congenital nephrotic
syndrome of Finnish type (24, 25).

Over several decades, numerous searches of pathogenic
mechanisms in a few diseases have identified the glomerular
basement membrane (GBM), podocytes, and slit diaphragm as
critical components of the filtration barrier (6, 12, 26). The
pivotal advances were the discovery of proteins that are linked
to filtration dysfunction. These are Col-IV**** scaffold in
Goodpasture disease (27-31) and Alport syndrome (31-34),
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Evolution of the GBM ultrafilter

laminin-521 in Pierson syndrome (17, 35, 36), nephrin in
congenital nephropathy (24, 37), and PLA2R in membranous
nephropathy (38). Yet, the molecular mechanisms of how
these proteins enable ultrafiltration and how genetic variants
cause dysfunction remain largely unknown.

The critical function of the GBM in ultrafiltration was
illuminated by discoveries of proteins and defects in their
structures. The Col-IV***® scaffold is the major constituent of
GBM accounting for greater than 70% of its mass’ (31, 39-44).
According to the LOVD database, in Alport syndrome,
affecting millions of people worldwide, over two thousand
genetic variants are known in the COL4A3, COL4A4, and
COL4A5 genes that encode the a3, a4 and a5 chains of the
Col-1V*3* gcaffold, and this number is growing (4, 5, 45-47)
(Fig. 1). Pathogenic variants cause either loss of Col-IV***
scaffold from the GBM or assembly of a defective scaffold,
causing hematuria and often progressive proteinuria and kid-
ney failure (45). Proteinuria is more common in the X-linked
and autosomal recessive forms of Alport syndrome which
constitute the majority of the diagnosed cases, while clinical
presentations of patients with autosomal dominant inheritance
varies widely (48). In Pierson syndrome, genetic variants of
laminin-521 network of GBM cause acute proteinuria and
kidney failure (35, 49). How these variants cause proteinuria
posits a fundamental unanswered question: “How do Col-
IV*3*> and laminin-521 enable GBM to function as an
ultrafilter of proteins?”

Our findings on the evolutionary origin and diversification
of collagen IV genes described in details in a companion paper
by McCaw et al. (50) opened an experimental window to gain
molecular insights into the functionality of the Col-IV*3*
scaffold. In summary, we found that the COL4A3 and COL4A4
gene pair appeared in cyclostomes (hagfish and lampreys),
while the COL4AS5 and COL4A6 gene pair emerged in gna-
thostomes, jawed vertebrates (sharks). We also demonstrated
in this study that all six chains of collagen IV were present in
the shark kidney. The more basal chordate species, lancelets
and tunicates, do not have discrete kidneys and have a single
COL4A gene pair. While the six COL4 genes are conserved in
vertebrates, amphibians have lost the COL4A3 and COL4A4
genes. Here, we characterized the scaffold arrangement of Col-
IV chains and the GBM morphology of hagfish, shark, frog,
and salamander. We describe the functionality of Col-IV*** in
GBM assembly and ultrafiltration and shed light on the

T GBM is composed of 86% protein, 9% carbohydrate and <1% lipid of dry
weight, based on chemical analyses. The high glycine and hydroxylysine
contents revealed that GBM is comprised of an unknown type of
collagen; at the time, only collagen types | and Il were known. Subse-
quently, the GBM collagen was identified as collagen IV and shown to
exists in the glomerulus in two forms: Col-IV *'?" and Col-IV ®3*° scaffolds
(Fig. 1). These structures tether proteins including laminin, nidogen and
proteoglycans and other components, forming a supramolecular
complex (Fig. 1). In glomerular development, fetal Col-IvV *'?" in GBM is
replaced by Col-IV ®**° in adult, based on studies of mouse, human, and
dogs. The relative amount of Col-IV ***° in adult GBM is 74%, a value
based on the glycine content of whole bovine GBM and that of the
mouse a3, a4, and a5 chains of the Col-IV ®3*° scaffold (207 residues/1000
residues versus 278, respectively).
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conundrum, defined 4 decades ago, as to the nature of the
primary protein filter, the GBM or the slit diaphragm (51-53).

Results

Col-1V scaffold organization of a-chains in shark kidney is
distinct from mammals

In McCaw et al. (50), we demonstrated that all six Col-IV
chains (a1l to a6) emerged in the jawed vertebrates (gnathos-
tomes) and are expressed in shark kidneys. These findings
raised the question of whether the a3, a4, and a5 chains of
shark kidney occur in a Col-IV*** scaffold, analogous to that
of mammals. To this end, we performed a double immuno-
fluorescence analysis of shark kidney sections in comparison
with control mouse kidney sections. We observed that a4 and
a5 collagen IV chains are present in the glomeruli of both
mouse and shark. In mouse, these chains colocalize completely
in the glomerular basement membrane. Yellow color
throughout the GBM in the merged and zoomed images of the
mouse glomerulus indicates that both chains are part of the
a345 scaffold (Fig. 2). The a4 chain is only known to exist as
part of the 345 protomer (54); therefore, no red staining is
seen in the merged image for mouse. In contrast, a5 chain is a
component of two protomers: a345 and o556 with different
tissue specificity as previously reported (55); this distribution is
evident from the green staining of tubules and Bowman’s
capsule for a5 and where a4 is not present (Fig. 2, green
staining in merged image for mouse). These findings demon-
strate the presence of the mammalian Col-IV**** scaffold and
serve as a control for the analysis of shark kidney.

In striking contrast, the distribution of a4 and o5 chains in
the shark is distinctly different from the mouse. Figure 2 shows
that both chains are found within the capillary loops of shark
glomerulus. However, very little colocalization is seen in the
merged image. Zoomed image shows magnified view of the
capillary loop. Red and green staining indicate that a4 and o5
collagen chains are spatially separated. These staining patterns
suggest that the mammalian Col-IV**** scaffold is absent in
shark kidney. Interestingly, the Col-IV*'*! scaffold is absent in
shark glomerulus but present in Bowman'’s capsule and tubules
(Fig. 3).

To further explore the scaffold organization of a4 and o5
chains in shark, we characterized the chain compositions of
NC1 hexamers. Hexamers, which reflect the organization of
chains, were excised from kidney by collagenase digestion, and
their compositions were analyzed by native PAGE. Due to
differences in the amino acid sequences/charges hexamers of
varying chain composition run differently on the native gel.
We performed a comparative native PAGE analysis of hex-
amers excised from mouse and shark kidneys. Consecutive
western blots with a4 and a5 chain-specific antibodies were
performed on the same membrane with a stripping step in
between. Positions of the hexamer bands positive for a4 and
a5 chains were compared by overlaying the western blots
(Fig. 4). Western blots for each chain and overlaid, artificially
colored image, reveal that a4 and a5 NC1 domains occur in
the same hexamer in mouse but in two distinct hexamer
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Figure 1. Col-IV scaffold compositions and localizations in a portion of a mammalian nephron. The Col-IV***® scaffold encodes information for the
tethering of GBM macromolecules. A cross-section of a portion of a nephron is schematically represented with the following designations: DT - distal
tubule; PT - proximal tubule; MS — mesangial space; AA - afferent arteriole; EA - efferent arteriole; GBM - glomerular basement membrane. The NC1- and
7S-domains (indicated for Col-IV ®'2" scaffold) direct the assembly of protomers into network structures of higher order stabilized by sulfilimine bonds on
one side (NC1, black stitches) and lysyl crosslinks on the other (7S, highlighted). There are also lateral interactions of collagen triple helices which are not
represented here (80). The resulting meshwork sizes of the scaffolds are smaller than shown. The Col-IV*'?! scaffold is the key building block of the
basement membranes surrounding tubules, arterioles and Bowman'’s capsule. It is also found in the mesangial area. Bowman'’s capsule is a unique structure
containing heteroscaffold of Col-IV*'2'%%%> The Col-IV***® scaffold (on the right)—a basis of GBM suprastructure—is also reinforced by disulfide bonds
(highlighted with yellow). Once assembled, Col-IV networks function as smart scaffolds. Vast amounts of structural information are encoded in motifs
located at specific sites along the triple helix and NC1 domains to tether other GBM components such as laminin-521, nidogen, perlecan, and agrin.
Laminin also forms network that becomes closely associated with Col-IV*3** scaffold. Two important enzymes, PXDN and LOXL2, crosslink the Col-IV®34°
scaffold. The tethering at specific sites spatially organizes molecules along the triple helix, resulting in a populated scaffold within the GBM that provides

tensile strength and allows for GBM to filter proteins.

populations in shark kidney, Collectively, staining patterns and
native PAGE analysis indicate that the Col-IV**** scaffold is
absent in shark kidney. Thus, other arrangements of the a4
and o5 chains comprise shark GBM.

Col-IV scaffold organization of a-chains in amphibian kidney
is distinct from sharks and mammals

As we described in the companion paper by McCaw et al.
(50), the COL4A3 and COL4A4 genes were lost in amphibians.
Thus, the Col-IV scaffold of amphibians, which represents
naturally occurring double knockouts of a3 and a4 chains, is
distinct from the Col-IV*** scaffold of mammals. We inves-
tigated the tissue distribution of collagen IV chains expressed
in the kidneys of axolotl (Ambystoma mexicanum) and frog
(Xenopus laevis). Kidney sections and whole kidney homoge-
nates were analyzed by immunofluorescence and Western
blotting with chain-specific antibodies (Fig. 5). The results

SASBMB

show the absence of a3 and a4 chains in the glomeruli of both
species and the presence of al and o5 chains. In contrast to
mouse, staining for ol chain is prominent in the glomerular
filtration barrier of both amphibians. These differences be-
tween species indicate that the Col-IV scaffold of amphibian
glomeruli is distinct from mammals with respect to chain
composition.

We explored the molecular distribution of Col-IV « chains
by double immunofluorescence staining for a1l and o5 chains
in kidneys of axolotl and frog and compared it to mouse
kidney. In mouse glomerulus, the al chain occurs mostly in
the mesangial matrix and the a5 chain in the glomerular
capillary loops (Fig. 6). Whereas, in amphibians, the o5 occurs
along with al in capillary loops; in the merged images, partial
colocalization of al and o5 chains is evident. However,
magnified views show that these chains form two spatially
close, but distinct layers (red and green staining in zoomed
panel of Fig. 6). These results suggest that the al and a5 chains

J. Biol. Chem. (2023) 299(12) 105459 3
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Figure 2. Col IV a4 and a5 chains have distinct distributions in shark GBM. Double immunofluorescent staining for a4 (red) and a5 (green) chains in
mouse and shark kidney sections. Glomeruli are represented. Both Col-IV chains localizing to the GBM in mouse and shark. Two bottom panels show merged
images and zoomed regions indicated by squares. Yellow color in the merged and zoomed images indicates colocalization of two chains. No red color is
observed in the merged image of mouse GBM. Two separate layers of green and red staining can be distinguished in the merged image of shark GBM
(green and red colors in zoomed image). GBM, glomerular basement membrane.
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Shark

Figure 3. Col-IV a1 chain is found in tubular basement membrane and Bowman'’s capsule but not in glomerulus of the shark. Inmunofluorescent
staining for a1 chain of collagen IV in mouse and shark kidney sections. “*” indicates glomerulus. The a1 is found in the Bowman'’s capsule surrounding
glomerulus and tubular basement membranes as well as mesangial space of the mouse. No staining is present in the mesangial matrix and GBM of the

shark. GBM, glomerular basement membrane.

are spatially separated in amphibians and therefore exist in two
different Col-IV scaffolds.

For verification of this distribution in the axolotl kidney,
we performed double immunogold labeling for analysis at
the nanoscale level, using scanning electron microscopy
(ISEM). We used 15 nm and 6 nm gold particles to distin-
guish between al and o5 chains, respectively. Figure 7
demonstrates that both types of gold particles are found in
the capillary loop matrix with spatially distinct labeling
patterns. The al labeling (red circles in the middle image in
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Fig. 7) is restricted to the thin compact layer close to the
podocytes. When correlated with the TEM image, an elec-
tron dense layer of basement membrane underlying the
podocytes (red arrowhead in TEM image) consists predom-
inantly of Col-IV al and sparse matrix below that layer is
positive for the a5 chain (green double headed arrow).
Collectively, the results indicate that al and o5 chains
comprise two distinct Col-IV scaffolds, spaced between
podocytes and endothelial cells, making a “double layered”
glomerular basement membrane.

Shark

a4 ab

Figure 4. Col-IV a4 and a5 chains occur in different hexamers in shark kidney. Mouse and shark kidney samples treated with collagenase to release the
NC1 hexamer domains were separated by native PAGE electrophoresis and blotted. Western blots were probed consecutively with a4- and a5-specific
antibodies. Third panel for each specie represents artificially colored overlaid image. The positions of a4 and a5 containing NC1 hexamers overlap in
the mouse (yellow color in the third mouse panel) but separate in the shark (green and red in the right panel for shark). GBM, glomerular basement

membrane.
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Figure 5. Col-IV chains distribution in amphibian kidneys. Inmunofluorescence staining of mouse, frog, and axolotl kidney sections (left) demonstrates
deposition of al and a5 chains within Col-IV scaffolds. Glomeruli in each species are represented. No staining is detected for a3 and a4 chains in am-
phibians. Right part of the figure shows western blots of the whole kidney homogenates subjected to the collagenase digest. Mouse (M), axolotls (A) and
frogs (F) are shown. On the right-side “M" indicates monomers and “D” — dimers of Col-IV NC1 domains.

Amphibian Col-IV a1 and a5 chains comprise two different
NC1 hexamers

To explore the scaffold composition of chains in the axolotl
kidney, we characterized the NC1 hexamers using native PAGE
analysis as described for shark kidney vide supra. Hexamers were
separated on the native page followed by two consecutive western
blots with antibodies specific for a1 and a5 chains of collagen IV.
Consecutive western blots were performed on the same mem-
brane with a stripping step in between. We then compared the
positions of the hexamer bands positive for al and o5 chains by
overlaying the western blots. Figure 8 represents western blots for
each chain and overlaid, artificially colored images. In axolotl, the
al and a5 containing NC1 hexamers run as two distinctly

6 J Biol. Chem. (2023) 299(12) 105459

separate bands. This separation is distinct from that of the mouse
kidney. Our results show that a5 and al chains exist in different
hexamers in axolotl kidneys reflecting a distinction in scaffold
compositions between amphibians and mammals. Mice and
humans have two a5 containing hexamers (a345-a345 and a112-
a556) and two al containing hexamers (a112-a112 and a112-
a556) in kidneys (Fig. 1) (42, 56—59). Our results demonstrate the
absence of the all2-a556 hexamer in amphibians. Thus,
amphibian GBM, devoid of a3 and a4 chains, can potentially have
scaffolds composed of previously described combinations, such
as al12-a112 and a556-a556. However, the existence of alter-
native scaffolds such as a555-a555 and alll-alll cannot be
excluded.

SASBMB
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Axolotl Frog

Figure 6. Amphibian al and a5 chains of collagen IV are spatially close but distinct in glomerular capillary loops. Double immunofluorescent
staining for a1 (red) and a5 (green) chains in mouse; axolotl; and frog kidney sections. The image for al staining is reproduced from Fig. 5, Frog, for
comparison. Bottom panels represent merged and zoomed images of squared regions. Yellow color in the merged, and zoomed images indicates coloc-
alization of two chains. While some colocalization is observed in the amphibians, at some places two separate layers of green and red staining can be
distinguished (zoomed images for axolotl and frog).
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Evolution of the GBM ultrafilter

Figure 7. Col-IV a1 and a5 chains occur in two distinct scaffolds in glomerular filtration barrier of axolotl. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of the kidney sections from axolotl. The image of the whole glomerulus by SEM is shown on the /eft. Middle
image of ISEM shows magnified view of the capillary loop (circled in the SEM image) double immunolabeled with a1 and a5 chain-specific collagen IV
antibodies. The ISEM image (middle) represents overlay of secondary and backscattered electron images with artificially colored gold particles. Secondary
antibodies conjugated with 15 nm (red, al) and 6 nm (green, a5) gold particles were used. The TEM image (right) demonstrates morphology of the
glomerular filtration unit in the axolotl. “FP” indicates foot processes of podocytes; “EC” designates endothelial cells, and “RBC" stands for red blood cell
inside the capillary loop. Double headed green arrow shows thick, electron lucent portion of GBM which correlates with a5-positive layer in ISEM. Red
arrowhead points to the thin electron dense layer of GBM underlining podocytes which mainly contains a1 in ISEM. GBM, glomerular basement membrane;
ISEM, immunogold labeling and scanning electron microscopy.

The chain composition of Col-1V scaffolds enabled the
morphology of the glomerular basement membrane

We explored the ultrastructural morphology of glomerular

spacing between the podocytes and endothelial cells of the
capillary loop appears strikingly different from that of mouse.
Specifically, the GBMs in all early evolutionary species are

variable in thickness, ranging from one to several micrometers,
and composed of several layers of varying electron density and
structural organization. (Fig. 9). Hagfish displays a two-layered
organization of the filtration matrix with a more electron

basement membrane in vertebrate evolution. Figure 9 shows
comparative TEM images of the glomerular capillary loops in
hagfish, shark, axolotl, and mouse along with the Col-IV
chains in each animal. In hagfish, shark, and axolot], the

Mouse Axolotl
kDa .'

100

ad f ad

Figure 8. Col-IV a1 and a5 chains in amphibian kidneys comprise different hexamers. Two consecutive western blots with al- and a5-specific an-
tibodies of hexamers prepared from mouse (left) and axolotl (right) kidneys separated by native PAGE. Third panel for each animal represents overlaid and
artificially colored images. The a1 and a5 containing hexamers from axolotl kidneys run as two distinct bands while some overlap, likely from a112-a556
hexamer, is observed in the mouse kidney.
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Figure 9. Comparative morphology of glomerular filtration barrier with Col-IV chains in hadfish, shark, axolotl, and mouse. Representative TEM
images of the glomerular capillary loops from hadfish, shark, axolotl, and mouse are shown, along with the Col IV chains. FP designates foot processes of
podocytes. Double sided arrows indicate GBM (extracellular matrix spanning the space between podocytes and endothelial cells). GBM is variable in
thickness, measuring several micrometers in hagfish, shark, and axolotl compared to about 200 nm thick GBM in the mouse. Hagdfish displays two-layered
organization: equally wide electron dense and electron lucent portions. In shark and axolotl, thin electron dense layer is underlying the podocytes. The rest
of GBM is composed of wide electron lucent layer of loose, nonuniform matrix with multiple inclusions of cellular and fibrillar fragments. In the shark thin
dense layer is also observed above endothelial cells. In contrast, mouse GBM has smooth and uniform appearance. GBM, glomerular basement membrane.

dense portion adjacent to podocytes and a more electron
translucent subendothelial portion of approximately equal
thickness. In shark and axolotl, subpodocyte layer is relatively
electron dense and thin compared to the loose, sponge-like,
porous subendothelial matrix. In the shark, there is also a
thin, electron dense layer adjacent to the endothelial cells.
Notably, inclusions of fibrillar fragments are often seen in the
electron translucent portion of the GBM in amphibian and
shark. In contrast, mammalian GBM is uniform and compact.
Thus, there is an evolutionary transition of GBM morphology
from hagfish to mammals.

As we demonstrated, the chain composition of kidney Col-
IV scaffolds differs among hagfish, shark, amphibians, and
mammals (Figs. 2—8). Thus, we explored whether chain
composition correlates with the ultrastructural morphology of
GBM. As we described vide supra, the thin subpodocyte layer
in the axolotl is positive for the a1 collagen IV chain, while the
loosely structured subendothelial space is predominantly
composed of the a5 collagen IV chain. Despite the expression
of all six Col-IV chains in shark kidneys (as we demonstrated
in the companion paper by McCaw et al. (50)), here we
showed that major components of GBM, a4 and o5 chains,
belong to two different hexamers excluding the existence of
Col-1V*3* scaffold. Indeed, the ultrastructure of shark’'s GBM
is more similar to hagfish and axolotl than to mammals. These
findings suggest that the emergence of the Col-IV**** scaffold
correlates with a morphological transition of the GBM into a
compact structure in mammals.

SASBMB

Discussion

Here, we characterized GBM evolution regarding its ultra-
structural morphology and collagen IV chain composition.
Hagfish, shark, and amphibians have GBM morphologies and
Col-IV chain compositions that are distinct from one another
and mammals (Fig. 10). GBM morphology evolved from a
thick and loosely arranged extracellular matrix in hagfish and
shark to a uniform and compact matrix in bony fish (60) and
mammals. The a3 and a4 chains emerged first in the hagfish
kidney. Subsequently, the a5 chain emerged in the shark
kidney along with the a3 and a4 chains, but did not assemble
into a Col-IV®** scaffold (Figs. 2 and 4). In the amphibian
kidney, the a3 and a4 chains were lost, revealing that the GBM
is devoid of the Col-IV®*** scaffold but has an a5-containing
scaffold. In contrast, the Col-IV**** scaffold is the principal
component of mammalian GBM. Collectively, these findings
indicate that the assembly of a uniform and compact GBM in
mammals was enabled by the evolutionary emergence of the
Col-1V*** scaffold.

This enabling role of a scaffold in GBM morphology is
supported by a morphologic change in GBM during glomer-
ular development in rodents. Neonates show a dual basement
membrane between endothelial cells and podocytes in an early
stage of the glomerular capillary loop. As the glomeruli
mature, this dual basement membrane fuses and becomes a
single, condensed GBM shared between differentiated endo-
thelial cells and podocytes (41, 43, 44, 61). During this matu-
ration process and GBMs fusion, the early Col IV*'*! scaffold
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Figure 10. Col-IV chain composition and structure of the GBM in evolution; development; and disease. Top panel. Phylogenetic tree represents
animals at the emergence of kidney to mammals along with the number of collagen IV chains and schematic representation of GBM morphology and chain
composition. Middle panel. The development of mammalian GBM with the switch between a121 and predominant a345 scaffolds is shown schematically.
Bottom panel. Schematic representation of characteristic GBM abnormalities in Alport Syndrome in the absence of or with defective a345 protomer. GBM,

glomerular basement membrane.

is replaced with Col-IV**** (41, 44) which is derived solely
from podocytes (Fig. 10) (62). Thus, the Col-IV™3* scaffold
coalesces the morphology of developing GBM into a uniform
and compact structure.

Furthermore, abnormalities in GBM morphology, caused by
genetic variants in the Col-IV*3*® gcaffold, provide additional

10 J Biol Chem. (2023) 299(12) 105459

evidence for the role of the scaffold in GBM assembly. The
abnormalities were reported previously by numerous in-
vestigators. In human Alport syndrome, the GBM is split and
laminated compared to normal GBM (Fig. 11, A and C). This
phenotype is copied with knockout co/4a3 mice that are devoid
of the Col-IV*®** scaffold (Fig. 11D compared to control in
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Figure 11. TEM images of pathological changes in GBM in diseases. A and B, normal GBM in human (A) and in mice (B) are compact and uniform. C and
D, a classical lamellation and basketweaving of GBM in a human Alport case (C) and col4a3 KO mouse model (D) is presented. E, shows abnormal GBM of
homozygous Zurich mouse bearing eight amino acid appendage at the C terminus of the a3 chain of Col-IV. This variant also results in a nonuniform, split,
and wide GBM. F, demonstrates alterations in the GBM of P3H2/GPVI double knockout mouse where a few 3-hydroxylations of prolines are missing. Ar-
rowheads in C, D, and E point to thin subpodocyte and subendothelial layers that are spaced by an electron translucent layer; in F arrowheads show thinning
of GBM. “*” in F indicates bulging of GBM. GBM, glomerular basement membrane.

Fig. 11B) (63). Morphology is also affected by the incorpora-
tion of the defective scaffold, as in the example of the Z-mouse,
wherein an eight amino acid appendage is attached at the C
terminus of collagen IV a3 chain (Fig. 11E) (45). Therefore, in
patients and the mouse models, the absence or defective Col-
IV** scaffold results in irregular thickening, splitting, and
prominent visible “layers” in the GBM (arrowheads in Fig. 11,
C-E). Furthermore, even slight changes in posttranslational
modifications of the Col-IV**** scaffold, such as the absence of

SASBMB

a few 3-hydroxylations of prolines in the collagen IV of P3H2
knockout mouse, causes irregular thinning and bulging of the
GBM (Fig. 11F) (64). Collectively, these findings pinpoint a
critical role of the Col-IV*** scaffold enabling a uniform and
compact GBM.

In mammals, the compact GBM functions as a permse-
lective filter that restricts the passage of protein from circu-
lating blood into the glomerular filtrate (12). The evidence is
based on several lines of research from multiple labs over
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6 decades, beginning in the 1960s. Tracers injected intrave-
nously into rats showed the normal but not nephrotic GBM to
be impermeable to ferritin, a large electron-dense particle (51,
65). Likewise, mouse GBM is impermeable to ferritin, whereas
the GBM of an Alport mouse, devoid of the Col-IV**** scaf-
fold, is freely permeable (66). Genetic variants (Fig. 11) of the
Col-1V*** scaffold in humans and in mouse models cause a
broad spectrum of phenotypes, ranging from microscopic
hematuria to progressive proteinuria and end-stage kidney
failure (5, 15, 67). Moreover, the GBM of laminin-521
knockout mice is freely permeable to ferritin in contrast to
control littermates (35, 68). Collectively, the findings reveal
that GBM functions as an ultrafilter of proteins and pinpoint a
critical role of the Col-IV***® scaffold and laminin-521 in the
filtration mechanism.

Yet, the fundamental question of how Col-I and
laminin-521 confer a filtration function to the GBM remains
an enigma. Variants in Col-IV**** lead to progressive pro-
teinuria, whereas laminin-521 variants cause early proteinuria.
Tracer studies in laminin-521 knockout mice show ferritin
permeability across the width of the GBM (35), indicating that
the laminin network is closely associated with the Col-IV****
scaffold. The Col-IV*** scaffold is presumed to tether the
laminin-521 network, along with other macromolecules con-
stituents, forming a supramolecular complex that functions as
an ultrafilter of proteins (Fig. 1). Evidence is emerging that this
permselective function of GBM is linked to the compression of
this supramolecular complex by physical forces of hydrostatic
pressure in the glomerular capillaries. In disease, reduced
compression of the GBM complex allows the passage of al-
bumin (6, 69, 70). Solving the ultrafiltration mystery hinges on
gaining new knowledge of the supramolecular structure and
assembly and how each GBM component functions at mo-
lecular and atomic levels. Future pursuits of primary defects
that cause proteinuria in other glomerular diseases, as in dia-
betic nephropathy and focal segmental glomerulosclerosis,
may lead to discoveries of new glomerular proteins (71), as
well as elucidation of the molecular functionality of Col-IV*3**,
laminin-521 and other currently known GBM components.

In conclusion, our findings prompted us to revisit the
conundrum, defined 4 decades ago, as to the nature of the
primary protein filter. Farquhar et al. concluded from ferritin
tracer studies in rats that the GBM is the primary filter (51). In
opposition, Rodewald et al. concluded from ferritin tracer
studies in frog (52), and later by Tanner et al. on salamander
(53), that the slit diaphragm between the podocytes is the main
filtration barrier. Numerous subsequent studies in mice pro-
vided evidence in support of both GBM (35, 51, 66, 72, 73) and
slit diaphragm as filters (37, 72, 74). Herein, we found that
amphibian GBM is devoid of Col-IV****, thus explaining the
early conclusion that the slit diaphragm and not the GBM is
the ultrafilter. In contrast, GBM of rat and mouse is composed
of the Col-IV**** scaffold, explaining the GBM impermeability
to ferritin.

Thus, both groups were correct. Moreover, the concluding
statement by Schaffner and Rodewald in the study of bullfrog,
was insightful: “It is possible that a shift in barrier function
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from the slit diaphragm in bullfrog to an increasingly less
permeable basement membrane in rats may have occurred
during evolution of a more efficient glomerular filter” (52). Our
findings, using an evolutionary approach, revealed that it was
the evolutionary emergence of the Col-IV*3**® scaffold that
enabled the genesis of a compact GBM in mammals that
functions as an ultrafilter of proteins. Perhaps, the heavily
crosslinked Col-IV*®* scaffold (Fig. 1) conferred tensile
strength to resist the high glomerular capillary pressure in
mammals, whereas the pressure in lower vertebrates is low (75,
76), requiring only the slit diaphragm as a filter. Collectively,
the present evidence favors the GBM as an initial ultrafilter of
proteins in mammals, and the slit diaphragm as a sequential
filter in the glomerular filtration barrier of mammals.

Experimental procedures
Animals husbandry
Axolotls (A. mexicanum)

Used in experiments were either purchased from Ambys-
toma genomic stock center or bred in MDIBL facilities. Ani-
mals were housed in aquatic tank with a room temperature of
20 °C and 12-h day/light cycle. For the detailed husbandry
conditions, please refer to the previous publication (77). Ani-
mal experiments were performed as approved by the IACUC
committee of MDIBL, and all animal handling and surgical
procedures were carried out in accordance with local ethics
committee guidelines. “White” refers to a nontransgenic d/
d strain of axolotl that has white skin due to the absence of
melanocytes. Animals were anesthetized in 0.03% benzocaine
(Sigma) before amputation and surgery.

Nurse shark, Ginglymostoma cirratum

Elasmobranch, cartilaginous fish (Chondrichthyes) named
“Tim” used in this study was an adult healthy male of
approximately 12 years old, originally caught wild near the
Florida Keys and maintained in captivity in the aquarium in
Baltimore, MD, for multiple years. All procedures were per-
formed as approved by the University of Maryland Baltimore
TACUC committee.

Frogs, X. laevis

Used in the study were housed at Vanderbilt in an
AAALAC-approved amphibian satellite facility.

Mice

Used in the study were housed at Vanderbilt. The C57/B6
mouse strain was used as wildtype. Mouse and frog experi-
ments were performed as approved by the Vanderbilt’s IACUC
committee, and all animal handling and procedures were
carried out in accordance with local ethics committee
guidelines.

Chain-specific antibodies

The following chain-specific primary antibodies were used:
H11 (al); H31 (a3); H43 (a4); and Mab5 (a5). Rat anti-human
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monoclonal antibodies H11, H31, and H43 were from Chon-
drex (55). Mouse anti-bovine monoclonal antibody Mab5 was
from Wieslab.

Immunofiuorescent staining of frozen kidney sections

Kidneys from mouse, shark, axolotl, and frog were snap
frozen in OCT immediately after isolation. Cryostat (Leica CM
1950) was used to cut 7 pm sections. Sections were mounted
on glass slides, air dried for 15 to 30 min at room temperature,
and fixed in acetone at —20 "C for 10 min. After three washes
with 50 mM Tris, 150 mM NacCl, 0.1% Tween-20 buffer (TBS-
t) denaturation step was performed. Namely, tissues sections
were incubated in acid urea for 20 min at room temperature
(25 “C) (6M urea in 0.1 M glycine, pH 3.0). Sections were
washed 3 x 5 min with TBS-t. Blocking was performed with
10% goat serum (Invitrogen, 50062Z) for 1 h. Sections were
incubated with primary antibodies (generally 1:1000 dilution in
1% goat serum TBS-t) overnight in the cold room. Following
3 x 15 min washes with TBS-t, secondary goat anti-rat or anti-
mouse antibodies conjugated with fluorescent tag were incu-
bated on sections for 1.5 h at room temperature. Sections were
then washed and mounted with antifade mounting solution
with DAPIL Images were taken with Nikon Eclipse 7i micro-
scope and analyzed with GIMP.

Double immunofluorescent staining

Double immunofluorescent staining was performed using
the following pairs of antibodies: H11 (al) and Mab5 (a5) for
amphibians and H43 and Mab5 for shark. Secondary anti-
bodies were goat anti-rat-Alexa568 (red) and goat anti-mouse-
Alexa488 (green) (Thermo Fisher Scientific).

Western blots and collagen IV chain-specific antibodies

Western blotting was done following standard technique
described elsewhere (78) using HRP-conjugated secondary
antibodies (Thermo Fisher Scientific). All Western blotting of
native and SDS-dissociated NC1 hexamers was done with
ThermoScientific SuperSignal West Femto chemiluminescent
substrate and digitally imaged with a Bio-Rad GelDoc. For all
western blots including native gels, the same set of antibodies
as for immunofluorescence was used. Stripping step was done
with Restore stripping buffer (Thermo Fisher Scientific).
Native PAGE electrophoresis was performed as previously
described with gels made in house (79).

Double ISEM

Frozen kidney sections were placed on 22 mm round plastic
tissue culture cover slips (Sarstedt, Inc). Double immunolab-
eling was performed with H11 (al) and Mab5 (a5) antibodies
following the same protocol as described for immunofluores-
cence but with no initial fixation step. Negative controls with
no primary antibodies for secondary immunogold-conjugated
antibodies were performed. Secondary anti-rat and anti-
mouse antibodies conjugated with 6 nm and 15 nm gold
particles, respectively, were used (EMS). Immunolabeled
samples went through standard protocol for SEM preparation,
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including postfixation in 1% osmium tetroxide (reduced to
20 min), serial dehydration, and critical point drying (EMS
850). Finally, samples were carbon coated for 1 s on Electron
Microscopy Sciences carbon coater (EMS 950x). Images were
taken with Quanta 250 Environmental Scanning Electron
Microscope in secondary and backscattering modes. For
immunogold-labeled samples, the images produced by sec-
ondary and backscattered electrons were overlaid, and gold
particles were artificially colored in GIMP (The GIMP
Development Team, 2023. GIMP, Available at: https://www.

gimp.org).

Transmission electron microscopy

Fresh tissues were fixed in 2.5% glutaraldehyde buffered in
0.1 M sodium cacodylate buffer, pH ~7.5, postfixed in 1%
osmium tetroxide, followed by dehydration through a grade
series of ethanol to 100%. Samples were further dehydrated in
propylene oxide and infiltrated and embedded in Spurr’s
epoxy. 70-nm ultrathin sections were collected on 300 mesh
copper grids and stained in 2% uranyl acetate followed by
Reynold’s lead citrate. Stained sections were examined using a
T-12 electron microscope (Philips/FEI) operated at 100 kV and
photographed using a 2K camera (AMT). Samples embedding
and sectioning was done by Cell Imaging Vanderbilt University
Core.

Data availability

All data are contained within the manuscript. Raw SEM
images from this study are available by emailing the corre-
sponding author.
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