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A Missense LAMB2 Mutation Causes Congenital
Nephrotic Syndrome by Impairing Laminin Secretion
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ABSTRACT

Laminin B2 is a component of laminin-521, which is an important constituent of the glomerular
basement membrane (GBM). Null mutations in laminin 82 (LAMB2) cause Pierson syndrome, a severe
congenital nephrotic syndrome with ocular and neurologic defects. In contrast, patients with LAMB2
missense mutations, such as R246Q, can have less severe extrarenal defects but still exhibit
congenital nephrotic syndrome. To investigate how such missense mutations in LAMB2 cause
proteinuria, we generated three transgenic lines of mice in which R246Q-mutant rat laminin B2
replaced the wild-type mouse laminin 82 in the GBM. These transgenic mice developed much less
severe proteinuria than their nontransgenic Lamb2-deficient littermates; the level of proteinuria
correlated inversely with R246Q-LAMB2 expression. At the onset of proteinuria, expression and
localization of proteins associated with the slit diaphragm and foot processes were normal, and
there were no obvious ultrastructural abnormalities. Low transgene expressors developed heavy
proteinuria, foot process effacement, GBM thickening, and renal failure by 3 months, but high
expressors developed only mild proteinuria by 9 months. In vitro studies demonstrated that the
R246Q mutation results in impaired secretion of laminin. Taken together, these results suggest that
the R246Q mutation causes nephrotic syndrome by impairing secretion of laminin-521 from podo-
cytes into the GBM; however, increased expression of the mutant protein is able to overcome this
secretion defect and improve glomerular permselectivity.
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in the immature GBM are replaced by LM-521 during mat-
uration.>¢

Laminin trimerization occurs in the endoplasmic reticu-
lum (ER) and involves association of the three chains along
their a-helical laminin coiled-coil domains to form the long
arm’ (Figure 1A). Once trimers are secreted into the extra-
cellular space, they polymerize to form a supramolecular
network via interactions among the «, 3, and vy short arm
NH, termini, known as LN domains® (Figure 1, B and C).
The large COOH-terminal laminin globular (LG) domain
of a chains mediates laminin and BM interactions with cel-
lular receptors. In this way, laminin polymerization both
initiates basement membrane formation and provides sig-
nals to the adjacent cells.”

Mutations in five different laminin genes cause human
disease.?> Of relevance here, Pierson syndrome (OMIM
609049) is caused by mutations in LAMB2, which encodes
laminin 2.1 Also called microcoria-congenital nephrosis
syndrome, Pierson syndrome is a rare autosomal recessive
disease characterized by congenital nephrotic syndrome/
diffuse mesangial sclerosis, distinct ocular abnormalities in-
cluding microcoria (small pupils), muscular hypotonia, and
impairment of vision and neurodevelopment.!!-13 Children
affected by Pierson syndrome usually die within days or
weeks after birth from renal failure. However, with dialysis
and therapeutic nephrectomy, a few have lived for up to 2
years. The features of the syndrome are consistent with the
phenotype of mice lacking laminin 82, which exhibit con-
genital proteinuria and develop nephrotic syndrome,'* ab-
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Figure 1. Laminin trimers polymerize in the extracellular matrix via LN domain interactions. (A)
Structure of a typical cruciform laminin a3y heterotrimer, with some domain names indicated.
(B, C) Mechanism for polymerization of laminin trimers. Polymerization requires interactions
among the laminin N-terminal (LN) domains of the «, B, and vy chains. (D) The proposed
mechanisms of the R246Q missense mutation causing congenital nephrotic syndrome. It may
inhibit laminin secretion from podocytes, eventually leading to degradation intracellularly. In
addition, the affected R246Q in the LN domain of laminin 2 may impair the poly-

merization of laminin trimers to form the GBM.
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normal neuromuscular junctions,'>-'® and abnormalities in
the retina.!®

Of the few LAMB2 mutations that have been described in
Pierson syndrome, most are frameshift or nonsense muta-
tions that prevent production of the full length B2 protein.!?
Interestingly, R246W, a missense mutation affecting a
highly conserved arginine in the NH,-terminal LN domain,
greatly reduces the accumulation of 2 in the GBM (by
approximately sevenfold), resulting in severe although
slightly delayed kidney disease.! This indicates that R246 is
likely crucial for some aspect of LM-521 synthesis, secre-
tion, or stability. More recently, Hildebrandt and colleagues
reported the existence of LAMB2 missense mutations that
cause congenital nephrotic syndrome, but with milder ex-
trarenal features.2? One of these mutations, R246Q), affects
the same conserved arginine, but the switch to glutamine is
apparently a less severe alteration. These important findings
show that LAMB2 can be the target gene in congenital ne-
phrotic syndrome and that mutational analysis of LAMB2
should be considered when mutations cannot be found in
NPHS1, NPHS2, or WT1.20

Here we investigated the mechanisms whereby the R246Q-
LAMB2 missense mutation causes nephrotic syndrome, using a
knockout/transgenic approach to replace endogenous mouse
laminin 32 with different levels of R246Q mutant rat 2. Together
with in vitro studies, our results suggest that in patients carrying
the R246Q mutation, secretion of the mutant laminin trimer into
the GBM is defective, leading to a paucity of laminin and/or an
altered GBM laminin composition. Our studies also indicate that
high-level expression of the mutant gene can
overcome the secretion defect and maintain
the structural integrity of the filtration bar-
rier. We conclude that therapies that can in-
crease either expression or secretion of the
mutant form should improve selectivity of
the defective glomerular filtration barrier.

RESULTS

Generation and Characterization of
Podocyte-Specific R246Q Mutant
Laminin B2 Transgenic Mice

To investigate the mechanisms whereby
R246Q mutant laminin 32 (R246Q-LAMB2)
causes congenital nephrotic syndrome, we
sought to replace the endogenous wild-type
mouse 32 in the GBM with the R246Q mu-
tant rat form (technically R249Q due to rat
versus human signal peptide length variation)
using our previously described knockout/
transgenic strategy.??2 Briefly, transgenic ex-
pression of the full length wild-type rat 32
c¢DNA in podocytes (via the nephrin pro-
moter) is sufficient to prevent protein-
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uria in Lamb2 ™'~ mice. This is proof of principle that podo-
cyte-derived LM-521 and expression from the nephrin
promoter is sufficient to establish and maintain a normal
filtration barrier.

Here we generated three independent lines of transgenic
mice expressing a full length rat 82 cDNA with an engineered
R246Q mutation. Transgene expression was assayed by both
quantitative confocal immunofluorescence microscopy and in
situ hybridization in transgenic Lamb2~'~ animals so that en-
dogenous mouse Lamb2 expression would not impact the re-
sults. As shown in Figure 2A, immunostaining of kidney sec-
tions with mouse monoclonal antibodies that recognize rat but
not mouse laminin 82 showed that transgene-derived R246Q-
laminin 32 was deposited into the GBM. Mice of line 1 exhib-
ited the weakest expression, mice of line 3 exhibited the highest
expression, and mice of line 2 exhibited an intermediate level,
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as indicated by both glomerular total fluorescence intensity
and GBM segment intensity; this pattern was consistent in all
transgenic animals tested. In parallel, transgene-derived
mRNA was readily detected by in situ hybridization in lines 2
and 3 in a podocyte-specific pattern. Although no in situ signal
was observed for line 1, we also could not detect endogenous
mouse Lamb2 mRNA in glomeruli of control mice, indicating
that low levels of gene expression are nevertheless sufficient for
the required levels of wild-type LM-521 protein synthesis (Fig-
ure 2B). Next we compared the level of line 3 transgene expres-
sion to the level in Lamb2™'~ mice expressing wild-type rat 82.
Although in situ signals were higher in the line 3 mutant, rat 82
protein levels were higher in the wild-type (32 transgenic (Fig-
ure 2C). These data show that even with transcription levels
higher than that of the wild-type transgene, mutant protein
levels are lower. (For simplicity, lines 1, 2, and 3 transgenics
will hereafter be referred to as Tg"°, Tg™*d,
and Tg™", respectively.)

Proteinuria in Lamb2~'~;
NEPH-R246Q-LAMB2 Mice

To assay the in vivo function of the R246Q-
LAMB?2 protein in the GBM, we analyzed
mice carrying the transgenes on the Lamb2

:’3 @ 1 null background in V\.ThiCh all laminin 82 in
(aY A O the GBM must derive from the mutant
sy SN .
Y 5 transgene. (In all cases these mice also car-
o 95 G

ried a muscle-specific wild-type rat 82
transgene (MCK-B2) that rescues the oth-
erwise lethal neuromuscular junction de-
fects.!) Because proteinuria is the earliest
and most sensitive clinical indicator of glomer-
ular dysfunction, proteinuria was closely mon-
ik itored. The three lines of Lamb2 '~ ;NEPH-
R246Q-LAMB2 mice (hereafter referred to
‘ as Tg mutants) were tested weekly during
the first month, then monthly thereafter, for
albumin/protein and creatinine in the urine.
Some were followed to 9 to 12 months of age.

Kl Tg™ mutants developed very mild protein-

Figure 2. Quantitative confocal immunofluorescence and in situ hybridization reveals
different levels of NEPH-R246Q-LAMB2 transgene expression in the three indepen-
dent lines. (A) Confocal immunofluorescence intensities of transgene-derived rat
R246Q-LAMB2 protein in the GBM showed the different expression levels in the three
lines of transgenic mice (approximately 12 weeks). As shown in the histogram, similar
differences were observed in sections through whole glomeruli (total fluorescence
intensity) and across segments of GBM (GBM segment intensity). n = 15 glomeruli and
60 GBM segments for each line. **P < 0.001 and *P < 0.05 by t test. (B) Transgene-
derived mRNA was readily detected by in situ hybridization in lines 2 and 3, but not in
line 1 or in control (approximately 12 weeks). (C) Although the laminin f2 mRNA level
was higher in the line 3 mutant compared with that in the wild-type rat B2 transgenic
(Tg-WT) (approximately 12 weeks), R246Q-LAMB2 protein deposition in the GBM in
line 3 was significantly reduced compared with that of wild-type LAMB2. n = 20
glomeruli and 80 GBM segments for each genotype in the histogram. **P < 0.001.
Transgenes were on the Lamb2™/~ background in all cases. Original magnifications:
X800 for immunofluorescence, X200 for in situ hybridization.
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uria by 9 months, whereas the Tg"° mutants
developed mild proteinuria by 1 week and se-
vere proteinuria by 3 months. The severity of
proteinuria in the Tg"'*! mutants was inter-
mediate (Figure 3A) and first became detect-
able at 3 weeks. Importantly, even Tg"° mu-
tants showed far less proteinuria than their
nontransgenic Lamb2 ™'~ littermates (Figure
3B), and this was associated with greatly pro-
longed survival. Taken together, these results
suggest that proteinuria in Tg mutants is in-
versely correlated with the level of R246Q-
LAMB2 in the GBM, and that even the lowest
observed expression provides significant
benefit.
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Figure 3. Proteinuria in Lamb2~/~; NEPH-R246Q-LAMB2 mutant
mice inversely correlates with the level of transgene expression.
(A) Urinary protein/creatinine ratios at different ages in the
three lines of Lamb2™/7;R246Q-LAMB2 mice and in control
littermates. The high expressors (Tg™) developed only very
mild proteinuria by 9 months, whereas the low expressors
(Tg-°) developed severe proteinuria by 3 months. The severity
of proteinuria in Tg'\’Ied mutants was intermediate. (B) Protein-
uria in Tg“° mutant mice at 1 month of age. Urine (1 ul) was
analyzed by SDS-PAGE. Lane M, markers; lane 1, bovine serum
albumin; lane 2, urine from a Lamb2*/~ mouse; lane 3, urine
from a Lamb2~/~;:R246Q-LAMB2 mouse; lane 4, urine from a
Lamb2™/~ mouse.

Effects of R246Q-LAMB2 on GBM Composition

Laminin «, B and vy chains assemble with each other to form
specific heterotrimers. During glomerular maturation, a devel-
opmental shift in the laminin components of the GBM occurs,
from LM-111 to LM-511 to LM-521.7 In the absence of
laminin 2, laminin 1 persists in the GBM,* and laminins
al, a2, a3, B3, and y2 are ectopically deposited.?? Similarly, in
Alport syndrome there is abnormal accumulation of laminins
a2 and B1,2324 suggesting the existence of a compensatory re-
sponse to abnormal GBM that might also be pathogenic.
Therefore, we investigated how the replacement of wild-type
laminin B2 with R246Q affected the GBM’s laminin repertoire.
We examined laminin chain deposition shortly after the onset
of proteinuria using immunofluorescence co-localization as-
says. In normal kidneys the GBM lacked laminins 81, a1, and
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o2 (Figure 4, A, E, and I). In contrast, there was increased
deposition of these laminins in the GBM of Tg" and Tg™*!
mutants (Figure 4, B, F, and J; and data not shown). However,
in Tg"™ mutants, although there was weak linear staining for
laminin B1 in the GBM (Figure 4D), laminins a1 and o2 were
found only in the mesangium (Figure 4, H and L). There were
no detectable differences in laminin &5 (Figure 4, M through P;
and data not shown). Together, these results indicate that in-
creased deposition of R246QQ-LAMB?2 in the GBM was accom-
panied by decreased accumulation of potentially pathogenic
ectopic laminins and that even the lowest levels of R246Q-
LAMB?2 prevent much of the ectopic deposition of laminin 31
previously reported in Lamb2 ™'~ mice.

Expression of Slit Diaphragm (SD) Components

It has been proposed that the podocyte glomerular slit diaphragm
is a major contributor to the glomerular barrier to plasma pro-
tein.?> Therefore, we examined slit diaphragm and foot process-
associated proteins in Lamb2~'~;NEPH-R246Q-LAMB2 mice by
immunofluorescence at early stages. Tg"* and Tg"'*! mutants had
already developed mild proteinuria at 1 and 3 weeks of age, re-
spectively, but expression and localization of podocin and synap-
topodin appeared normal (Figure 5, A through D, and data not
shown). There was no expression of desmin in mutant podocytes,
indicating the lack of an abnormal program of gene expression in
response to injury?® (Figure 5, A and B; and data not shown).
Similarly, there was no change in podocin, synaptopodin, or
desmin in Tg"™ mutants at 9 months, when they had developed
mild proteinuria (Figure 5, I through L). These observations sug-
gest that it is unlikely that proteinuria in Lamb2~ '~ ;NEPH-
R246Q-LAMB2 mice is due to changes in SD components. In
contrast, adult Tg"® and TgM*! mutant mice with high levels of
proteinuria did express desmin in podocytes and showed reduced
levels of podocin and synaptopodin (Figure 5, E through H, and
data not shown).

Glomerular Histologic and Ultrastructural Features
Conventional light and transmission electron microscopy (TEM)
were used to examine renal histopathology in the Lamb2™'~;
NEPH-R246Q-LAMB2 mice. Consistent with the data from im-
munofluorescence studies of SD components, there were no ob-
vious ultrastructural abnormalities either in podocytes or in the
GBM at up to 2 weeks after birth in Tg"° mutants (Figure 6, A and
B) and at 3 weeks in Tg™*! mutants (Figure 6, C and E), despite
the proteinuria in both cases. In contrast, ultrastructural changes
were noted at 3 weeks in Tg" mutants and in their nontransgenic
Lamb2~'™ littermates (Figure 6, D and F).

Tg"* mutants developed severe proteinuria by 3 months,
which was associated with mesangial sclerosis (Figure 7Ab), wide-
spread foot process effacement, and GBM thickening (Figure 7Ad
and Figure 8Ab). Similarly, in TgM*! mutants, proteinuria in-
creased with age, and light microscopic examination of H&E-
stained kidney sections revealed more mesangial sclerosis and in-
terstitial fibrosis (data not shown) at 9 months (Figure 7Bf)
compared with 2 months (Figure 7Bb). PAS staining and electron
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Lam 1 Lam o1/nid Lam o2/nid Lam o5 microscopic examination showed more

. GBM thickening at 9 months (Figure 7Bh

and Figure 8Bd) compared with 2 months
(Figure 7Bd and Figure 8Bb), and some seg-
ments of the GBM were greatly expanded
with a moth-eaten appearance at 9 months
(Figure 8Bd). In addition, for both Tg"* and
Tg™* mutants, there were abundant protein
casts in the tubules when proteinuria became
evident (data not shown). These data indicate
a progression of disease over time with wors-
ening severity of proteinuria and significant
GBM thickening and glomerulosclerotic
changes. In contrast to these findings, Tg™
mutants showed no obvious histopathologi-
cal changes in their kidneys at 9 months (Fig-
ure 7Cb and 7Cd and Figure 8Cb), other than
occasional GBM outpocketing that was also
present in Tg™ controls (Figure 8C). We
conclude that the increased transgene expres-
sion and the subsequent increased deposition
of R246Q-LAMB2 in the GBM attenuate
proteinuria in Tg"™ mutant mice, which cor-
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Figure 4. Increased deposition of R246Q-LAMB2 in the GBM is accompanied by de-
creased accumulation of ectopic laminins (a1, @2, and B1 chains). Frozen sections of . k . .
control and Tg"® and Tg"' Lamb2™/~;R246Q-LAMB2 mutant kidneys were stained for relates with maintenance of the integrity of
laminins at 2 weeks (Tg“) and 9 months (Tg") of age. There was mildly increased the glomerular filtration barrier.

deposition of laminin B1 in the GBM in R246Q mutants (more so in Tg> mutants; arrows

in B and D) as compared with controls (A and C). The normally mesangial laminins «1 and  Impaired Secretion of R246Q-LAMB2
a2 (red in E and G; | and K) were ectopically deposited in the Tg“® mutant GBM (red in F In Vitro

and J, arrows), but not in Tg"™ (red in H and L), as revealed by nidogen colocalization (green  To investigate the mechanisms whereby the
in E through L). Compared with wild types (M and O), there was no obvious change in R246Q missense mutation inhibited accu-

laminin &5 staining in the mildly proteinuric mutants (N and P). Magnification, X600. mulation of laminin B2 in the GBM, despite

the apparently high level of transcription
(Figure 2), we attempted to synthesize an NH,-terminal fragment
of rat laminin 32 containing the R246Q mutation in transfected

2 weeks 3 months 9 months

Control Tg Lo mutant Control Tg Lo mutant Control Tg Hi mutant

Figure 5. Early stage proteinuria in LAMB2™/~; NEPH-R246Q-LAMB2 mice is unlikely due to changes in slit diaphragm composition.
Frozen sections of control and Lamb2~/~;R246Q-LAMB?2 kidneys at 2 weeks (Tg-°), 3 months (Tg"°), and 9 months (Tg"") of age were
stained for podocin (red in A and B; E and F; | and J), desmin (green in A and B; E and F; | and J) and synaptopodin (C and D; G and
H; K'and L). Compared with controls (A, C, |, and K), there was no change in podocin, synaptopodin, or desmin in the mildly proteinuric
mutants (B, D, J, and L). In contrast, in the highly proteinuric Tg"© mutant at 3 months, desmin expression was activated in podocytes
(green in F), and podocin (red in F) and synaptopodin (H) were greatly reduced. Magnification, X600.
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2 weeks

3 weeks

3 weeks

Figure 6. Transmission electron microscopic analysis shows that podocyte foot pro-
cess effacement in R246Q mutant mice lags the onset of proteinuria. Glomerular
capillary segments from controls (A and C) and a 2-week-old Tg° mutant (B) showed
normal interdigitated podocyte foot processes adjacent to the GBM. (D) Foot process
effacement (arrow) was observed in the 3-week-old Tg-® mutant. Ultrastructural anal-
mutant at 3 weeks (E) revealed no obvious pathologic changes. (F)
Widespread foot process effacement (arrow) was detected in the nontransgenic

ysis of the TgMed

Lamb2™/~ littermate at 3 weeks. Magnification, x4360.

HEK 293 cells using a system in which the LN and LEa domains
were fused to a human Ig Fc domain. Constructs encoding the
wild-type fragment, as well as the pathogenic R246W and C321R
mutations, were also transfected. Although the wild-type fusion
protein was secreted into the medium, the mutant fusion proteins
were not (Figure 9A). Analysis of cell lysates showed that the mu-
tant proteins were synthesized, but they remained inside the cells
(Figure 9B). These biochemical studies suggest that these muta-
tions are pathogenic because they result in impaired laminin se-
cretion. Together with our transgenic mouse studies, we conclude
that the R246Q mutation impairs secretion of LM-521 into the
GBM, resulting in subnormal GBM laminin levels and glomerular
filtration barrier defects in these mice, as well as in patients carry-
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ing the mutation. However, high-level ex-
pression of the R246Q mutant in Tg™ mu-
tants mostly overcomes the effects of the
secretion defect.

DISCUSSION

Congenital nephrotic syndrome is a genet-
ically heterogeneous disorder. The major-
ity of cases have been attributed to muta-
tions in NPHS1, NPHS2,and WT1. Pierson
syndrome, characterized by congenital ne-
phrotic syndrome, microcoria, and neuro-
logic defects, has been associated primarily
with null mutations in LAMB2.1%!! In con-
trast, LAMB2 missense mutations, such as
R246Q, cause congenital nephrotic syn-
drome with milder extrarenal features.2°
These findings underscore the importance
of LAMB2 mutations in the pathogenesis of
congenital nephrotic syndrome,?” but the
mechanisms whereby these mutations
cause proteinuria have been obscure.

Our results suggest that the mechanism
responsible for nephrotic syndrome in pa-
tients with the R246Q mutation involves se-
verely impaired laminin secretion. This hy-
pothesis is supported by both our in vitro and
in vivo data. In vitro, secretion of mutant
LAMB2 fragments was severely inhibited
compared with that of wild-type LAMB2
fragments. In vivo, we generated three lines of
transgenic mice in which R246Q-LAMB2
mRNA was expressed in podocytes at three
different levels, two of which significantly ex-
ceeded the endogenous Lamb2 gene’s ex-
pression level (Figure 2). (Despite the
high expression levels compared with the
endogenous Lamb2 gene’s expression level,
we found no evidence of intracellular reten-
tion of rat laminin 32, either in the mutant or
wild-type LAMB?2 transgenics.) Lamb2 '~ mice exhibit protein-
uria that was attenuated in a dose-dependent fashion by depo-
sition of R246Q-LAMB?2 into the GBM. That only the highest
expressor could prevent proteinuria (at least for many
months) is consistent with a surmounting of the secretion de-
fect. In addition, our results suggest that mutant R246Q-
LAMB?2 is functional once incorporated into the GBM, al-
though further studies will be required to determine whether
or not it functions in a manner equivalent to wild-type
LAMB?2.

An important question from these findings is how the
R246Q mutation causes defective secretion of LAMB2 into the
GBM. Maturation of secreted proteins takes place in the ER,
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Figure 7. Histological analysis of kidneys from the three mutant lines demonstrates that
glomerulosclerosis and GBM thickening are attenuated by increased expression of R246Q-
LAMB2. Paraffin sections of control and mutant kidneys were stained with H&E and PAS.
(A) Tgt® Lamb2™/~;R246Q-LAMB2 mice at 3 months. H&E staining showed mesangial
matrix expansion in the mutant (Ab) compared with the control (Aa). PAS staining revealed
GBM thickening in the mutant (Ad) as compared with the control (Ac). (B) Control (Ba, Bc,
Be, and Bg) and Tg™e? Lamb2~/~;R246Q-LAMB2 mutant (Bb, Bd, Bf, and Bh) kidneys at
2 and 9 months (as indicated). At 2 months the mutant showed moderate mesangial
sclerosis (Bb). As the mice aged, mesangial sclerosis became more severe (Bf), and there
was also GBM thickening (Bh). (C) Tg" Lamb2™/~;R246Q-LAMB2 mutant kidneys at 9
months. H&E and PAS staining of paraffin sections from control (Ca, Cc) and Tg"™ mutant
(Cb, Cd) kidneys revealed no obvious pathology. Magnification, X600.

where folding of nascent polypeptide chains and posttransla-
tional modifications important for proper structure and func-
tion occur.?® Mutations resulting in protein sequence varia-
tions can lead to synthesis of misfolded or misrouted proteins
unable to reach their destinations.>*-32 Misfolded proteins can be
retained in the ER and degraded or can aggregate into insoluble
structures to cause diverse diseases: cystic fibrosis,>* al-
antitrypsin deficiency,>* retinitis pigmentosa,®> and Alzhei-
mer’s disease® are some examples. Furthermore, in patients
with congenital nephrotic syndrome of the Finnish type, some
missense NPHSI mutations cause nephrin to become trapped
in the ER.37 Similarly, the underlying molecular pathomecha-
nism causing defective LAMB2 secretion may involve misfold-
ing of the R246Q mutant and its retention in the ER or degra-
dation (Figure 1D). If true, it is conceivable that chemical
chaperones may have important therapeutic implications.
Chemical chaperones are low molecular weight compounds that
can assist protein folding and rescue trafficking-defective misfolded
but otherwise functional mutant proteins, thereby arresting or revers-
ing disease.®® Chemical chaperones are being investigated for the
treatment of cystic fibrosis,?>** al-antitrypsin deficiency,* nephro-
genic diabetes insipidus,*! Gaucher’s disease,*? Fabry’s disease,** and
congenital nephrotic syndrome.* Patients carrying LAMB2 missense
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mutations may be good candidates for treat-
ment with chemical chaperones, a possibility we
are currently investigating using our mice.

A second mechanism causing proteinuria
in the R246Q) mutant mice may be the altered
GBM laminin composition, including the
likely reduced levels of LM-521 and the accu-
mulation of ectopic laminin chains that is
also apparent in nontransgenic Lamb2 ™'~
mice.?? In support of this, the increased accu-
mulation of R246Q-LAMB?2 in the GBM of
the Tg™ mutants was accompanied by di-
minished ectopic laminin chain accumula-
tion and proteinuria. One likely explanation
for ectopic laminin accumulation is at-
tempted compensation for either subnormal
levels of or functional defects in LM-521.
That proteinuria preceded widespread foot
process and slit diaphragm abnormalities ar-
gues against a primary podocyte defect, but
the eventual loss of podocin, synaptopodin,
and likely other foot process components and
activation of desmin expression indicate a
podocyte injury that surely contributes to in-
creasing proteinuria.

Finally, that even in the Tg"™ mutant mice
mild proteinuria still developed (after 9
months) renders it likely that a third mecha-
nism may contribute to the pathogenesis of
proteinuria. Laminin polymerization is impor-
tant for maintaining the structural integrity of
the basement membrane. In addition, laminin
polymerization can induce reorganization of receptors and cytoskel-
etal components.® Laminin trimers form a three-dimensional, mesh-
like polymer due to interactions among the LN domains of their o, 3,
and -y subunits (see Figure 1, Band C).4>4¢ In the mutant, the affected
R246, conserved from nematodes to humans, is in the LN domain,
which is crucial for trimer polymerization.® Therefore, our findings
raise the possibility that mutant LAMB2-containing trimers may not
be functionally perfect, as they may have an impaired ability to po-
lymerize in the extracellular matrix to form and maintain the GBM
(Figure 1D). Future biochemical studies will allow us to test this pos-
sibility.

CONCISE METHODS

Construction of Mutant Rat Laminin g2 Constructs
The R246Q), R246W, and C321R human laminin 32 mutations were sepa-

rately engineered into analogous sites of the rat cDNA as ¢.746_747delinsAG,
¢.745_747delinsTGG, and c.970T>C (respectively) by site-directed mu-
tagenesis (QuickChange XL; Stratagene, LA Jolla, CA). The R246Q mutant
cDNA, along with a 3" SV40 polyadenylylation signal sequence, was cloned
under the control of the mouse 4.2-kb nephrin promoter (NEPH) for ex-
pression in podocytes in vivo,” as previously done with the wild-type 32
cDNA2!
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A 3 months Cc
Tg Lo mutant

Control Control

B 2 months
Control Tg Med mutant

2 O 5
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! 2
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Control
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Figure 8. The increased deposition of R246Q-LAMB2 in the GBM is associated with
maintenance of the structural integrity of the glomerular filtration barrier. (A) Severe
foot process effacement and GBM thickening (arrow) in the Tg"° mutant (Ab) com-
pared with the control (Aa). (B) Ultrastructural analysis of control (Ba and Bc) and TgMed
mutant (Bb and Bd) kidneys showed much more significant GBM thickening (arrows) at
9 months (Bd) compared with that at 2 months (Bb). (C) Ultrastructural analysis of the
glomerular filtration barrier in a Tg" control (Lamb2"/~;R246Q-LAMB2;Ca) and a Tg""
mutant (Cb) showed occasional GBM outpocketing in both, but similar podocyte

architecture. Magnification, X 15,000.

Generation of Podocyte-Specific R246Q-Laminin 2

Transgenic Mice
All animal experiments conformed to the NITH Guide for the Care and

Use of Laboratory Animals. The NEPH-R246Q-LAMB2 transgene
was digested and gel-purified away from plasmid vector sequences
and then microinjected into the pronuclei of single-celled B6CBAF2/]
embryos by the Washington University Mouse Genetics Core. For
genotyping, tail DNA of founders and their transgenic offspring was
subjected to PCR using the following primers: 5'-GAAGCAGCA-
GAATGAGTTCACAC-3' (nephrin forward) and 5'-ATACGAAGT-

Conditioned media Cell lysate
1 2 3 4 5 (kDa) 12345(kDa)
—— L ] I ———
175
{ 183 1. WT/Fc
62 2. R246Q/Fc
475 3. R246W/Fc
4. C321R/Fc
325
5. Cont.
25

Under reducing conditions

Figure 9. Secretion of mutant laminin 82 fragment/lg Fc fusion
proteins from HEK 293 cells is inhibited. (A) Mutant (lane 2,
R246Q; lane 3, R246W; lane 4, C321R) LAMB2/Fc fusion proteins
were not secreted from transfected HEK 293 cells, whereas wild
type (lane 1) was efficiently secreted. (B) Both wild-type and
mutant laminin B2 fusion proteins were synthesized and could be
detected in cell lysates (lanes 1 to 4). Negative control, lane 5.
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9 months
Tg Hi mutant
= .

Tg Med mutant

TATTCGAAGTCGAG-3'
quence between the nephrin promoter and the
2 cDNA).

To allow for functional studies on the
Lamb2™'~  background, Lamb2~'~;MCK-B2;
NEPH-R246Q-LAMB2 mice were generated by
standard breeding. The MCK-B2 transgene drives
expression of wild-type rat laminin 32 in skeletal
muscle and rescues the neuromuscular junction

(vector/loxP  se-

W

defects in Lamb2™'~ mice that normally cause le-
thality at 3 weeks of age.2! Mice were genotyped as
described previously.?!

Urinalysis

Urine was collected from mice at various ages by
manual restraint. Equal volumes of urine (1 ul)
were run on precast 4 to 20% SDS polyacrylamide
gels (Invitrogen) stained with Coomassie blue. For
quantitation, urinary protein and creatinine con-
centrations were measured with a COBAS MIRA
plus analyzer (Roche Diagnostics).

Light and Electron Microscopy
For light microscopy, kidneys were fixed in 10%

buffered formalin, dehydrated through graded
ethanols, embedded in paraffin, sectioned at 4
pm, and stained with hematoxylin & eosin
(H&E) and PAS by standard methods. For TEM, tissues were fixed,
embedded in plastic, sectioned, and stained as described previously.'*

Antibodies and Immunofluorescence
Mouse mAbs D5 and D7 that recognize the rat laminin 32 COOH-ter-

minal coiled-coil domain*® were purchased from the Developmental
Studies Hybridoma Bank (Iowa City, IA). Ratanti-mouse laminin o2 mAb
4H8-2 was purchased from ALEXIS Biochemicals (Axxora). Mouse anti-
human desmin clone D33, which cross-reacts with mouse desmin, was
purchased from DAKO (Carpinteria, CA). Rat anti-mouse nidogen
clone ELM1 was purchased from Millipore (Billerica, MA). Rabbit
anti-mouse laminin «5 LEb and L4b domains (antiserum 8948) were
described previously.> Other primary antibodies were gifts from gen-
erous colleagues: rabbit anti-mouse laminin 81 and 82 LF domains*®
from Takako Sasaki (Max Planck Institute for Biochemistry, Martin-
sried, Germany); rat anti-mouse laminin a1 mAb 8B3%° from Dale
Abrahamson (University of Kansas Medical Center, Kansas City, KS);
rabbit anti-mouse podocin from Corinne Antignac (Necker Hospital,
Paris); rabbit anti-mouse nidogen from Albert Chung (University of
Pittsburgh, Pittsburgh, PA); mouse anti-human synaptopodin clone
G1, which also recognizes mouse synaptopodin, from Peter Mundel
(University of Miami, Miami, FL). Alexa 488— and Alexa 594—con-
jugated secondary antibodies were purchased from Invitrogen. Im-
munofluorescence analysis was performed as described previously.2!

Confocal Microscopy and Quantitative Image Analysis
Confocal microscopy was used to quantify the levels of laminin 32

deposition in the GBM in the three R246Q mutant and in the one
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wild-type rat LAMB2 transgenic lines. In the individual compara-
tive studies, 8-um kidney cryosections of the different genotypes
were placed on the same slide and immunolabeled with the same
mixture of primary antibodies (D5 and D7) and Alexa 488 —con-
jugated secondary antibody. The slides were then examined under
a Nikon TE-2000 scanning laser confocal microscope (Melville,
NY), and Z-series images were captured at 0.3-um intervals. For
each genotype, 15 to 20 glomeruli were scanned, and the images
were captured on the same day using the same laser intensity,
confocal aperture, and gain. Raw confocal images taken from the
mid-regions of the glomeruli were imported into Image-J soft-
ware. Total pixel density within a fixed circle, which was slightly
smaller than the smallest glomerular field, was used to measure
glomerular immunofluorescence intensity. In addition, the fluo-
rescence intensity across a peripheral GBM segment in each glo-
merular quadrant was measured. The mean intensity for each ge-
notype was compared statistically using a ¢ test.

In Situ Hybridization
DIG-labeled riboprobes were generated by in vitro transcription of

¢DNA encoding mouse laminin 82 (nt 1245-2048 of NM_008483)
and rat laminin B2 (nt 4882-5581 of NM_012974). Frozen sections
(10 um) were fixed with 4% paraformaldehyde, washed with DEPC-
treated PBS, soaked in acetylation solution (0.1 M triethanolamine,
pH 8.0, containing 0.25% acetic anhydride), washed with DEPC-
treated PBS, incubated with hybridization buffer (50% formamide,
5X SSC, 5X Denhardt’s, 250 ug/ml baker’s yeast RNA, 500 pg/ml
salmon sperm DNA), and hybridized with 0.2 to 0.4 ng/ul cRNA in
hybridization buffer overnight at 65°C. After hybridization, slides
were washed four times with 0.2X SSC at 65°C for 45 minutes each,
with a final wash at room temperature. Slides were then covered with
B1 buffer (0.1 M Tris, pH 7.5, 0.15 M NaCl) for 5 minutes, blocked for
1 hour with 10% heat-inactivated goat serum in B1 buffer, and ex-
posed to anti-DIG antibody in 1% heat-inactivated goat serum in B1
buffer overnight at 4°C. The following day, slides were washed in B1
buffer, soaked in B3 buffer (0.1 M Tris, pH 9.5, 0.1 M NaCl, 50 mM
MgCl,) for 5 minutes, exposed to developing solution (B3 buffer with
0.4 mM 5-bromo-4-chloro-3-indolyl phosphate and 0.4 mM ni-
troblue tetrazolium salt) for 6 to 24 hours in the dark at room tem-
perature, washed with 10 mM Tris, pH 7.5, 0.1 mM EDTA, and
mounted in glycerol.

Expression of Fc-Tagged Laminin 32 Fragments In Vitro
We used a mammalian expression vector, Fc/pcDNA3.1Zeo, containing

ahuman Fc-Tag to which wild-type and site-directed mutant rat laminin
B2 fragments containing the LN and LEa domains were fused. The ex-
pression constructs were transfected into HEK 293 cells in 24-well plates
using Lipofectamine 2000 (Invitrogen). The next day, growth medium
was replaced with 500 ul of serum-free DMEM. After 4 days, conditioned
media were harvested and clarified by sequential centrifugation at 500
rpm for 5 minutes and 10,000 rpm for 10 minutes. To obtain cell lysates,
cells were lysed with 10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 10 mM
EDTA, 1% NP-40, and protease inhibitor cocktail (Sigma). The lysates
were clarified by centrifugation at 10,000 rpm for 10 minutes. Condi-
tioned media and lysates were immunoblotted with anti-human IgG1 Fc
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antibody (Jackson ImmunoResearch, West Grove, PA). Bound antibod-
ies were visualized with the ECL Western blotting detection system (GE
Healthcare Bio-Sciences).
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