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Mutations in ACTN4, encoding α-actinin-4, cause familial
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Focal and segmental glomerulosclerosis1 (FSGS) is a common,
non-specific renal lesion. Although it is often secondary to
other disorders, including HIV infection, obesity, hypertension
and diabetes, FSGS also appears as an isolated, idiopathic condition. FSGS is characterized by increased urinary protein
excretion and decreasing kidney function. Often, renal insufficiency in affected patients progresses to end-stage renal failure, a highly morbid state requiring either dialysis therapy or
kidney transplantation. Here we present evidence implicating
mutations in the gene encoding α-actinin-4 (ACTN4; ref. 2), an
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family FS-A

family FS-X

b

actin-filament crosslinking protein, as the cause of disease
in three families with an autosomal dominant form of
FSGS. In vitro, mutant α-actinin-4 binds filamentous actin
(F-actin) more strongly than does wild-type α-actinin-4.
Regulation of the actin cytoskeleton of glomerular
podocytes may be altered in this group of patients. Our
results have implications for understanding the role of the
cytoskeleton in the pathophysiology of kidney disease and
may lead to a better understanding of the genetic basis of
susceptibility to kidney damage.

family FS-CI

Fig. 1 FSGS pedigrees and FSGS-1 locus. a, Pedigrees of families FS-A, FS-X and FS-CI. Individuals with end-stage renal
disease are labelled ‘ESRD’. Urine protein measurements are
shown below those individuals classified as affected or who
carry ACTN4 mutations. Urine protein is indicated as either
microalbumin excretion (expressed as mg per gram creatinine), indicated by ‘µ=’, or total protein as grams per 24 h
measured directly or estimated from protein/creatinine ratio
in spot samples. Individuals with elevated urine protein
without other apparent cause (>20 mg albumin/g creatinine)
were considered affected3. Asterisks indicate individuals
who have undergone renal biopsy. Arrows indicate non-penetrant individuals. Two individuals in family FS-A (denoted
by stippled pedigree symbols) have diabetes mellitus as well
as elevated urine protein and were classified as indeterminate for the purposes of linkage analysis. Neither was found
to carry the ACTN4 mutation. Except the two diabetic individuals, every individual with elevated urine microalbumin in each family has inherited the ACTN4
mutation. b, Illustration of a portion of chromosome 19q showing recombination events which define the FSGS-1 region. For comparison, the disease-associated
haplotype seen in the earliest available generation in the two large families is also shown. Recombination events in affected family members restrict the FSGS-1
region to the interval flanked by D19S425 and D19S190 when only recombination events in affected individuals are considered (larger, darker rectangle). When
recombination events in both affected and unaffected individuals are considered, the minimal genetic interval is restricted to an ∼3.5-Mb region (smaller rectangle). ACTN4 is located between D19S422 and D19S417, which are located ∼300 kb apart.
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Fig. 2 Kidney biopsies. a–c, Renal biopsy from an affected member of family FS-A (light microscopy, PAS stained and electron microscopy). a, A low-power view
of several glomeruli, including a relatively normal glomerulus (green arrow) and a diseased glomerulus (red arrow). b, The diseased glomerulus (open arrow),
shown at a higher magnifiication, where the arrow indicates the sclerosed half of the glomerulus. In the electron micrograph c), the basement membrane
appears to be well preserved. There are regions of preservation of distinct podocyte foot processes (green arrow) as well as regions of glomerular podocyte foot
process effacement (red arrow). There is no evidence of a primary basement membrane defect or of immune complex deposition.

FSGS is defined by the presence of segmental sclerosis in some,
but not all, glomeruli, and is seen in all ethnic groups, although it
is particularly common in individuals of African descent. FSGS
may occur as a primary process that is thought to result at least in
some instances from a defect in glomerular podocyte function1.
FSGS may also be inherited as a mendelian trait. Previously, we
mapped a gene for autosomal dominant FSGS to human chromosome 19q13 (locus FSGS-1, MIM 603278) in a large family
from Oklahoma (FS-A, maximum two-point lod score 12.28 at
D19S191 assuming 95% penetrance; Figs 1 and 2; ref. 3). We subsequently identified a second large family from the Canary
Islands (FS-X) with disease mapping to this same locus (lod score
4.44 at D19S191; Fig. 1). By genotyping family members at markers on chromosome 19q13, we narrowed the candidate interval
to a 3.5-Mb region flanked by D19S609 and D19S417 (Fig. 1). In

a

one additional small family from California (FS-CI, Fig. 1), the
disease segregated with chromosome 19q13.1 marker alleles.
None of the other families we have genotyped show evidence of
linkage to 19q13 and the seven largest of these families have
excluded it. A second locus for dominant FSGS has been identified on chromosome 11q22–24 in one family4 and a recessive
locus has been reported on chromosome 1q (ref. 5).
Disease in families FS-A, FS-X and FS-CI is similar, with a mild
increase in urine protein excretion starting in the teenage years or
later, slowly progressive renal dysfunction and the development
of end-stage renal failure in some affected individuals. Disease is
highly but not fully penetrant. In family FS-A, two individuals
carrying the allele associated with the disease have no clinical
symptoms. Similarly in family FS-X, four individuals carrying
the disease-associated allele have no proteinuria.
We analysed NPHS1 (encoding nephrin;
ref. 6), a candidate on the basis of its genetic
localization and involvement in congenital
nephrotic syndrome, but failed to find evidence
of disease-causing defects. We thus considered
other candidate genes. ACTN4 (ref. 2) was
among the genes we found to map to the FSGS-1
region by BLAST comparison of genomic
sequence from chromosome 19q13 with GenBank sequence databases. We performed mutational analysis of ACTN4 because α-actinin is
highly expressed in the glomerular podocyte, it
is important in non-muscle cytoskeletal function and it is upregulated early in the course of
some animal models of nephrotic syndrome7–10.
We sequenced the entire coding region of
reverse-transcribed ACTN4 from lymphocytes
of several affected members of families FS-A and
FS-X. We identified heterozygous sequence
alterations predicting non-conservative aminoacid substitutions in affected members of both
pedigrees (Fig. 3a). The A682G and C695T

b
Fig. 3 Mutational analysis. a, Sequence alterations in members of families FS-A, FS-X and FS-CI. Sequencing in families
FS-A and FS-X was obtained from PCR-amplifiied reverse
transcribed lymphocyte RNA; sequence in family FS-CI was
obtained from amplifiied enomic DNA. Heterozygous
nucleotide changes are observed, predicting the amino
acid changes lysine to glutamate, threonine to isoleucine
and serine to proline. b, These changes were predicted to
produce new restriction sites for BseRI and DpnII, and loss
of a DrdI site, respectively. Digestion of PCR-amplifiie
ACTN4 exon 8 confiirmed the presence of these sequenc
alterations in affected family members and demonstrated
their absence in the control population tested.
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Fig. 4 α-Actinin sequence alignment. Alignment of α-actinin protein sequences including all four human proteins, α-actinins from the other species with available sequence information and human β-spectrin. The amino acid changes seen in each of the three families is indicated. The observed mutations occur in a
highly conserved region of the protein.

nucleotide changes cause a lysine-to-glutamate substitution at
residue 228 and a threonine-to-isoleucine substitution at residue
232 in families FS-A and FS-X, respectively. Restriction endonuclease digestion confirmed the presence of the mutations in all
affected members of each family (as well as those few non-penetrant individuals in each family we previously found to carry the
disease-associated allele), as both mutations produce new restriction endonuclease sites (Fig. 3b). These mutations were not present in the many unaffected family members or in the (unrelated)
spouses, indicating that these sequence changes are not common
variants in the local populations. We performed the same assay in
a geographically diverse set of individuals (including ethnically
appropriate controls) and confirmed that these sequence changes
were absent from all 214 alleles. Because the mutations in these
families were in close proximity, affecting the region between the
actin-binding domain and the first rod domain of the protein11,
we amplified and sequenced the exon encoding this sequence
(exon 8) from genomic DNA of members of family FS-CI and
found a third distinct missense mutation, T703C, causing a serine-to-proline substitution at residue 235 in all four affected family members. This mutation predicted the loss of a DrdI site,
which again allowed confirmation of the sequence findings (Fig.
3). This nucleotide change was absent in all 214 control alleles
tested. Examination of the remainder of ACTN4 in an affected
member of FS-CI (by RT–PCR and sequencing) showed no evidence of other mutations. All three amino acid residues found to
be altered are highly conserved among the four human α-actinin
genes, as well as α-actinin genes of all other species (Fig. 4). No
other amino acid changes were observed in PCR-amplified exon
8 in 40 normal alleles sequenced.
Fig. 5 Analysis of α-actinin-4 expression. a,b, Western-blot analysis of whole
human tissue lysates from kidney (K), uterus (U) and heart (H) stained with
affiinity-purifiied antα−actinin-1 (a) or anti-α−actinin-4 (b) antibodies. Locations of size markers are indicated at right. Both isoforms are evident as ∼100
kD bands. Uterus and heart contain both α-actinin-1 and -4, whereas kidney
only contains detectable α-actinin-4. c,d, Indirect immunoflluorescence analysi
of α-actinin-4 in human kidney (magnifiication×10 and ×40, respectively).
There is intense staining of the glomeruli in an epithelial cell pattern. There is
also staining of blood vessels (indicated by the arrow and ‘V’ in c). e, Immunoflluorescence staining of the glomruli using anti-α−actinin-1 antisera is minimal. f, Staining with α-actinin-4 pre-immune rabbit serum (×10 magnifiication
is also minimal. In the α-actinin-1 and pre-immune serum panels (e,f), arrows
indicate the location of glomeruli.
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The α-actinins are actin-binding and crosslinking proteins.
There are four known human α-actinin genes, which are highly
homologous and highly conserved among species. Expression of
ACTN2 and ACTN3 is limited to the skeletal and cardiac muscle
sarcomere, whereas expression of ACTN1 and ACTN4 is widespread2,12. In the renal glomerulus, α-actinin has been shown to
be localized to podocytes, predominantly in the foot processes,
with minimal expression elsewhere7,8,10. We performed western-
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blot and immunofluorescence studies of human kidney using
antibodies specific for α-actinin-4 and -1. Western-blot analysis
showed no expression of α-actinin-1 in kidney, but did show
expression of α-actinin-4 (Fig. 5). We performed immunofluorescence studies to refine the localization of α-actinin-4 within
the kidney. We found glomerular staining as well as staining of
blood vessels. By contrast, α-actinin-1 and preimmune serum
staining of the glomeruli were negative, consistent with the western-blot data (Fig. 5).
To determine whether the identified mutations alter α-actinin
function, we introduced these point mutations into the fulllength ACTN4 cDNA and tested the effect on the binding of αactinin to F-actin13. Radiolabelled wild-type and mutant
α-actinin-4 translated in vitro were incubated with actin under
polymerizing conditions. A greater percentage of the mutant
actinin cosedimented with F-actin under high-speed centrifugation compared with wild-type α-actinin-4 (Fig. 6). Similar
results were observed when actin was allowed to polymerize
before the addition of α-actinin. When these experiments were
repeated in the presence of increasing competing amounts of
unlabelled muscle α-actinin, the sedimentation of labelled wildtype actinin with actin was reduced, as would be expected of the
purified protein. By contrast, the cosedimentation of the mutant
protein with actin was unchanged, with essentially all of the
labelled α-actinin still found in the pellet (Fig. 6). In the absence
of actin, no detectable mutant or wild-type labelled α-actinin
sedimented under 100,000g centrifugation, indicating that the
mutant protein was not aggregating. A control plasmid
(luciferase) translated in vitro did not cosediment with actin filaments. These observations are consistent with the hypothesis that
these FSGS-associated mutations increase the binding of αactinin to actin filaments.
On the basis of the genetic, expression and functional evidence, we conclude that mutations in ACTN4 cause or increase
susceptibility to focal segmental glomerulosclerosis. Future studies will more clearly define the role of α-actinin-4 and these specific α-actinin alterations in glomerular function. The effect of
these mutations on kidney function and structure may be the
254

Fig. 6 Actin-binding experiments. a, Gel showing
results of actin cosedimentation assays. Supernatant
and resuspended pellet were loaded on the gel for
each reaction (wild type and each of three mutants).
The reactions shown were performed with actin in the
presence of cold muscle α-actinin and in vitro translated mutant or wild-type α-actinin. Reactions with
each of the three mutants and the wild-type α-actinins
are shown. S, supernatant; P, pellet. In contrast to wildtype protein, mutant protein was not visible in the
supernatants in repeated experiments. b, Graphical
representation of the results of cosedimentation experiments conducted in the presence of actin and different amounts of cold α-actinin. Although cold α-actinin
competes with the labelled wild-type α-actinin in this
assay, essentially all of the mutant α-actinin remains in
the pellet even in the presence of 10 µM unlabelled αactinin, with the amount found in the supernatant not
meaningfully distinguishable from background. Three
sets of measurements were made with wild type and
the three mutants with 0 and 10 µM unlabelled αactinin present; these results are shown as means with
error bars indicating standard deviation. (Other data
points shown in the fiigure represent sigle values.) The
differences in sedimentation between labelled wildtype actinin and each of the mutants with both 0 and
10 µM cold actinin present was statistically signifiican
(two-tailed P value ≤0.02 for all mutant/wild-type comparisons using a paired t test).

most readily apparent phenotype because of the high level of
expression of α-actinin-4 in the podocyte10,14 and the unique
architecture of the glomerulus. These dominant mutations may
alter the interaction of α-actinin with actin filaments in vivo,
altering the mechanical characteristics of the glomerular
podocyte by interfering with normal filament assembly and disassembly. In addition to actin, there are a number of other proteins that interact with α-actinin15–21, and it may be that an
alteration in one or more of these interactions is critical to disease
pathogenesis. Other models are also possible. As α-actinin-4 is
also expressed in capillaries as well as larger blood vessels2, a
change in the renal vascular cytoskeleton might alter glomerular
haemodynamics and contribute to the observed phenotype.
Previous reports have shown that humans with altered nephrin
and mice homozygous for targeted deletions of Cd2ap display
severe early onset nephrosis, providing insight into the molecular
pathogenesis of proteinuria6,22. Nephrin is a major component of
the glomerular slit diaphragm23; Cd2ap interacts with nephrin
and may serve to anchor it to the cytoskeleton. Our finding that
mutations in ACTN4 cause FSGS indicates that the actin
cytoskeleton itself may be involved in the pathogenesis of proteinuria, perhaps through an effect on the slit diaphragm structure. Further, given the genetic heterogeneity of familial FSGS, it
is reasonable to speculate that other components of the actin
cytoskeleton may be disrupted in other families with FSGS. A
final possibility is that alterations in the actin cytoskeleton may
represent a proximal component of the renal response to primary
insults causing secondary glomerular disease, and thus the actin
cytoskeleton may represent a target for therapeutic intervention
for prevention of glomerulosclerosis.

Methods
Clinical material. Blood was obtained from family members after
informed consent was given in accordance with a protocol approved by the
Institutional Review Board at the Brigham and Women’s Hospital.
Descriptions of families FS-A and FS-X have been reported3,24,25. We considered family members to be affected if they fulfilled the following
criteria3: (i) renal failure or renal insufficiency in the absence of other
nature genetics • volume 24 • march 2000
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cause; (ii) any increase in urine microalbumin excretion above normal in
the absence of another apparent cause; or (iii) focal segmental glomerulosclerosis apparent on renal biopsy. Patients with long-standing diabetes
mellitus and proteinuria were considered indeterminate. We derived EBVtransformed lymphoblastoid cell lines from members of families FS-A and
FS-X by standard methodology26. Genomic DNA extraction from blood
was performed using Qiagen columns. Measurement of urine microalbumin was performed by Quest Diagnostics.
Genotyping. We genotyped DNA samples at markers on chromosome
19q by PCR amplification of genomic DNA using one γP-32-dATP endlabelled primer, electrophoresis on a 6% polyacrylamide gel and exposure to radiographic film. We purchased marker primers (Research
Genetics and Integrated DNA Technologies).

© 2000 Nature America Inc. • http://genetics.nature.com

Sequence analysis. We accessed chromosome 19q sequence through the
Lawrence Livermore National Laboratory Genome Center web site
(http://www-bio.llnl.gov/bbrp/genome/). We accessed the BLAST program through the National Center for Biotechnology Information web site
(http://www.ncbi.nlm.nih.gov/), which we used for comparison of genomic sequence to the EST and non-redundant GenBank databases.
Amplification and sequencing of ACTN4. We isolated RNA from transformed lymphocytes (FS-A and FS-X) or blood (FS-CI) using Trizol
reagent. We performed reverse transcription using a Superscript kit (GIBCO/BRL) with oligo-dT and random hexamers for priming. We designed
primer pairs to amplify the ACTN4 coding sequence. We performed PCR
amplification in 25 µl reactions (using primer pairs 3´UTR-R, 5´–GGAG
GACTGCAGAGAGTGCTTTGC–3´, and 2135F, 5´–CAGCACCAGCTCAT
CCAGGAGGC–3´; 1054F, 5´–GAAGTGCCAGCTGGAGATCAACTTC–3´,
and 2190R, 5´–GTATAGTTGGTGTGCTTGTTGTCG–3´; –66F, 5´–CGC
GGCGAACCAGTCGTACCAG–3´, and 1105R, 5´–GAGGCGCAGCTTG
GTCTGCAGC–3´. We purified amplicons by electrophoresis on an agarose
gel and extraction from the gel slices using a Qiaex II kit. We sequenced
these products in affected members of families FS-A, FS-X and FS-CI using
these forward and reverse primers as well as primers 1598F (5´–CTG
GAATACGCCAAGCGCGCGGC–3´), 1645R (5´–GCTCTCCATCCAGTT
GTTGAAGG–3´), 518F (5´–CTCTGGTGCCAGAGAAAGACAGC–3´) and
565R (5´–CTGCACATTGACGTTCTTATACG–3´) using an ABI377 automated sequencer at the core facilities at the Brigham and Women’s Hospital. Mutations A682G and C695T predicted the creation of novel restriction sites and mutation T703C predicted the loss of a restriction site. We
used PCR-amplified genomic DNA to confirm the presence of mutations
in the other family members and to examine controls. We designed
primers for amplification of ACTN4 exon 8 by comparison of cDNA
sequence with genomic sequence at the Lawrence Livermore National Laboratory Genome Center web site (8F, 5´–CCCAAGTCACGCGTCACTCT
GC–3´, 8R, 5´–GAGAGAGGCCACTGCCGTCTGC–3´). We sequenced
PCR-amplified exon 8 DNA as above. We performed restriction digests
using DpnII, BseRI and DrdI to detect the presence or absence of heterozygosity for the nucleotide change in 40 µl reactions following the manufacturer’s instructions (New England Biolabs).
Immunofluorescence. We generated rabbit polyclonal antisera specific for
α-actinin-1 and -4 using isoform-specific polypeptides derived from
unique amino-terminal sequences DHYDSQQTNDYMQPC (α-actinin-1)
and NQSYQYGPSSAGNGAGC (α-actinin-4), which were conjugated to
keyhole limpet haemocyanin via the added carboxy-terminal cysteines. We
immunized two rabbits with each peptide and each pair generated antibodies with similar properties. Neither peptide bears any resemblance to
sequences in other known α-actinin isoforms and each antiserum reacted
with the expected ∼100-kD protein in a unique tissue-specific pattern consistent with lack of cross-reactivity between the isoforms. We performed
western-blot analysis and indirect immunofluorescence as described27,28.
Immunofluorescence experiments using crude antisera at dilutions of
1:200 to 1:1,000 gave similar results to those using affinity-purified preparations. We incubated ethanol-fixed sections with primary rabbit anti-α−
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actinin-4 and -1 antisera, preimmune serum and secondary Cy3-labelled
antibodies all diluted 1:200 in PBS. We captured immunofluorescence
images using a Princeton Instruments MicroMax 5 Mz 1300 by 1030 Interline cooled CCD camera (Roper Instruments) and Esee software (Inovision). We imaged each sample for the same 0.2-s time period.
Actin-binding experiments. We made expression constructs for in vitro
transcription of ACTN4 using the insert from a full-length human ACTN4
cDNA originally cloned by degenerate PCR as described12. We inserted the
A682G (family FS-A) and C695T (family FS-X) mutations into a fulllength ACTN4 cDNA in pBluescript SK II by replacement of a
BstXI/BamHI fragment in the cDNA (nt 639–842) with the equivalent
fragment obtained by RT–PCR amplification from transformed FS-A and
FS-X affected family member lymphocytes and endonuclease digestion.
We sequenced the ACTN4 clones, confirming that they differed from the
wild type only by the desired single-nucleotide substitutions. We inserted
the T703C mutation (family FS-CI) into the cDNA using the QuickChange
kit (Stratagene) with forward and reverse 25-mers incorporating the
mutant nucleotide following the manufacturer’s directions. The sequence
of the wild-type ACTN4 clone used in these studies matched the previously
reported cDNA sequence2.
We perfomed in vitro translation of mutant and wild-type ACTN4 using
a TnT Coupled Reticulocyte Lysate kit (Promega) in the presence of S-35methionine and plasmid DNA (500 ng). Electrophoresis on a 7.5% acrylamide gel and exposure of the dried gel to radiographic film confirmed the
presence of the expected ∼100 kD product from each reaction. We incubated labelled in vitro translated product (5 µl) from a 50 µl reaction in an
80 µl reaction containing KCl (100 mM), MgCl2 (2 mM), ATP (0.5 mM),
0.2 mM DTT, Tris (10 mM, pH 7.4; conditions in which non-specific protein binding to actin is minimized), G-actin (6 µM) and varying concentrations of purified cold rabbit skeletal muscle α-actinin (both obtained
from Cytoskeleton). We allowed actin to polymerize in this buffer for 60
min at RT. We also performed reactions in which actin was allowed to polymerize before the addition of α-actinin and obtained similar results. We
centrifuged the reactions at 100,000g for 30 min at 18 °C. We removed the
supernatants for gel analysis and resuspended the pellet in the initial 80 µl
volume. We performed electrophoresis using each resuspended pellet (20
µl) and supernatant and a 7.5% polyacrylamide gel, which we dried and
exposed to radiographic film. We quantitated the intensity of the 100-kD
bands using PhosphoImager (Molecular Dynamics) software and
expressed the amount of α-actinin which sedimented as a percentage of the
total detected in the pellet plus the supernatant.
GenBank accession numbers. ACTN4, U48734, D89980; ACTN1, X15804;
ACTN2, NP_001094; ACTN3, M86407; SPTB, J05500. Actinin from other
species: rat, AAD12064; mouse, AF093775; chicken, Q90734; rabbit
S17548; Drosophila melanogaster, AL031765; Dictyostelium, g929034; Trichomonas, AF014928; Caenorhabditis elegans, CAA99944.
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